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Abstract

The peak egg-laying plateau in poultry is regulated by complex genetic factors. To elucidate
these, we performed a comparative ovarian transcriptome profiling (RNA-Seq) of Dekalb
White hens with distinct egg production curves, using early-persistent (PP, n = 3) vs. late-
degraded (DP, n = 3) birds selected by contrasting phenotypes from 60 birds per cohort
at 49.5 weeks of age. PP hens showed earlier plateau onset (24 vs. 27 weeks), higher
production (97.32% vs. 85.43%), lower body weight (1652.27 £ 26.19 vs. 1869.05 & 32.18 g)
and lower liver weight (34.85 £ 2.55 vs. 44.55 &= 1.10 g) than DP birds (p < 0.05). Suggestive
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1. Introduction

Maintaining and extending an active (including reproductive) lifespan is a priority
in both human health [1] and agricultural systems such as poultry production [2]. For
egg laying, the longevity of individual birds directly translates into economic factors in
that early reproductive aging leads to an inefficient use of resources and subsequent high
replacement costs of commercial egg production stocks [3,4]. Despite decades-long genetic
improvement of egg-laying crosses [5-9], limited reproductive longevity [10] continues to
impede progress, and it is thought that this may be a type of early physiological senescence
of the reproductive system [11].

Important parameters for egg production, represented as an egg-laying curve [12,13],
constitute the rate of egg laying, its peak [14,15] and the ability to maintain such a peak
for consistently long periods [16,17]. Prolonging the egg-laying peak directly impacts
profitability in that an increase in the number of eggs per hen reduces the costs of raising
and replacing the flock [4]. From a market economics perspective, the technology of using
chickens (Gallus gallus) for less than a year is ineffective compared to two or even three
years [18]. Restricting commercial hens to a single short laying cycle fails to compensate
for the substantial upfront and operational expenses, including feed, lighting, veterinary
care and equipment depreciation. Furthermore, this practice necessitates frequent flock
replacements, dramatically inflating pullet procurement costs and ultimately diminishing
the overall profitability of the poultry enterprise. Modern chicken crosses can retain reserves
for successful exploitation during the second and third egg-laying cycles [19] and it is thus
essential to study the molecular mechanisms associated with individual reproductive cycle
dynamics [20].

The duration of the peak egg-laying period (i.e., egg-laying curve plateau [21]) partly
reflects the physiological resilience and reproductive longevity of birds [22]. Its reduction
is often the result of accelerated depletion of the follicular reserve [23], imbalance in
the hypothalamic—pituitary—gonadal axis [24], or progressive ovarian involution. This
may be associated with chronic oxidative stress and inflammation [23]. An important
aggravating factor in intensive production conditions is the chronic toxicological load
caused by the presence of xenobiotics (mycotoxins, pesticide residues, and heavy metals)
in feed [25-28]. Such toxins have been shown to induce oxidative stress [29-31], disrupt
hormonal balance and trigger cell apoptosis [32], thereby accelerating the aging of the
reproductive system [33].

In commercial poultry production, the problem of low performance after the first
egg-laying cycle (“short cycle”) can be solved by forced, or induced, molting, which reboots
the laying hen’s reproductive system [15]. This procedure, however, simultaneously creates
several negative factors, i.e., a period of complete absence of egg production and increased
risks of disease, mortality during the stressful period, and the subsequent animal welfare
concerns that surround these practices [34]. An alternative solution is genetic selection
for natural prolongation of the first production cycle, thereby potentially obviating the
need for stressful manipulations [35]. Traditional methods based on phenotypic traits are
often ineffective in predicting the reproductive potential of poultry, especially in the early
stages of development [36]. Moreover, compared to intensive selection for production traits,
significantly less attention is paid to the fertility of laying hens in breeding programs [36].
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Given the above, it is essential to identify, and select for, genetic markers and specific
candidate genes influencing aging and associated with reproductive longevity [15]. The
use of such markers and genes will allow for more accurate and earlier selection of birds
with high genetic potential [37-42]. Comparative transcriptome profiling using RNA
sequencing (RNA-Seq) is a well-established tool to achieve this [43,44]. The aim of the
study was, therefore, to conduct comparative transcriptome profiling of ovarian tissues
from commercial hybrid layers of the Dekalb White (Hendrix Genetics BV, Boxmeer, The
Netherlands) cross with contrasting egg production phenotypes—early and persistent
plateau (PP) vs. late and degressive plateau (DP). Our working hypothesis was that
hens exhibiting these divergent egg production curves differ not only across macroscopic
zootechnical parameters but also display distinct ovarian transcriptomic realignments.
Furthermore, we hypothesized that these localized transcriptional variations could serve
as candidate molecular markers that potentially reflect individual reproductive longevity.
The overarching purpose was to establish genetic factors that determine the physiological
resource of egg productivity. Using RNA-Seq-assisted profiling of ovaries, we identified
distinct differential expression patterns of important genes in hens with different stage-
specific egg-laying plateau features.

2. Materials and Methods
2.1. Experimental Design and Formation of Experimental Groups

This study was conducted on a flock of Dekalb White egg-laying hens [45] at a re-
search and production farm located in the village of Fyodorovskoye, Tosnensky District,
Leningrad Oblast (Russia). The birds were provided by a private poultry farm located in
the Leningrad Region. The transfer of the hens and the issuance of all required veterinary
certificates were performed in strict compliance with the Law of the Russian Federation
No. 4979-1 “On Veterinary Medicine” dated 14 May 1993 (as amended on 29 December
2025), ensuring full traceability of the birds’ origin and transit. Prior to the experiment,
all 120 hens were housed in a single facility in battery cages under controlled environ-
mental conditions: ambient temperature of 18-20 °C, relative humidity of 60-70%, and
a 16 h photoperiod. These housing standards adhered strictly to Order No. 188 of the
Ministry of Agriculture of the Russian Federation dated 26 March 2025 “On Approval of
Veterinary Rules for the Housing of Poultry for Breeding and Rearing Purposes”. The
animals were fed a nutritionally complete compound diet and had ad libitum access to water.
Birds aged 20 weeks, free from pathologies and factors that could affect gene expression,
were selected. The experiment continued until the birds reached 49.5 weeks of age. All
animal care and experimental procedures were performed in strict accordance with the
European Convention for the Protection of Vertebrate Animals used for Experimental and
Other Scientific Purposes (ETS No. 123, Strasbourg, 1986) and the Russian Federation
legislation on animal welfare, including Federal Law No. 498-FZ on Responsible Treatment
of Animals. The hens were maintained under identical conditions, and the protocols for
growing, housing, feeding, and handling complied with standard requirements described
elsewhere (e.g., [46-51]). Specifically, the birds were fed a complete feed according to
current nutrition regulations (Supplementary Table S1) and housed in individual cages.
Light, temperature, and humidity regimes were maintained in strict accordance with the
Dekalb White management guidelines [45].

At the preliminary stage, phenotypic stratification of the flock was carried out based
on monitoring the dynamics of egg production traits (e.g., [52-55]). The separation criterion
was the observed parameters of the egg-laying curve: the time to reach peak productivity
and the duration of the plateau (i.e., stable period of high egg production), following the
previously described method for analyzing cyclic patterns of productivity [21].

https:/ /doi.org/10.3390/poultry5060077


https://doi.org/10.3390/poultry5060077

Poultry 2026, 5, 77

4 of 39

At the age of 49.5 weeks, two groups of hens (60 birds per cohort) with contrasting egg
production curves were established. The first one was the PP (prolonged plateau) group
characterized by an early-persistent production phenotype, i.e., layers that reached their
peak egg-laying rapidly (at 24 weeks of age, which was 2-3 weeks earlier than the average)
and maintained a high laying rate of >90% for more than 6 month, indirectly reflecting a
high reproductive potential and resilience to reproductive aging. The second one was the
DP (declining/degressive productivity) group characterized by a late-degraded production
phenotype. These birds exhibited a delayed peak onset (at 27 weeks of age) and a transient,
short-term productivity plateau lasting no more than 2 months. This was followed by a
rapid decline in egg production by 10-15% or more, serving as an indirect indicator of
accelerated reproductive senescence and compromised physiological resilience [21].

The selection of the 49.5-week age threshold for establishing the contrasting groups
was based on two primary methodological considerations. First, by this time, all hens
had fully completed the initial phase of egg-laying development and had surpassed their
peak production. This allowed for an objective assessment of each bird’s egg-laying
curve, specifically regarding the timing of the peak onset and the overall duration of the
productivity plateau. Second, at 49.5 weeks of age, hens with a short-lived plateau (the
DP group) already exhibited a pronounced decline in productivity, whereas birds with a
prolonged plateau (the PP group) maintained a consistently high laying rate. Sampling at
this specific time point captured the maximum phenotypic contrast between the cohorts,
which is crucial for identifying candidate genes linked to reproductive longevity.

To minimize random individual variation, a stringent selection process was applied
in the subsequent stage. Out of the initial cohort of 60 birds per group, only three in-
dividuals per cohort exhibiting the most contrasting phenotypic traits were selected for
RNA sequencing, with the individual bird serving as the experimental unit. This selection
followed a predefined “extreme-phenotype contrast” paradigm rather than a random dis-
tribution. Specifically, individuals within the PP and DP cohorts were selected based on
the duration of their individual egg-laying curves and associated zootechnical parameters
(Supplementary Table S2).

In the PP group, the three selected hens demonstrated the most prolonged productive
plateau within their 60-bird cohort, maintaining an intensity above 90% for over 6 months,
alongside an early peak onset at week 23. Phenotypically, these PP birds exhibited the
highest individual egg production (97.32%), the lowest body weight (1652.27 £ 26.19 g),
a lower egg mass (57.13 £ 0.26 g), and the most efficient feed conversion ratio (1.489 kg
per 10 eggs) within their cohort (Supplementary Table S2). Conversely, the three selected
DP hens represented the shortest plateau within their respective 60-bird cohort, remaining
above 90% for less than 2 months, with a delayed peak onset at week 28 followed by a rapid
production decline. The DP phenotype was characterized by the lowest egg production
(85.43%), a higher body weight (1869.05 + 32.18 g), a higher egg mass (63.07 & 0.22 g), and
a poorer feed conversion ratio (1.569 kg per 10 eggs). Thus, the selected biological repli-
cates reflected the most extreme, clear-cut representations of their respective phenotypes.
Crucially, post-mortem veterinary necropsies confirmed that all selected individuals were
clinically healthy, showing no signs of infectious or non-contagious pathologies that could
alter the transcriptomic profiles.

This extreme-phenotype sampling design was intentionally employed to minimize
background biological noise and maximize the probability of detecting true biological
markers. At a cohort size of n = 3 per group, random sampling would predominantly
capture baseline intra-group biological variability, thereby increasing the risk of a type II
statistical error. Because the primary objective of this exploratory stage was to identify
differentially expressed genes (DEGs) associated with the maintenance of the productive
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plateau rather than to describe a generalized population average, this targeted approach
is highly justified. While this sample size represents a widely accepted standard in ex-
ploratory transcriptomic studies [43,56], the direct comparison performed between these
two phenotypically distinct groups remains a strategy specifically tailored to uncover
candidate gene expression signatures linked to reproductive longevity.

2.2. Sampling

At the end of the study, the birds were euthanized using cervical dislocation that was
performed without prior sedation. No chemical reagents or injectable anesthetics were
administered before or during the euthanasia procedure, eliminating potential effects of
reagents/anesthetics on gene expression profiles in tissues. This procedure was performed
by qualified personnel in compliance with all bioethical standards to minimize stress
and pain in the animals. Death of the bird was confirmed by cessation of heartbeat and
respiration, absence of corneal and plantar reflexes, and complete muscle relaxation.

It should be noted that cervical dislocation without prior sedation represents a stan-
dard method of poultry euthanasia in experimental research and is widely approved by
institutional ethics committees [57]. However, we acknowledge that this procedure can in-
duce acute short-term stress. To suppress the potentially confounding effects of such stress
on gene expression profiles, several rigorous standardization measures were implemented.
For environmental and circadian control, all birds were euthanized at the same time of day
in the same room to eliminate circadian and environmental variations. To ensure rapid
sampling, the time interval between removing the bird from its cage and collecting the
ovarian tissue sample was kept to a strict minimum. For operator consistency, the entire
procedure was performed by the same highly experienced technician to ensure maximum
technical uniformity. In terms of pre-experimental welfare, the hens were not subjected to
feed withdrawal or any other external stressors for 24 h prior to euthanasia.

Ovarian tissue samples, specifically stroma fragments containing cortical follicles
under 1 mm in diameter, were collected from the hens (1 = 6, representing three individuals
per group) for subsequent transcriptome analysis. To ensure the high quality required for
downstream RNA-Seq, sampling was conducted under strict stereomicroscopic control
without using histological fixatives or dyes, which can induce enzymatic and chemical
degradation of RNA molecules [58]. The microdissection was performed under a binocular
stereomicroscope (MS-6-ZOOM LED; OOO Nablyudatelnye Pribory, St. Petersburg, Russia)
at up to 40x magnification using ophthalmic scissors with ultra-sharp microblades. This
approach ensured precise microsurgical dissection with minimal mechanical cell damage.
To warrant sample homogeneity, each specimen was evaluated against the following
anatomical parameters: (1) visual uniformity (consistent tissue coloration without signs
of hyperemia or ischemia); (2) absence of lipophilic inclusions (no yellowish inclusions
indicative of yolk sac remnants); (3) structural consistency (uniform tissue texture lacking
visible indurations or nodules); and (4) exclusion of extraneous structures. The latter
implied complete absence of blood vessels or fragments of larger follicles exceeding 1 mm
in diameter. Any samples exhibiting signs of heterogeneity were immediately discarded
and replaced with compliant tissue specimens. This tailored protocol closely follows
established methodological frameworks for avian ovarian transcriptomics, where pre-
isolation histological staining is strictly omitted [59].

The ovarian stroma containing cortical follicles under 1 mm in diameter was specif-
ically selected for transcriptome analysis based on several key biological considerations.
To achieve functional significance, small follicles (<1 mm) represent the most critical ovar-
ian fraction, as they constitute the pool of activating follicles from which future eggs
develop [60]. To observe cellular composition, this tissue encompasses vital cellular compo-
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nents, namely oocytes and granulosa cells, which are directly involved in folliculogenesis,
steroidogenesis, and the overarching regulation of reproductive function [61]. To secure
baseline stability, the stroma with small cortical follicles, unlike larger, preovulatory folli-
cles, is less susceptible to the immediate physiological fluctuations of the ovulatory cycle,
thereby allowing for an accurate assessment of the fundamental molecular mechanisms
underlying long-term reproductive potential [62].

Samples were collected using an aseptic technique and immediately placed in Intac-
tRNA solution (Eurogen, Moscow, Russia). The samples were then promptly delivered to
the BIOTROF+ laboratory (Fyodorovskoye, Tosnensky District, Leningrad Oblast, Russia),
where they were first incubated at 4 °C for 24 h to allow thorough reagent penetration,
and subsequently frozen at —20 °C. The frozen tissues were maintained at —20 °C for a
standardized duration of 10 days prior to total RNA extraction and subsequent sequencing.
This specific 10-day storage interval was strategically implemented to await the compre-
hensive results of the systemic blood analyses, ensuring that all chosen replicates strictly
conformed to the physiological health inclusion criteria before initiating high-throughput
processing. Crucially, this storage duration and all environmental conditions were strictly
identical for all samples across both experimental groups. This absolute procedural unifor-
mity effectively eliminates any confounding systematic errors or processing biases related
to differential RNA degradation.

2.3. Necropsy and Hematological Analysis of Poultry

Necropsy of internal organs was performed according to generally accepted method-
ologies for avian post-mortem examination [63]. This evaluation comprised two distinct
phases. First, a broad pathological screening of 15 birds per cohort was conducted to ex-
clude subclinical conditions that could confound the transcriptomic data. Second, detailed
organ morphometric measurements were taken strictly from the subset of three hens per
group (n = 3) designated for subsequent ovarian RNA sequencing.

Prior to dissection, an external examination of the carcass was conducted to evaluate
the condition of the plumage, visible mucous membranes, skin integument, and the pres-
ence of any pathological discharges. The carcass was secured in a dorsal recumbent position
on a dissection table, with the wings and limbs pinned. The abdominal wall was opened
via a longitudinal midline incision extending from the cloaca to the sternum, followed by
skin reflection to expose the thoracic and abdominal cavities. Using bone shears, bilateral
incisions were made through the ribs along both sides of the sternum parallel to the keel,
the pectoral muscles and ribs were transected, and the peritoneum was opened.

Following this systemic pathological clearance, detailed morphometric measurements
of the internal organs were recorded exclusively for the three individuals per group selected
for sequencing (reflected in Supplementary Table S3). Restricting these precise morphomet-
ric profiles to the exact biological replicates used for ovarian tissue microdissection ensured
direct, unconfounded correlation between organ phenotypes and the high-throughput
transcriptomic datasets.

Blood samples were collected from the wing vein (vena cutanea ulnaris) of the lay-
ing hens from both groups (n = 3 per group), utilizing the exact same individual birds
designated for the ovarian microdissection and transcriptomic sequencing. Vacuum tubes
containing EDTA were used for hematological assays, while tubes with a clot activator
were employed for serum isolation. Following established protocols [64], red blood cell
(RBC) and white blood cell counts were evaluated using a Goryayev hemocytometer. Dif-
ferential leukocyte counts (leukograms) were determined microscopically on blood smears
stained with May—Griinwald fixative and Romanowsky—Giemsa stain. Hemoglobin lev-
els were measured via the hemiglobincyanide method, and packed cell volume (PCV, or
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hematocrit) was determined by centrifugation. This aligned sampling framework ensured
a direct correlation between systemic physiological indices and localized ovarian gene
expression signatures.

Immunoglobulin classes were quantified using the discrete precipitation method de-
scribed by Kostyna [64,65]. Immunological profiles included the determination of serum
bactericidal activity (SBA), serum lysozyme activity, concentrations of immunoglobulins
A, M, and G (IgG), alongside phagocytic metrics (phagocytic index and phagocytic num-
ber) [66]. Biochemical parameters, encompassing total calcium, inorganic phosphorus,
potassium, sodium, iron, total protein, uric acid, creatinine, bilirubin concentrations, and
the enzymatic activities of amylase, alkaline phosphatase (ALP), alanine aminotransferase,
and aspartate aminotransferase, were determined using commercial kits from Abris+ LLC
(St. Petersburg, Russia) on a ChemWell automated analyzer (Awareness Technology, Palm
City, FL, USA).

2.4. RNA-Seq, Sequence Processing and Bioinformatic Data Analysis

Total RNA was isolated from ovarian tissue using the Aurum™ Total RNA Mini
Kit (Bio-Rad, Hercules, CA, USA). The purity and concentration of the obtained RNA
were verified spectrophotometrically using a NanoDrop 2000 instrument (Thermo Fisher
Scientific, Wilmington, DE, USA). The optical density (A260/A280) was in the range of
1.8-2.1, confirming a high degree of sample purification from impurities. RNA integrity
was determined on an Agilent Bioanalyzer 2100 system using the RNA Nano 6000 kit
(Agilent Technologies, Santa Clara, CA, USA). Finally, cDNA was prepared using iScript™
Reverse Transcription Supermix (Bio-Rad).

To construct sequence libraries, we used the commercial TruSeq® Stranded mRNA
LT (Set A) kit (Illumina, San Diego, CA, USA), following the manufacturer’s protocol.
Sequencing of the libraries was performed on the Illumina MiSeq platform using the
MiSeq® Reagent Kit v3 (150 cycles), with the read length being 115 bp.

Using the relevant bioinformatics tools that we had previously tested and imple-
mented in related investigations [67-72], the generated RNA-Seq data were successively
processed in silico. In particular, primary processing of raw reads was performed using
FastQC (version 0.12.1; https:/ /www.bioinformatics.babraham.ac.uk/projects/fastqc;
accessed on 21 September 2026) and multiQC (version 1.33; [73]) software. Subsequent
bioinformatics analysis included quality control steps, adapter sequence trimming, and
low-quality read filtering using Trimmomatic (version 0.39; [74]). Construction of the
genome reference index and primary data alignment were performed using HISAT2 (ver-
sion 2.0.5; [75]). Filtered read alignment was performed on the chicken sequence assembly
bGalGall.mat.broiler. GRCg7b (Ensembl release 108; https:/ /www.ncbi.nlm.nih.gov/datas
ets/genome/GCF_016699485.2/; accessed on 21 September 2026) that was also used as a
reference genome in our other works [70,76,77].

For precise splicing accounting and quantitative assessment of gene expression, the
RSEM package (version 1.3.3; https://deweylab.github.io/RSEM/; accessed on 21
September 2026) with the built-in STAR (Spliced Transcripts Alignment to a Reference; [78])
algorithm was used. Calculations were performed in multi-threaded mode using the
full-length DNA sequence (toplevel).

2.5. Differential Gene Expression (DGE) Analysis

To ensure objectivity and eliminate potential bias, a strict blinding procedure was
maintained during data processing: the co-authors responsible for the bioinformatic and
statistical analyses were completely blinded to the phenotypic group assignments of the
individual samples. Statistical analysis of DEGs was performed in R (version 4.5.2; https:
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/ /www.R-project.org/; accessed on 21 September 2026) using the DESeq?2 package (version
1.50.2; [79]). The initial gene-level expected count matrix was generated from the raw
sequencing outputs utilizing the rsem-generate-data-matrix script from the RSEM pipeline
(https:/ /github.com/deweylab/RSEM/blob/master/rsem-generate-data-matrix;
accessed on 21 September 2026). This processing step yielded a total of 30,108 loci, which
were subsequently converted to the nearest integers using the native R base round() function
(https:/ /www.rdocumentation.org/packages/base/versions/3.6.2/topics /Round;
accessed on 21 September 2026) to ensure full downstream compatibility with DESeq2’s
parametric modeling requirements. At the preprocessing stage, preliminary filtering was
performed: genes with a total read count of less than 10 across all samples were excluded,
which allowed us to form a working set of 17,285 of the most informative loci. To correctly
compare samples with different sequencing depths and library compositions, internal data
normalization was performed using the median-of-ratios method built into the DESeq2
algorithm [79].

To assess biological variability between groups and verify data quality, principal
component analysis (PCA) of transcriptome profiles was performed using the 500 most
variable genes. The PCA plots were built using the respective tool the in the Phantasus web
service (version 1.31.1; [80]). Differences between groups were assessed using generalized
linear models [81]. The lfcShrink algorithm (apeglm method; [82]) was used to stabilize
logarithmic expression change estimates. Genes were considered significant at adjusted
p-value (p-adj) < 0.05 according to the Benjamini-Hochberg correction [79]. DESeq?2 re-
sults were visualized by constructing Volcano plots using the ggplot2 package (version
4.0.1; https:/ /cran.r-project.org/web/packages/ggplot2 /index.html; accessed on
21 September 2026).

Gene functional annotation and gene ontology (GO) enrichment analysis were per-
formed using the KEGG database (https://www.genome.jp/kegg/; accessed on 21
September 2026). To identify biological trends, gene set enrichment analysis (GSEA) was
performed on a pre-selected set of significant DEGs at p < 0.05 and modulus of log, fold
change Ilog,FC| > 1 [83]. Additionally, GSEA was applied to the full ranked list of
genes sorted by descending log, FC values to systematically assess functional shifts. The
functional enrichment plot for GO analysis was built using the dotplot function from the
graphics package (version 4.2.3; [84]). The heatmap graphs showing the complete tran-
scriptome profile, i.e., expression of all genes and transcripts, in ovarian tissues of laying
hens with different modes of reproductive longevity were constructed using the Phantasus
web service. In this case, the ranking and ordering of elements on the axes was carried
out based on the metrics of the GSEA algorithm. The normalized enrichment score (NES)
was used as a quantitative criterion and a direction indicator of expression changes [85]. A
complete set of pre-filtered array of genetic determinants was used for construction.

To minimize the risk of a Type II error and ensure sufficient statistical power, two
sequential significance thresholds were applied at different stages of the analysis [86]. At
the preliminary stage, an unadjusted p-value threshold (p < 0.05) was utilized to screen
a broad pool of 484 genes, allowing for an evaluation of the global transcriptomic archi-
tecture. Concurrently, to model the non-linear hierarchical/fractal approximation and
identify single key signals, a more stringent statistical criterion was implemented using the
Benjamini-Hochberg false discovery rate correction (p-adj < 0.05 and |log,FC | > 1) [79].

To visualize the functional relationships between the identified DEGs and reveal key
regulatory nodes, a protein—protein interaction network analysis was performed. The
interaction network was constructed using the STRING database (version 12.0) via the
string App plugin (version 2.2.0; [87]) in the Cytoscape environment (version 3.10; [88]).
The input data included 116 genes encoding characterized proteins for G. gallus. Both direct
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physical interactions and functional associations were considered to form connections. The
confidence score threshold was set at 0.400. The final graph visualization was performed
using the Files Orthogonal Layout algorithm (version 1.2; [88]). For visual data analysis,
log,FC and p-values were imported into the network. Hub genes were identified using the
cytoHubba plugin [89]. Gene ranking was performed using the Maximum Clique Centrality
(MCC) algorithm that is the most effective for finding dense functional clusters in biological
networks [90].

To ensure the robustness of the conclusions and account for potential model depen-
dence, the systemic stability of the transcriptome response was analyzed using independent
mathematical approximations. Calculations were performed for a functional core compris-
ing 16 key genetic determinants selected from the general list of DEGs at a significance
threshold of p-adj < 0.05. To assess the nonlinear hierarchical determination of the system,
an additive-exponential model (1) was employed using the formula [91]:

NC(N)=a +K x eV, (1)

where NC is the normalized absolute level of gene expression (based on normalized counts
from DESeq2); N is the ordinal number (rank) of a gene in the series of increasing absolute
deviation; K is the amplitude of the regulatory response, i.e., a reflection of the intensity of
the coordinated expression of key genetic determinants over the baseline level « of stochastic
noise (network integration); and ¢ is the Euler number (i.e., the base of the natural logarithm).

Additional normalization of the initial data to the modulus and shift in the scale to
zero were not carried out, since the values used (normalized counts) are proportionate
positive quantities, the calculation of which initially starts from natural zero.

The model parameters (¢, K) were estimated using the nonlinear least squares
method [92]. All calculations were implemented in the R environment (version 4.5.2).
The quality of the approximation was assessed by the coefficient of determination (R?).

2.6. Quantitative Real-Time PCR (RT-qPCR)

To validate the reliability of the high-throughput RNA-Seq dataset, seven key candi-
date genes representing diverse functional biological categories and demonstrating robust
differential expression profiles were selected for RT-qPCR verification (Table 1).

The specific oligonucleotide primers (Table 1) were dynamically designed using the
NCBI Primer-BLAST tool (https:/ /www.ncbi.nlm.nih.gov/tools/primer-blast/; accessed
on 21 September 2026). The actin beta (ACTB) gene was selected as the internal reference
standard for target gene normalization.

Amplification was performed using a DTlite real-time PCR cycler (DNA-Technology,
Moscow, Russia) and the SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad,
Hercules, CA, USA) in strict accordance with the manufacturer’s operational protocols [93].
The thermal cycling parameters were optimized as follows: initial denaturation at 95 °C
for 5 min, followed by 40 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for
30 s, and extension at 70 °C for 30 s [94]. All assays were conducted in technical triplicate
utilizing the identical RNA sample aliquots deployed for the initial RN A-Seq libraries.
Relative gene expression folds were calculated using the comparative 2~ *4CT method [95].
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Table 1. Oligonucleotide primer sequences used for RT-qPCR validation of differentially expressed

genes identified by ovarian transcriptomic analysis in Dekalb White hens.

Forward (F) and Reverse (R) Primer

Gene Symbol Protein/Gene Name Sequences (5'-3')
s o . F: CCTTTCGGAGCACAACCT
ID2 inhibitor of DNA binding 2, HLH protein R: GAGCGCTTIGCTGTICACTC
. . F: TTTGGATTAGAGGTGACGG
MMP13 matrix metalloproteinase-13 (collagenase 3) R: CCACTTCGTATTCTGCTGA
. . F: TCATGGAGCTGTGGGCTTTT
AvBD4 avian beta-defensin 4 R: AGCATTCCCATAAGGGCATT
SERPINBI0B serpin peptidase inhibitor, clade B (ovalbumin), F: AACCCTTCCGACTGAGCAAG
member 10 B R: ATCAGCCCATTCTGACAGCC
. . F: CCTGTCATGGAGTCCTA CGGCT
SFRP5 secreted frizzled related protein 5 R: ATCATGCCATCCG CCTTGTG
. . F: CACAACGCTCCCAACTCC
HSPB9 heat shock protein family B (small) member 9 R: CGATGCAGACCGTTGTTCC
1YG3 1 3 F: TTGCTACGGCAGTGTAAGCA
ysozyme s R: ACCAAGGTTGGAAAGACCCA
ACTB actin beta F: CTGTGCCCATCTATGAAGGCTA

R: ATTTCTCTCTCGGCTGTGGTG

2.7. Statistical Analysis of Performance Indicators

Mathematical and statistical processing of layer performance data was performed
using multivariate analysis of variance (ANOVA) in Microsoft Excel XP/2003 and the
RStudio environment (version 2025.9.2.418; http:/ /www.posit.co/; accessed on 21 Septem-
ber 2026). The results were presented as the mean (M) and standard error of the mean
(£ SEM). The statistical significance of differences was determined using Student’s t-test,
with differences being considered significant at p < 0.05. For pairwise comparison of mean
values, the Tukey HSD test was applied using the TukeyHSD function from the R Stats
package (https:/ /search.r-project.org/R/refmans/stats /html/TukeyHSD.html; accessed
on 21 September 2026).

3. Results

3.1. Zootechnical Performance, Morphometric Evaluation of Internal Organs, and
Hematological Profiles

To establish a robust and contrastive experimental design for subsequent RNA sequenc-
ing and maximize the possibility of identification of differentially expressed genes, six individ-
uals exhibiting the most extreme phenotypic traits (1 = 3 per group) were selectively sampled
from an initial production cohort of 60 birds per group. The definitive inclusion criteria for
this finalized subset (1 = 3 per group) within the early-persistent production (PP) group,
directly contrasted against the three selected individuals from the late-degraded production
(DP) group, comprised an accelerated onset of the egg-laying plateau (24 vs. 27 weeks), a
superior average egg production rate (97.32% vs. 85.43%), and a significantly lower body
weight (1652.27 4 26.19 g vs. 1869.05 £ 32.18 g; p < 0.05); Supplementary Table S2).

Subsequent morphometric post-mortem analysis revealed distinct organosomatic
shifts between the two performance phenotypes (Supplementary Table S3). The DP hens
were characterized by a significantly higher liver weight (44.55 + 1.10 g vs. 34.85 & 2.55
g in the PP group; p < 0.05) alongside an 11.4% increase in abdominal fat accumulation
(p < 0.05). Spleen and oviduct weights in the DP group were also elevated, showing an
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increase of 28.7% (from 1.74 £ 0.16 g to 2.24 + 0.35 g) and 13.0 g (p < 0.05), respectively,
although oviduct length was slightly reduced (p < 0.05). Conversely, secondary sexual
characteristics in the DP group were less pronounced, as evidenced by a marked reduction
in both comb weight (decreasing from 22.89 £ 1.31 g to 17.32 £ 1.51 g; p < 0.05) and comb
length (p < 0.05).

Regarding the systemic physiological status, all evaluated clinical, hematological,
and biochemical blood parameters for both groups remained strictly within the standard
physiological reference ranges for poultry [96] (Supplementary Tables S4-57). Neverthe-
less, fine-grained variations between the phenotypes were observed. Specifically, the
DP group displayed slight but statistically significant reductions in red blood cell count,
hemoglobin levels, and blood color index values (p < 0.05), whereas its PCV was increased
by 4.67% compared to the PP group (p < 0.05). Immunological profiling further indicated
altered metabolic and defense responses in the lower-performing phenotype. The DP hens
exhibited a 7.1% increase in SBA and an elevation of IgG by 2.36 g/L (p < 0.05; Supple-
mentary Table S5). These shifts were accompanied by a significant drop in total protein
and p-globulin concentrations—decreasing by 17.7 g/L and 3.9%, respectively (p < 0.05;
Supplementary Table S6)—while ALP activity demonstrated a 1.3-fold upregulation com-
pared to the high-performing PP counterparts (p < 0.05; Supplementary Table S7).

3.2. RNA-Seq Data Quality and Mapping Statistics

As a result of mapping RNA-Seq reads to the reference genome, a transcriptomic
profile of laying hen ovarian tissues was determined for a total of six samples, comprising,
on average, 41.46 (£ 9.0) x 10° high-quality reads (i.e., clean reads) for each sample. The
proportion of nucleotides with an accuracy level of Q25 (with error probability < 0.32%)
exceeded 99.9%, and the proportion of nucleotides with an accuracy level of Q30 (with
error probability < 0.1%) was at least 97.5% for all libraries (Table 2).

Table 2. Statistics of data quality !, mapping, and transcriptome expression assessment based on
RNA-Seq data from ovarian tissues of Dekalb White laying hens from the PP and DP groups.

Clean o o o Total Uniquely Mapped to Multiple
Sample Clean Reads Nucleotides, bp Q25, % Qs0, % GC % Mapped (%)  Mapped (%) Positions (%)
PP group
43,669,863 42,132,260
9 / i , ,
1 47,107,838 10.84 x 10 100.0 98.8 46.0 (92.71) (89.44) 1,491,185 (3.17)
41,051,898 39,603,264
9 / / i ,
2 44,897,757 10.84 x 10 100.0 98.9 45.0 (91.43) (88.21) 1,448,634 (3.22)
47,737,109 46,026,742
9 ’ ’ / ,
3 52,210,281 12.01 x 10 100.0 98.9 46.0 (91.44) (88.16) 1,710,367 (3.28)
DP group
29,935,834 28,739,943
9 , / , )
1 32,021,617 7.36 x 10 100.0 97.5 46.0 (93.49) (89.75) 1,195,891 (3.74)
25,876,303 24,956,234
9 / ), , ,
2 27,953,408 6.43 x 10 100.0 98.4 45.0 (92.57) (89.28) 920,069 (3.29)
40,927,315 39,504,303
9 , , ) 2
3 44,590,944 10.26 x 10 100.0 98.6 46.0 (91.78) (88.59) 1,423,012 (3.19)

1.Q25/Q30, proportion of nucleotides with sequencing accuracy of 99.68% and 99.90%, respectively;
GC, percentage of guanine (G) and cytosine (C) in the array of cleaned reads (i.e., clean data).

During the subsequent expression analysis, clean reads were mapped to the current
assembly of the G. gallus GRCg7b reference genome. The average percentage of successfully
mapped reads (i.e., total mapped) was 92.24% of the total dataset (Table 2). Most of these
reads (88.16-89.75%) were uniquely mapped. The percentage of reads mapped to multiple
positions (i.e., multiple mapped) ranged from 3.15% to 3.74%. The guanine and cytosine
(GC) content in the libraries ranged from 45% to 46%.
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3.3. Transcriptome Profile of Hens with PP vs. DP of Egg Production

All samples demonstrated a clear separation into two clusters that corresponded to
the PP and DP groups (Figure 1). The first principal component (PC1) explained 64.9% of
the total data variance. The second component (PC2) accounted for 14.3% of the variance.

15
_DP1
10 Productivity:
e PP
DP
s o PP1
X
M
A PP3
— PP2
~ 0 6o
O
o
=5
_DP2
-10 _DP3
-20 -10 0 10 20 30

PC1 64.9%
Figure 1. Principal component analysis plot for ovarian tissue transcriptome data. Visualization of

biological variability between PP (blue) and DP (green) layer groups.

Global rank distribution analysis of the total transcriptome performed using the
GSEA algorithm (for 17,285 genetic determinants) did not result in an overall statistically
significant difference between the study groups (NES = —1.00; p = 0.49; Figure 2).

Productivity: IO T

|
.BIF; I'hlllll‘llll 1 Y RATA \{ { ‘Im“‘“‘“‘”mml‘mm
I

p-value=0.49, NES=-1.00

enrichment score

Figure 2. Heatmap and distribution of rank metrics of the whole transcriptome (17,285 expressed
genes) in ovarian tissues of laying hens with different levels of reproductive longevity obtained
using the GSEA algorithm. The color scale on the top plot reflects the expression level, with red
corresponding to upregulation and blue to downregulation. Genes are ranked by the magnitude of
differential expression between the PP and DP groups. Genes with maximum expression in the PP
group are located at the top (or left) of the graph, and genes with maximum expression in the DP
group are located at the opposite. In the lower plot, the y-axis values conform to the enrichment score,
and those of the x-axis to a ranked list of all genes sorted by their differential expression between the
two groups. Genes with the highest expression in the PP group are located on the left, and genes with
the highest expression in the DP group are located on the right. The null hypothesis thresholds are
indicated by red dashed lines. The solid green line represents the dynamics of the accumulation of
differences between the groups. The area, composed of vertical thin gray lines, displays the positions
of genes as a continuous, ranked list, where each individual gene is represented by a line.

Using the standard pretest criteria (|logoFC| > 1 and unadjusted p-value < 0.05), we
identified a wide range of potential changes for 484 genes, including 305 upregulated and
179 downregulated ones in the PP group relative to DP (Figure 3).
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Figure 3. Volcano plot (scatterplot) showing genes in ovarian tissues that differ in expression level
between the PP and DP groups of layers and reflecting the distribution of all genes (at p < 0.05).
The x-axis represents the log, fold change (log,FC), i.e., the logarithm of the gene expression ratio
in the PP group compared to the DP group. The y-axis represents —logjy p-value that indicates
the statistical significance of differences in expression and converts low p-values into large positive
numbers to facilitate visualization. Each point on the graph corresponds to one gene. Genes with a
p-value less than the threshold and an absolute log, FC value greater than the threshold are considered
significantly differentially expressed and are highlighted in red and blue. Genes whose expression
changes are not statistically significant are shown in gray. On the right side, the dots conform to
upregulated genes in the PP group, and the dots on the left side to upregulated genes in the DP group.
The horizontal dashed line represents the threshold for statistical significance (p < 0.05), while the
vertical lines represent the threshold for the magnitude of expression change (log,FC| > 1).

3.4. KEGG Pathway and GO Enrichment Analyses

The results of the analyses of the biological functions and key regulatory mechanisms
of DEGs in ovarian tissue using the KEGG and GO databases allowed us to associate
genes with signaling pathways. Both the specificity of the functional analysis and the
identification of the most reliable biological functionality patterns were improved for a set
of significant DEGs using GSEA. In particular, 11 of the most significant categories were
detected, including enzymatic activity (lipase and carboxylester hydrolase), carbohydrate
metabolism, and immune response. Changes in fundamental GO categories, such as
molecular functions and their regulation, were also revealed (Figure 4). In the PP group,
an increase in the lipase activity associated with the PNLIPRPI (pancreatic lipase related
protein 1) gene was found compared to the DP group (log,FC = 1.9, p = 0.001). At the same
time, downregulation of the PLTP (phospholipid transfer protein) gene was noted in the
PP group compared to the DP group (log,FC = —1.65, p = 0.015).
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Figure 4. Gene ontology functional enrichment of DEGs within the molecular function category in
follicle tissues of PP and DP laying hens. The enrichment diagram (dotplot) shows the ratio of gene
counts on the x-axis; the dot size corresponds to the number of significant genes, and the color scale
indicates the significance level. The analysis was performed using GSEA on a set of significant genes
(p <0.05).

Using GSEA on the complete transcriptome dataset, the prevalence of molecular
processes associated with the activity of chemokine and cytokine receptors, as well as
lipopolysaccharide binding, was revealed (Supplementary Figure S1). For example, a
significant upregulation of the CPLX1 (complexin 1) gene was detected in the ovary tissues
of high-producing birds from the PP group (log,FC = 1.5, p = 0.005). Expression of the
AvBD¢4 (avian beta-defensin 4) gene in the ovary of DP chickens was 48 times greater than
in PP hens (log,FC = —5.62, p = 0.0001, p-adj = 0.058). In addition, an abrupt 6.2-fold
induction of the HSPB9 (heat shock protein family B (small) member 9) gene expression
was detected in PP chickens (log, FC = 2.62, p = 0.0001, p-adj = 0.099).

3.5. Network Analysis of Protein—Protein Interactions and Expression of Significant DEGs

Our network analysis using the MCC algorithm revealed a group of highly connected
hub genes (Figure 5): TLR4 (toll like receptor 4; score = 246, degree = 17), CCR2 (C-C
motif chemokine receptor 2; score = 235, degree = 12), TLRY7 (toll like receptor 7; score = 223,
degree = 10), TLR2A (toll like receptor 2A; score = 168, degree = 9), LY86 (lymphocyte antigen
86; score = 150, degree = 7), and TLR1A (toll like receptor 16; score = 144, degree = 6).

Furthermore, the network analysis identified a compact and significant (at p-adj < 0.05)
regulatory cluster, including the SFRP5 (secreted frizzled related protein 5), WNT5B (Wnt
family member 5B) and MMP13 (matrix metalloproteinase 13) genes (Figure 5). This cluster
also embraces the genes MMP10 (matrix metallopeptidase 10) and IHH (Indian hedgehog).
Although there were significant p-values for these two genes (0.01 and 0.03, respectively),
they had insignificant p-adj values (> 0.05) and lower |log,FC| values: 1.00 and —2.1 for
IHH, and 0.97 and —1.7 for MMP10, respectively. Despite a relatively small number of
internal connections, this cluster is functionally integrated into the overall transcriptome
network through the central ALB (albumin) node.

Overall, the application of more stringent statistical significance criteria (p-adj < 0.05
and |logoFC1 > 1) allowed us to identify 16 of the most significant DEGs, including nine
upregulated genes and seven downregulated genes in the PP group compared to DP hens
(Figure 6, Table 3).
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Figure 5. Network analysis of protein—protein interactions of differentially expressed genes in
chicken follicle tissues. The network was constructed for 116 genes encoding characterized proteins
for G. gallus. (a) The top 10 highly connected hub genes (highlighted by a green contour line); (b) the
regulatory cluster, including the SFRP5 (secreted frizzled related protein 5), WNT5B (Wnt family
member 5B) and MMP13 (matrix metalloproteinase 13) genes (at p-adj < 0.05). The lines indicate the
presence of functional and physical associations between proteins. The color of the nodes reflects
the direction of expression changes: red, upregulation; blue, downregulation. The diameter of the
nodes is proportional to the significance level (based on p-values): large nodes correspond to the
most significant changes (e.g., FGF12 (fibroblast growth factor 12), p = 0.001). The full version of the
network is presented in Supplementary Figure S2.

Some genes in this list currently lack detailed functional annotations in available
Ensembl and National Center for Biotechnology Information (NCBI) databases. However,
most DEGs (SLC13A1, ID2, MMP13, SERPINB10B, PDCL2, WNT5B, LYG3, IFNLR1, SFRP5,
FHAD1, LOC121106470, etc.) were represented by genes with known functional annotations
(Table 3).
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Table 3. Genes showing the most significant differences in upregulation (up) or downregulation (down) levels (M £ SEM) I between the PP and DP laying hens.

Values are expressed as normalized read counts, assuming p-adj < 0.05 and Ilog,FC| > 1.

Regulation

Ensembl Gene ID Gene Symbol Gene Name PP Group DP Group p-Value p-adj log, FC Type Chromosome
ENSGALG00010001714 SLC13A1 solute carrier family 13 member 1~ 79.19 4 8.50 19.57 £ 3.96 2.1 x107° 0.006 2.01 up 1
ENSGALG00010003117 D2 inhibitor of DNA binding 2, 143893 £10329 69031 + 19.63 94 %107 0.003 1.06 up 3
HLH protein
ENSGALG00010003124 IncRNA predicted gene 55.00 £ 14.46 7.78 +3.35 1.7 x 1075 0.025 2.82 up 6
ENSGALG00010003609 RNA18S511 RNA, 18S ribosomal 11 1.37 £1.68 42.30 £+ 10.30 8.4 x 1077 0.003 —4.94 down 16
ENSGALG00010007330 ~ MMP13 matrix mefalloproteinase-13 12.09 + 037 19203 +£149.18  22x10°° 0.027 ~3.99 down 1
(collagenase 3)
ENSGALG00010008980 Non-annotated predicted gene 0 20.36 £+ 11.59 45x107° 0.010 =7.07 down V4
ENSGALG00010011664 ~ SERPINB10B serpin peptidase inhibitor, clade 54 66 | ¢ g 480.36 + 350.71 6.0 x 1076 0.012 ~3.60 down 2
B (ovalbumin), member 10 B
ENSGALG00010011783 IncRNA predicted gene 36.48 £ 8.56 4.77 = 1.66 2.0 x 107° 0.027 2.95 up 4
ENSGALG00010013321 PDCL2 phosducin like 2 18.04 & 6.49 148.21 4 75.33 6.6 x 1070 0.012 —3.04 down 4
ENSGALG00010013899 WNT5B Wnt family member 5B 175.52 £+ 16.82 62.61 + 11.69 1.7 x 1075 0.025 1.48 up 1
ENSGALG00010015831 LYG3 lysozyme g3 34.96 + 20.81 978.30 &+ 1008.52 40 x 107° 0.010 —4.81 down 1
ENSGALG00010015838 IFNLR1 interferon lambda receptor 1 81.65 £ 28.86 0.00 £ 0.00 9.4 x 10711 9.2 x 1077 8.56 up 23
ENSGALG00010017808 SFRP5 secreted frizzled related protein 5  243.65 & 30.37 73.31 £20.20 21 x107° 0.027 1.74 up 6
ENSGALG00010020709 IncRNA predicted gene 0.29 £ 0.36 42.74 +18.79 47 x 1077 0.002 =717 down 10
ENSGALG00010020955  FHAD1 forkhead associated . 200.16 + 26.50 33.52 + 4.00 2.8 x 10°13 54 x107° 257 up 21
phosphopeptide binding domain 1
ENSGALGO0010028062  LOC121106470 deaminated glutathione 269.46 + 69.18 12.70 £ 10.79 43 %1077 0.002 437 up 25

amidase-like

1M, mean; SEM, standard error of the mean.
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Figure 6. Volcano plot (scatterplot) for genes in ovarian tissues that differ in expression level between
the two groups of laying hens, PP and DP. The distribution of all genes is shown at the threshold
p-adj < 0.05. The x-axis represents the log, fold change (log,FC), i.e., the logarithm of the ratio
of gene expression in the PP group compared to the DP group. The y-axis represents the —logig
values for p-adj that reflect the significance of differences in gene expression, converting low p-values
into large positive numbers to facilitate visualization. Each point on the graph represents one gene.
Genes with a p-value less than the threshold and an absolute log, FC value greater than the threshold
are considered significant DEGs and are highlighted in red and blue. Genes with no significant
expression changes are shown in gray. On the right side, the dots conform to upregulated genes in the
PP group, and the dots on the left side to upregulated genes in the DP group. The horizontal dashed
line represents the threshold for statistical significance (p < 0.05), while the vertical lines represent the
threshold for the magnitude of expression change (1log,FC| > 1).

Of particular interest is the modulation of the signaling pathway gene WNT5B (Table 3).
In the PP group of chickens, a higher WNT5B upregulation was observed (175.52 vs. 62.61
in DP; log,FC = 1.48, p-adj = 0.025). Also, a greater SFRP5 expression was established in the
PP group (243.65 vs. 73.31 in DP; log,FC = 1.74, p-adj = 0.027). On the other hand, the DP
group was characterized by activation of the MMP13 gene expression 16 times higher than
in PP (logr FC = —3.99, p-adj = 0.027). The expression level of the ID2 (inhibitor of DNA
binding 2, HLH protein) gene in the PP group was significantly higher than that in the DP
group (log, FC = 1.06, p-adj = 0.003; Table 3).

3.6. Evaluation of the Hierarchical Topology of Significant Genetic Determinants

Analysis of normalized expression levels using nonlinear hierarchical approximation
revealed the presence of pronounced structural differences in the transcriptome pattern
between the PP and DP chicken groups. A similarity in the amplitude of the network
ordering signal K was noted in both groups (PP and DP; ~1.50 x 10~%; Table 4). However,
a critical difference in the reliability of the model was observed (R? = 0.95 vs. 0.62 for PP
and DP, respectively). In addition, a significant basal expression level was revealed in the
PP group (« = 36.25, p < 0.01). In contrast, the DP group exhibited a value of & = 45.05
(p =0.276).
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Table 4. Parameters (M + SEM) ! of the additive exponential model based on the top 16 DEGs in
ovarian tissues of laying hens from the PP and DP groups.

Parameter Symbol PP Group (n =3) DP Group (n = 3) Dl(fielz;er)lce
y /0
Baseline expression 4, arbitrary 36.25 + 12.24 45.05 £ 40.86 24.3
level (noise) units
Significance level of p-value 0.005 0276 B
parameter «
Amplitude of the K arbitrary ) 108 104 £ 5100 x 10°® 1485 x 104 £1700 x 106 —0.9
regulatory response units
Significance level for K p-value <0.001 <0.001 -
Determination R 0.949 0.621 ~346
coefficient
1 M, mean; SEM, standard error of the mean.
3.7. Validation of Candidate Gene Expression Profiles via RT-qPCR
The transcription dynamics of seven selected target genes were evaluated via RI-qPCR
to confirm the expression trends observed in the high-throughput transcriptomic pipeline.
The comparative analysis demonstrated close directional alignment between the RNA-Seq
logo FC metrics and the qPCR relative quantification values. The corresponding fold-change
data, reflecting the transcriptional shifts between the PP and DP cohorts, are summarized
in Table 5.
Table 5. Relative expression folds of predictive candidate genes linked to reproductive longevity in
the PP and DP hen cohorts validated via RT-qPCR (1 = 3).
Group ID2 SFRP5 SERPINB10B LYG3 AvBD4 HSPB9 MMP13
PP group 1.00 1.00 1.00 1.00 1.00 1.00 1.00
DP group 0.07 *** 0.03 *** 16.00 *** 3.86 * 1.02 1.18 9.02 **

Note: Data are expressed as relative fold changes against the PP baseline (set as 1.00). Statistical
significance was determined using Student’s t-test: * p < 0.05, ** p < 0.01, *** p < 0.001, indicating
significant differences in the DP group compared to the PP group.

The RT-qPCR validation confirmed that, while the absolute fold-change values in some
instances quantitatively differed from the deep sequencing dataset, the overall expression
trends (i.e., the direction of upregulation or downregulation) were highly consistent for
five out of the seven analyzed loci. Specifically, two genes (ID2 and SFRP5) exhibited
a profound and highly significant downregulation in the DP group compared to the PP
baseline (p < 0.001), aligning with the RNA-Seq results where these loci were significantly
enriched in PP hens.

Conversely, the transcription levels of SERPINB10B, MMP13, and LYG3 were sig-
nificantly upregulated in DP birds by 3.86- to 16.00-fold (p < 0.05), corroborating the
transcriptomic sequencing trends. In contrast, the expression profile of HSPB9 and AvBD4
showed no statistically significant differences between the two phenotypic groups.

4. Discussion

The wild ancestor of modern chickens, the red junglefowl (G. gallus), has a naturally
lower reproductive ability compared to its domesticated counterparts [77,97]. The repro-
ductive system of chickens is a complex self-regulating system in which the processes of fol-
liculogenesis, steroidogenesis, angiogenesis and apoptosis are in dynamic equilibrium [98].
Changes in the expression of genes associated with the activation of matrix metallopro-
teinases (MMPs) [99], induction of apoptotic signaling pathways or disruption of immune
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homeostasis in ovarian tissue can, however, trigger early follicle involution [100]. This, most
likely, results in a decrease in egg-laying intensity. Recent advances in high-throughput
sequencing (RNA-Seq) offer a unique opportunity to study this complex system and iden-
tify molecular profiles of productivity and reproductive longevity [20]. Various chicken
breeds and crosses have genetically determined differences in ovarian gene expression and
signaling pathways regulating the egg-laying cycle [101-103]. Transcriptomic profiling in
reproductive organs and cells allows the identification of key genes involved in follicle
development, ovulation, and other fundamental reproduction-related processes [104]. To
date, however, the molecular mechanisms that determine the transition from stable ovarian
function to the premature regression phase remain poorly understood [20]. In this study, we
identified some key genetic determinants underlying the long-term physiological resource
of egg production at the level of ovarian function.

4.1. Morphometric Adaptations and Systemic Physiological Status

The observed macromorphological alterations in internal organs underscore a
profound divergence in physiological resource allocation between the high- and low-
performing hen phenotypes. The significant increase in liver weight documented in the
late-degraded production (DP) group implies a shift in vitellogenesis dynamics. In avian
physiology, the liver serves as the exclusive site for vitellogenin and very-low-density
lipoprotein (VLDL) synthesis, which are critical precursors for egg yolk formation [105].
An enlarged hepatic mass, when paired with the concurrent 11.4% increase in abdominal
fat deposition observed in DP hens, strongly points toward localized lipid accumulation
(hepatic steatosis) and inefficient precursor transport rather than enhanced reproductive
synthesis. This hepatic strain is further corroborated by the 1.3-fold upregulation of ALP ac-
tivity in the DP group, a classic serum biomarker indicative of cholestasis or compromised
hepatocyte membrane integrity in poultry [106].

This metabolic strain appears tightly intertwined with a dampening of the neuroen-
docrine reproductive axis. In contrast to the liver and abdominal fat, both comb weight
and comb length were significantly reduced in the DP group. Because the avian comb is a
highly hormone-dependent secondary sexual characteristic whose development is directly
regulated by circulating estrogens (primarily -estradiol) [107], this striking phenotypic
regression signals a systemic hypoestrogenic state in DP hens, likely contributing to their
delayed plateau onset and rapid decline in laying persistence.

Although all hematological and biochemical profiles remained within acceptable
physiological boundaries [96], fine-grained variations between the cohorts reveal distinct
systemic adaptations. The DP hens exhibited moderate yet statistically significant re-
ductions in RBC count, hemoglobin concentration, and blood color index. This cluster
of traits typically reflects a lower hemoglobin saturation capacity per erythrocyte and
may stem from altered iron utilization or minor deficiencies in hematopoietic cofactors,
such as vitamin By, and folic acid [108]. Crucially, the combination of lower circulating
hemoglobin alongside an increased PCV in DP hens serves as a hallmark of hemocon-
centration and altered fluid balance. In poultry, this specific hematological configuration
is frequently associated with metabolic syndrome, visceral adiposity, and elevated body
condition scores [109]. The observed decrease in serum total protein and {3-globulin frac-
tions (which comprise key transport proteins like transferrin and specific lipoproteins)
further substantiates a systemic disruption in nutrient and iron trafficking within the DP
cohort [110]. Concurrently, the elevations in SBA and IgG levels in the DP cohort point
toward an augmented humoral immune response [111]. This systemic shift aligns closely
with our ovarian transcriptome data, which revealed an upregulation of immune-response-
associated loci (e.g., AvBD4 and SERPINB10B) in late-degraded hens. Furthermore, the
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1.3-fold increase in ALP activity observed in DP birds implies notable alterations in lipid
metabolism and hepatic function [112], mirroring the differential expression signatures of
lipid transport genes identified within the ovarian microenvironment.

Perhaps the most intriguing finding is the apparent metabolic trade-off between
chronic immune activation and reproductive performance. The DP cohort exhibited a 28.7%
enlargement in splenic mass alongside elevated SBA and increased IgG levels. While a
robust humoral response and splenic hypertrophy are traditional markers of complement
system activation and immune readiness [113], their upregulation in low-producing birds
highlights a compelling evolutionary and physiological compromise. Maintaining a hyper-
reactive immune status is energetically expensive. These findings suggest an immune-
mediated resource reallocation strategy: the DP hens appear to “squander” vital metabolic
and amino acid resources on sustaining a low-grade, persistent immune or inflammatory
response, thereby starving the hypothalamic-pituitary—ovarian axis of the energy vectors
required to maintain an extended egg-laying plateau [114].

4.2. Quality of Transcriptome Data

The generated transcriptome data from ovarian tissues of Dekalb White laying hens
with contrasting egg production phenotypes—early and stable vs. late and degraded—
demonstrated sufficient technical reliability of the method and high quality of the data
(Table 2). Taken together, a detailed transcriptomic profile formed by a significant number
of high-quality reads was characterized for all analyzed samples, which was in line with
similar studies (e.g., [115]). Our data provided the required sequencing depth. Key sequenc-
ing quality metrics indicated the high accuracy of the obtained primary data, which is a
critical condition for reducing the likelihood of errors in subsequent stages of analysis [116].

Conforming to the best practices for RNA-Seq data analysis [116] the performed
procedure for mapping reads to the G. gallus GRCg7b reference genome was also consistent
with the high quality of the prepared transcriptome libraries. The high percentage of
successfully mapped reads pointed out the specificity of the obtained data and the absence
of significant contamination [116]. Furthermore, the observed percentage of reads mapping
to multiple genomic positions was within the acceptable limits [117].

The transcriptome libraries” guanine and cytosine contents (45-46%; Table 2) matched
the anticipated nucleotide composition for the species G. gallus [118].

4.3. Transcriptome Profile Depending on the Productive Plateau Dynamics

The PCA-assisted exploration of transcriptome profiles (based on the 500 most variable
genes) revealed a clear division of all samples into two clusters that conformed to the PP
and DP groups of chickens (Figure 1). PC1, which explained 64.9% of the total data variance,
was the main factor determining this division [119] and indicated significant differences
in gene expression regulation patterns between the groups. PC2, describing 14.3% of the
variation, is known to reflect mainly the variation between biological replicates within
each group in the RNA-Seq analysis [120]. In our opinion, and according to the DGE
analysis methodology [121], the high degree of clustering of biological replicates within the
corresponding groups was a sufficiently significant prerequisite for the subsequent reliable
identification of DEGs.

The PCA-based transcriptome differences detected at the overall level (Figure 1) were
specifically confirmed by our results of DGE analysis. Profound transcriptome rearrange-
ments revealed the nature of regulation in the studied bird groups (Figures 2, 3 and 6). In
the PP phenotype, the response was localized and concentrated in a major fraction of the
most significant DEGs (Figures 3 and 6). In contrast, the response in DP birds took on
the character of a global shift expressed in the activation of alternative pathways at the
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level of the overall ovarian transcriptome, as confirmed by the negative enrichment index
(NES) (Figure 2). This specificity of the response indicates transcriptional inversion and
a functional switch in the genetic system in the studied bird groups. The wide range of
changes in mRNA levels between groups, encompassing 484 genes (Figures 2 and 3), likely
indicates a significant reorganization of the ovarian tissue transcriptome depending on the
nature of the productive plateau. Interestingly, the majority of these changes (305 genes)
were enhanced in the PP group, which may suggest the activation of specific molecular
mechanisms that support long-term high egg production [122].

4.4. Functional Interpretation of the Identified Expression Patterns

Further functional analysis of the identified DEGs using the KEGG and GO databases
allowed us to detail the predicted biological processes that may be associated with pheno-
typic differences between the studied hens” groups. The spectrum of functional categories
found here, including enzymatic activity (in particular, lipase), carbohydrate metabolism,
metabolite transport and immune response, allows us to suppose a probable range of
molecular processes associated with the different dynamics of the productive plateau
(Figure 4). The significant changes detected in the transcriptional profile of the PP hens’
ovaries may be related to the formation of deep metabolic tissue specialization necessary
for maintaining high reproductive function over a long period [123].

The GSEA approach we applied to a set of highly significant genes allowed us to iden-
tify key regulatory nodes, while minimizing the influence of background transcriptomic
noise. This is consistent with the current methodology for analyzing predicted metabolic
profiles [83]. Induction of the PNLIPRPI gene expression demonstrates the importance
of lipase activation in shaping the functional profile of the PP layers (Figure 4). Such a
shift supports the hypothesis that lipid breakdown and lipid depot remodeling processes
predominate in the ovaries of high-yielding birds, providing the energy requirements for
intensive folliculogenesis. Activation of lipase activity associated with the highly expressed
PNLIPRP1 gene in the PP group can apparently be considered as a regulatory mecha-
nism that ensures the mobilization of lipid resources to maintain a long-term productive
plateau [124]. These results confirm previously stated assumptions about the dominant
role of lipid catabolism and lipid depot remodeling in the ovaries of highly productive
birds [83,125]. Opposite dynamics of expression of the genes involved in lipase activity
(PNLIPRP1) and phospholipid transfer (PLTP), observed in other studies [125] and herein
in the PP group, is consistent with the concept of redistribution of energy substrates in
chickens exhibiting high productivity [126]. Such multidirectional dynamics may indicate a
switch of metabolism in the group with high productivity stability to the preferential use of
internal intracellular lipid resources of the ovary [127]. Using the complete transcriptome
dataset, the prevalence of processes associated with the activity of chemokine and cytokine
receptors, as well as lipopolysaccharide binding, was revealed (Supplementary Figure
51). Such a global orientation towards the receptor systems of innate immunity is consis-
tent with the concept of systemic redistribution of resources in highly productive poultry
crosses [83]. Similarly, pronounced activation of the CPLX1 expression, which plays a key
role in regulating transmembrane transport and the neuroregulatory function [128], was
detected in the ovarian tissues of PP chickens. This likely manifests as an intensification of
follicle maturation processes and high secretory activity, both of which are necessary for
maintaining reproductive function [129].

Preliminary trends observed within the DP cohort point toward potential systemic
immune dysregulation, a finding that aligns with prior observations [130]. In particular,
the AvBD4 gene, a key antimicrobial peptide [131-133], was significantly upregulated in
the ovary of DP chickens. In clinically healthy birds, such overexpression may indicate an
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increased immune tone in the reproductive tissue [134], which can negatively affect fol-
liculogenesis [135]. Significant energy expenditure on the synthesis of immune factors can
create a metabolic load that competes with the resources required by granulosa cells [136].

The pattern of molecular adaptations in the PP group was complemented by a pro-
nounced induction of the expression of the HSPB9 gene that encodes an ATP-independent
molecular chaperone belonging to the small heat shock protein family. Upregulation of
HSPB9 was probably indicative of more effective protection of proteins from denatura-
tion under conditions of oxidative stress accompanying intense stress on the reproductive
system [137]. While other researchers observed an increase in HSP70 and a specific polymor-
phism in this gene in low-producing hens [138], the induction of HSPB9 in high-producing
layers may suggest a specific adaptive mechanism for protecting ovarian tissue.

4.5. Network Analysis and Identification of Key Regulatory Nodes

It is well established [121] that DGE analysis in combination with network analysis
allows for the identification of key genetic determinants based on their individual signifi-
cance and network centrality. Our network analysis using the MCC algorithm revealed a
group of highly connected hub genes (TLR4, TLR7, TLR2A, LY86, and TLR1A), apparently
associated with the immune status of the ovaries of laying hens [139]. The high functional
involvement score and significant number of connections of these nodes likely indicate that
these genes may be important control points. These hub genes are central to maintaining
the network stability and structure, and their dysregulation may result in compounded
genetic effects [140]. In addition, network analysis revealed a cluster including the SFRP5,
WNT5B and MMP13 genes (Figure 5). Despite a relatively small number of internal connec-
tions, this block is functionally integrated into the overall transcriptome network through
the central ALB node, which may indicate its potential role in the regulation of ovarian
function [141]. The identified SFRP5-WNT5B-MMP13 regulatory cluster may represent a
functional node reflecting a key aspect of the physiological state of ovarian tissue [127,142].

4.6. Benjamini—Hochberg Correction Results: 16 Key Candidate Genes

To minimize false-positive results that are inevitable when performing multiple com-
parisons of thousands of transcripts [143], a stringent statistical test with correction for
multiple testing using the Benjamini-Hochberg method [79,144] was applied. This ap-
proach is believed [143] to control, with a high degree of probability, a significant proportion
of false discoveries among the many genes declared as DEGs. Without such correction,
the number of false-positive results can become unacceptably high when testing multiple
hypotheses [145]. This approach allows one to identify with a high degree of confidence
key candidate genes whose expression changes are least likely to be an artifact of multiple
testing [143].

Our analysis revealed 16 highly significant DEGs (Figure 6, Table 3). Some lacked
detailed functional annotation in available databases (Ensembl, NCBI), which currently
complicates their interpretation in the context of ovarian function. Their high statistical
significance, however, makes them promising targets for subsequent functional studies.

A significant proportion of genes with known functional annotation (SLC13A1, ID2,
MMP13, SERPINB10B, PDCL2, WNT5B, LYG3, IFNLR1, SFRP5, FHAD1, LOC121106470)
may be directly or indirectly involved in the regulation of key processes maintaining ovarian
homeostasis, such as cell cycle and apoptosis control, immunity, morphogenetic signaling
pathways, extracellular matrix (ECM) remodeling and cellular stress response [146,147]. Im-
portantly, SERPINB10B is a member of ovalbumin-related serpins (ov-serpins) in birds [148]
that belong to a broader serpin superfamily with cytoprotective functions [149]. A cluster
of ov-serpins, including, among others, SERPINB10B, SERPINB14 (ovalbumin, or OVAL),
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SERPINB14B (ovalbumin-related Y, or OVAY) and SERPINB14C (ovalbumin-related X, or
OVAX) in the chicken is located on a 150 kb locus chromosome 2q [148]. This suggests that
SERPINB10B may be involved in reproduction and egg formation, although its exact role
needs an in-depth investigation.

The finding that the genes forming the structurally identified network cluster (SFRP5,
WNT5B and MMP13; Figure 5) are also the statistically most significant DEGs is an interest-
ing observation (Table 3, Figure 6). Indeed, the Wnt signaling pathway is a highly conserved
regulator of key cellular processes, including proliferation, migration, survival, and cell fate
determination [146]. In PP chickens, WNT5B upregulation can ensure the correct spatial
orientation and adhesion of granulosa and theca cells, which is a prerequisite for the forma-
tion and maintenance of a healthy follicle hierarchy [150]. The importance of this pathway
for ovarian function and productivity in chickens is also supported by previous studies. In
particular, a comparative analysis of the ovaries in Jinghai Yellow chickens with high and
low egg production identified the Wnt signaling pathway as one of the key differentially
regulated pathways [151,152]. Notably, this study [152] showed the WNT4 (Wnt family
member 4) gene as a highly expressed candidate directly associated with the regulation of
egg production, which is also supported by a study of polymorphisms in this gene [152].
These data, together with our results on upregulation of the WNT5B ligand gene in the PP
group, may suggest that enhanced activation of Wnt signaling in the ovaries is a specific
feature associated with maintaining high reproductive efficiency [153]. Sun et al. [154] also
demonstrated in their transcriptome analysis of laying hen ovarian tissue that a number of
signaling pathways, including the interaction of neuroactive ligands with receptors, play
a critical role in follicle selection and increased egg production. These authors identified
candidate genes, such as NDUFAB1 (NADH:ubiquinone oxidoreductase subunit AB1)
and GABRA1 (gamma-aminobutyric acid type A receptor alphal subunit), that regulate
ovarian development in opposite directions. NDUFABI, on the other hand, stimulates
granulosa cell proliferation, suppresses apoptosis and enhances steroidogenesis (through
the expression of STAR (steroidogenic acute regulatory protein) and CYPI11A1 (cytochrome
P450 family 11 subfamily A member 1)). GABRA1I, conversely, inhibits these processes.

In contrast, SFRP5 upregulation in the PP group of chickens may imply a link between
lipid metabolism and effective ovarian function [147,155]. Also, according to the studies by
Maman et al. [147], SFRP5 protein induction is part of the normal process of follicle matura-
tion in humans. It is likely that healthy, highly functional granulosa tissue in PP chickens
is capable of adequately responding to hormonal signals, including SFRP5 expression for
precise control of morphogenic processes during follicular growth and ovulation.

In this regard, the pronounced upregulation of the MMP13 gene in the DP group of
egg-laying hens (an almost 16-fold increase we detected during our analysis) is of particular
interest. In our opinion, this result is consistent with the known role of MMPs in ECM
remodeling during physiological and pathological processes [156]. An investigation by
Yuan et al. [157] showed that the expression of this gene in the ovaries of hens increases
consistently with maturation, reaching a peak by Day 159, which may be associated with
the processes of intensive ECM remodeling during atresia and regression. It has previously
been suggested that fine-tuning of MMP9 (matrix metallopeptidase 9) expression in chicken
ovaries may promote efficient follicle maturation and ovulation, and that polymorphisms
in the MMP9 gene promoter are associated with egg production traits [157,158]. In chickens,
the MMP13 protein is localized in stromal cells, thecal layers of follicles of all sizes, and pri-
mordjial follicles [157]. Notably, polymorphisms in the promoter region of the MMP13 gene
are associated with such an important selection trait as the age at onset of egg laying [157].
Thus, MMP13 upregulation observed in our study may signal a possible dysregulation
of a key proteolytic system that controls the balance between physiological renewal and
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pathological destruction of follicular tissue [157]. Based on this, it can be speculated that
a more balanced expression of the SFRP5-WNT5B-MMP13 cluster components appears
to be associated with the maintenance of prolonged productivity, whereas an imbalanced
MMP13 overexpression likely reflects a condition characterized by matrix dysregulation
and potential loss of follicular reserve [157].

The identified SFRP5-WNT5B-MMP13 triad highlights a stark expression contrast
between the PP and DP cohorts, underscoring a pivotal role of the Wnt signaling pathway
in managing these phenotypes. These genes are critically involved in regulating ECM
remodeling and maintaining follicular tissue homeostasis. The synchronous upregula-
tion of WNT5B and SFRP5 observed in the PP group suggests a finely tuned activation
of non-canonical Wnt signaling coordinated to preserve the structural and functional in-
tegrity of the ovarian ECM. Conversely, the DP group is characterized by a pronounced
overexpression of MMP13, which points toward a disruption in Wnt-mediated tissue
maintenance, leading to accelerated follicular proteolytic degradation and impaired tissue
nourishment [156,157]. Such a pronounced shift toward destructive, catabolic processes
may ultimately trigger premature follicular reserve depletion, explaining the rapid degra-
dation of the egg-laying plateau.

Upregulation of the ID2 gene expression in PP chickens (Table 3), in all likelihood, can
be considered as a modulation of key transcriptional events occurring within granulosa cells
during or immediately after differentiation at different stages of follicle development [159].
The ID2 gene is known as one of the significant molecular mediators of signaling molecules
playing an important role in embryogenesis and development, as well as in maintaining tis-
sue homeostasis in adults [160]. It has been shown that proteins of the ID (inhibitor of DNA
binding) family are dominant-negative regulators of helix-loop-helix transcription [161].
They form heterodimers with bHLH (basic helix-loop-helix) proteins, thereby participating
in the regulation of cell proliferation/differentiation [162]. In a sheep ovary model, it was
shown that ID genes are constantly expressed in steroidogenic cells throughout follicle
development, while their decrease in thecal cells is a sign of atresia [159]. Thus, high ID2
expression in the PP group may indicate a specific mechanism for maintaining follicle
viability. This is also supported by transcriptome analysis of chicken granulosa cells, where
the ID2 gene was identified as a critical factor involved in intensive cell division [163].

4.7. Structural Topology and System Stability

Standard DGE analysis, as well as network analysis, are generally unable to provide
a comprehensive understanding of the systemic integration and hierarchical stability of
the identified assemblies [164]. To overcome this limitation, we implemented an integrated
approach that complements topological analysis with mathematical approximation meth-
ods based on the principles of fractal geometry [91,165]. This approach allowed us to
characterize quantitatively the systemic organization of the network for genes that passed
the statistical significance threshold [166]. Within the framework of this methodology, high
values of the coefficient K were interpreted as an indicator of the hierarchical ordering of
the network (i.e., network integration), while a decrease in the approximation accuracy (R?)
indicated the degradation of the holistic structure and an increase in entropic noise [167].

The results of our analysis suggest the presence of pronounced structural differences
in the ovarian transcriptome organization between the chicken groups as also shown in
other studies (e.g., [168]). The similarity in the amplitude of the network ordering signal
K in both groups implies the presence of comparable regulatory potential (Table 4) [169].
However, the critical difference in the model reliability (R2 = 0.95 vs. 0.62 for PP and
DP, respectively) probably shows that this potential in the PP group is likely realized
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through a rigid hierarchical structure, whereas it manifests itself in the mode of systemic
destabilization in the DP group [167,169].

In the context of informational complexity, the baseline expression level « reflects
the magnitude of background stochastic noise within the transcriptional network [166].
Accordingly, the PP group, with a significantly lower and well-defined « value (p < 0.01),
was likely characterized by a higher potential for maintaining long-term reproductive pro-
ductivity. The stability of this parameter in PP chickens may indicate a reliable and highly
canalized transcriptional baseline, ensuring a robust functional tissue reserve. Conversely,
the DP group exhibited a pronounced degradation in the predictability of the baseline gene
expression level a (p = 0.276, R = 0.62). Biologically, this loss of statistical significance
and model fit can be interpreted as an inflation of network entropy and the erosion of
the baseline regulatory plateau. This transcriptional destabilization implies that the DP
phenotype operates in a stochastic noise mode, where loose network integration replaces
coordinated control. Thus, a stable, highly predictable hierarchy of regulatory interactions
is a fundamental prerequisite for sustaining high productivity potential [91,170].

Collectively, the use of a specialized mathematical model [91], in addition to standard
DEG analysis, has enabled us to move beyond the description of individual genes to a
quantitative assessment of the systemic organization of the follicular transcriptome and
its dynamic changes [171]. According to our data, as well as previously known principles
of network biology, the regulatory networks of highly productive animals should exhibit
pronounced scale-free properties and self-similarity, ensuring their functional stability [172].

4.8. Integration and Methodological Validation of Transcriptomic Signatures via RT-gPCR

The strategic selection of candidate genes for RT-qPCR verification was guided by two
primary criteria: the magnitude of differential expression and the overarching biological
significance of the respective loci [124,130]. This robust multi-pronged approach enabled
the construction of a customized validation panel comprising seven key genes that reflect
diverse functional dimensions of the divergent poultry phenotypes.

The real-time amplification profiles demonstrated a high directional concordance,
with eight out of the five out of the seven analyzed loci (~71.4%) displaying identical
regulation trends (i.e., upregulation or downregulation) in the DP group relative to the PP
baseline. This significant concordance substantiates the technical reliability and accuracy
of our high-throughput RNA-Seq data-processing pipeline. It is worth noting that while
the absolute fold-change values in some instances quantitatively differed between the
two methodologies, the fundamental transcription trajectories remained strictly preserved.
Such numerical variances are deeply rooted in the distinct mathematical normalization
algorithms, detection chemistries, and technical sensitivities inherent to RNA-Seq and
RT-qPCR platforms [173].

Mechanistically, the striking 16.00-fold transcriptional acceleration of SERPINB10B
coupled with the 9.02-fold upregulation of MMP13 in the DP group (Table 5) provides com-
pelling evidence of localized tissue-remodeling stress. MMP13 is a potent collagenase in-
herently linked to structural ECM degradation. Its heightened expression in late-degraded
hens strongly suggests an accelerated breakdown of the ovarian follicular framework,
which likely impairs healthy folliculogenesis and drives the rapid post-plateau degres-
sive productivity phase. Conversely, the profound silencing of ID2 (0.07-fold) and SFRP5
(0.03-fold) in DP birds (confirming their robust upregulation in the PP cohort) underpins
the molecular basis of egg-laying plateau persistence. ID2 plays a fundamental role in
maintaining cellular differentiation and suppressing premature senescence within follicular
granulosa cells. Concurrently, the upregulation of SFRP5 (a canonical Wnt pathway antag-
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onist) in PP hens acts as a crucial homeostatic buffer, modulating excessive Wnt-mediated
signaling that could otherwise trigger apoptotic cascades and tissue inflammation.

A notable discrepancy was observed regarding the HSPB9 and AvBD4 loci. While
the initial RNA-Seq analysis suggested a rapid and sharp elevation of HSPB9 and AvBD4
expression in the PP cohort, this pattern was not experimentally corroborated by the subse-
quent RT-qPCR validation, which revealed no statistically significant differences between
the groups. This lack of confirmation does not necessarily label the deep-sequencing
discovery as a false positive. Euthanasia via cervical dislocation represents an ethically
approved, standard protocol for experimental poultry studies; however, the associated
physical trauma and absence of pre-sedation can induce an acute, ultra-fast physiological
stress response. This immediate cascade is known to trigger the rapid transcription of
heat shock proteins (HSPs), transcriptomic factors, and molecular chaperones [174]. Given
that the majority of our key candidate genes (such as ID2, SFRP5, and others) demon-
strated impeccable directional concordance between the two methods, the variation in
HSPB9 and AvBD4 is likely a technical manifestation of differential sensitivity to immediate
post-mortem stress responses.

Ultimately, the high level of directional consistency achieved through these two inde-
pendent methodological frameworks serves as a powerful testament to the baseline validity
of the uncovered genetic markers. Nevertheless, to further establish their definitive func-
tional roles, validate downstream tissue-specific translations, and evaluate their practical
applicability in marker-assisted breeding programs, future large-scale validation studies
utilizing expanded validation cohorts and direct functional assays would represent the
logical next step of investigations.

4.9. Study Limitations

One of the primary limitations of the present work is the utilization of an extreme-
phenotype sampling design. Out of an initial pool of 60 birds per cohort, only three
individuals exhibiting the most contrasting zootechnical and phenotypic traits were selected
for RNA sequencing. While this strategy was explicitly employed to minimize random
individual biological noise and has been successfully implemented in previous avian whole-
transcriptome studies [43,56], the small sample size (n = 3 per group) partially constrains
the broader statistical generalization of the dataset. Crucially, rather than employing
a random distribution within the cohorts, these three biological replicates were chosen
through a stringent, non-random rule based on a comprehensive matrix of zootechnical
indicators (Supplementary Table S2). Birds representing the absolute extreme polar ends
of the phenotypic distribution for each group were intentionally isolated. This targeted
extreme-phenotype design was strategically deployed to suppress confounding intra-group
biological variability artificially. In small-scale omics studies, random sampling frequently
risks capturing irrelevant individual baseline noise, which reduces statistical power. By
selecting individuals with highly pronounced, unmistakable phenotypic deviations, we
maximized the probability of identifying true, biologically significant DGE signatures
inherently tied to the reproductive plateau itself. Nonetheless, while this deliberate selection
strategy maximized the contrast within our low-volume screening, the small sample size
dictates that these identified molecular markers and transcriptional signatures should be
treated as strictly exploratory. Consequently, their definitive verification will necessitate
further validation in larger, more representative poultry cohorts.

Regarding sample processing, certain methodological boundaries must be acknowl-
edged when interpreting the transcriptomic data. To guarantee the highest possible RNA
integrity and prevent enzymatic or chemical degradation, histological staining protocols
(e.g., hematoxylin and eosin) were intentionally omitted from the immediate sampling
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pipeline. The application of chemical fixatives and aqueous dye solutions is widely recog-
nized to cause significant fragmentation of total RNA, which would severely compromise
the accuracy of high-throughput sequencing [175]. Instead, the morphological homogene-
ity of the ovarian replicates was evaluated using stereomicroscopic visualization under
a binocular microscope. While this approach effectively standardized the samples across
macro-structural parameters (ensuring consistent tissue color, density, and the absolute
exclusion of macro-vessels or follicles exceeding 1 mm), it cannot completely rule out mi-
croscopic cellular heterogeneity or minor variances in early follicular development stages.
Because bulk RNA sequencing captures a pooled cellular transcriptomic signature, the dis-
crete molecular contributions of individual follicles at slightly varying micro-developmental
stages cannot be entirely isolated. Nevertheless, because all selected tissues strictly con-
tained follicles under 1 mm and underwent identical stereomicroscopic screening, any
internal variation is considered minimal and systematically uniform across all biological
replicates. While individual biological variability between birds inherently influences gene
expression profiles, this variance was mathematically factored into our rigorous differential
expression pipeline using DESeq2 normalization models.

Turning to the experimental validation phase, the cohort size utilized for RT-qPCR
verification may limit the overall statistical power of the validation assay. At this stage
of the investigation, the verification panel was strategically restricted to seven candidate
genes prioritized from the broader pool of differentially expressed loci; as a result, these
verification trends cannot be directly extrapolated across the entire transcriptomic land-
scape. It must also be emphasized that functional validation assays and direct assessments
of downstream protein expression levels were not performed in this study. While these
transcriptomic signatures provide high-resolution insights into mRNA accumulation pat-
terns, further proteomic and functional analyses are required to conclusively establish the
definitive biological translation of these molecular markers.

Finally, a parallel limitation applies to the hematological, biochemical, and morpho-
metric evaluations of internal organs. While this replicate number is sufficient for high-
throughput sequencing exploration, it remains statistically constrained for drawing general-
ized conclusions regarding systemic physiological or immunopathological states. Hence, all
hematological, biochemical, and necropsy data should be strictly interpreted as preliminary
trends that require validation in expanded cohorts with larger animal populations. We
refrain from making definitive claims regarding systemic dysregulation or metabolic disor-
ders based on these parameters alone; rather, these data should be viewed as exploratory
findings providing a conceptual baseline for future large-scale confirmatory research.

5. Concluding Remarks and Further Prospects

In this study, we explored the transcriptomic profiling of ovarian tissue (stroma
with cortical follicles) from Dekalb White laying hens with contrasting egg production
phenotypes, specifically early-persistent (PP) vs. late-degraded (DP) production cohorts.
A total of 484 DEGs were identified, the characterization of which suggests potential
molecular determinants that may be associated with the maintenance of high ovarian
persistence. The range of identified functional categories (encompassing lipase activity,
carbohydrate metabolism, metabolite transport, and humoral immunity) points towards a
complex network of candidate molecular processes associated with the varying dynamics
of the productive plateau. In the PP cohort, the observed structural induction of the
PNLIPRP1 gene suggests a focus on lipid breakdown and redistribution processes in the
ovaries, which could theoretically support the substantial energy requirements of intensive
folliculogenesis. The contrasting dynamics of expression between the lipase-associated
(PNLIPRPI) and the phospholipid transfer (PLTP) genes in the PP group are consistent
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with the hypothesis of a targeted redirection of energy substrates to maintain a prolonged
productive plateau.

Applying a stringent statistical test with correction for multiple testing to minimize
false-positive results, we demonstrated that the PP egg-laying phenotype appears to be
characterized by the coordinated activation of 16 genes. Among the functionally annotated
loci, the most pronounced transcriptional shifts were observed for SLC13A1, ID2, MMP13,
SERPINB10B, PDCL2, WNT5B, LYG3, IFNLR1, SERP5, FHAD1, and LOC121106470. In partic-
ular, the coordinated induction of the Wnt signaling pathway components (WNT5B and its
antagonist SFRP5), alongside the upregulation of the ID2 gene, represents a candidate intra-
ovarian environment potentially associated with the preservation of the follicular reserve
and the suppression of premature atresia. Conversely, the marked 9.02-fold upregulation
of the MMP13 collagenase gene in the DP cohort points to a possible intensification of ECM
destruction processes that may accompany the onset of the degressive egg-laying phase.

Mathematical modeling revealed that the transcriptomic profile of PP egg laying is
characterized by higher systemic robustness, reinforced by an organized hierarchy of regu-
latory interactions, which is hypothesized to support the resilience of regulatory networks
to external and internal negative impacts. At the same time, destabilization of background
expression and decreased systemic resilience may represent potential prerequisites for
early termination of the egg production cycle. The identified genes represent a promising
candidate panel for the exploratory study of individual reproductive longevity, offering
conceptual opportunities for the future development of molecular breeding strategies in
laying hens to maintain high egg production without the use of forced-molting techniques.
Overall, while constrained by the sample size, these pilot data provide a suggestive theo-
retical basis for developing approaches to support the functional state of the reproductive
system in poultry.

To validate these high-throughput sequencing data, a custom panel of seven candi-
date genes was strategically selected based on their expression magnitude and functional
relevance to avian reproductive biology. Quantitative real-time PCR (RT-qPCR) valida-
tion demonstrated strong directional concordance with the whole-transcriptomic profiles,
with the five out of the seven analyzed loci (~71.4%) exhibiting identical regulation trends
in the DP group relative to the PP baseline. Although the absolute fold-change values
quantitatively varied between the two methodologies in certain instances (a phenomenon
inherently tied to platform-specific normalization algorithms and sensitivities), the overar-
ching transcriptional trajectories remained strictly preserved. This high level of directional
consistency across two independent methodological frameworks reinforces the technical
reliability of the uncovered genetic markers and underscores their potential prognostic
value for assessing reproductive persistence in hens.

Additionally, the morphometric and hematological variations observed between the co-
horts (such as differences in liver and spleen mass, comb development, erythrocyte profiles,
and SBA levels) suggest that alterations in egg-laying performance may be accompanied by
subtle systemic metabolic and immunological shifts that extend beyond the transcriptomic
framework. However, it is essential to emphasize that these discrepancies are not entirely
definitive and represent suggestive physiological trends rather than sustained pathological
changes. Consequently, establishing more robust conclusions regarding the significance of
these systemic realignments will require subsequent investigations utilizing larger sample
sizes alongside a broader array of biochemical and functional assays.

To expand upon these exploratory trends, our subsequent research phase will focus
on profiling circulating hormones, including estradiol, progesterone, corticosterone, and
thyroid hormones. This endocrinological characterization will help elucidate reproductive
regulation at the systemic level and facilitate direct correlations with the identified gene
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expression signatures. Additional histopathological evaluation of ovarian tissues (specif-
ically targeting the stroma, cortical follicles, and post-ovulatory follicles) is planned to
diagnose morphologically potential atresia rates, quantify the follicular reserve, and verify
the structural remodeling predicted by our transcriptomic data (such as MMP13 activation).
Future studies will also necessitate expanding the sample size to enhance the representa-
tiveness of the cohorts, thereby minimizing individual biological variability and bolstering
the statistical power of our conclusions. Ultimately, this integrated, multi-disciplinary
approach will be required to clarify and validate the mechanisms driving the duration and
intensity of the egg-laying plateau in poultry.
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/ /www.mdpi.com/article/10.3390/poultry5060077/s1, Figure S1: Gene Ontology (GO) functional
enrichment analysis of differentially expressed genes (DEGs) in the molecular function category;
Figure S2: Network analysis of protein—protein interactions of DEGs in chicken follicle tissues; Table
S1: Composition and nutritional value of the basal diet for Dekalb White laying hens across different
age periods; Table S2: Zootechnical performance parameters of laying hens in the PP and DP groups;
Table S3: Morphometric parameters of internal organs in laying hens of the PP and DP groups; Table
S4: Morphological blood characteristics, cellular elements, and color index of laying hens in the PP
and DP groups; Table S5: Innate resistance and phagocytic parameters in laying hens of the PP and
DP groups; Table S6: Total protein concentration and serum protein fractions in laying hens of the PP
and DP groups; Table S7: Biochemical status and mineral metabolism profiles in laying hens of the
PP and DP groups.
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Abbreviations

The following abbreviations are used in this manuscript:

ALB Albumin

ALP Alkaline phosphatase

ANOVA Analysis of variance

AvBD4 Avian beta-defensin 4

bHLH Basic helix-loop-helix

CCR2 C-C motif chemokine receptor 2

CPLX1 Complexin 1

CYP11A1 Cytochrome P450 family 11 subfamily A member 1
DEGs Differentially expressed genes

DGE Differential gene expression

DP Degraded production (plateau) group

ECM Extracellular matrix

FC Fold change

FGF12 Fibroblast growth factor 12

FHAD1 Forkhead associated phosphopeptide binding domain 1
GABRA1 Gamma-aminobutyric acid type A receptor alphal subunit
GC Guanine and cytosine content

GO Gene ontology

GSEA Gene set enrichment analysis

HSPB9 Heat shock protein family B (small) member 9
1D2 Inhibitor of DNA binding 2, HLH protein
IFNLR1 Interferon lambda receptor 1

IgG Immunoglobulin G

IHH Indian hedgehog

LY86 Lymphocyte antigen 86

LYG3 Lysozyme g3

MCC Maximum Clique Centrality

MMP10 Matrix metallopeptidase 10

MMP13 Matrix metalloproteinase 13

MMPs Matrix metalloproteinases

NC Normalized count

NDUFABI1 NADH:ubiquinone oxidoreductase subunit AB1
NES Normalized enrichment score

PC1 First principal component

PC2 Second principal component

PCA Principal component analysis
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PCV Packed cell volume (hematocrit)
PDCL2 Phosducin like 2

PLTP Phospholipid transfer protein
PNLIPRP1 Pancreatic lipase related protein 1

PP Persistent production (plateau) group
RNA-Seq RNA sequencing

SBA Serum bactericidal activity

SEM Standard error of the mean
SERPINB10B  Serpin peptidase inhibitor, clade B (ovalbumin), member 10 B
SERPINB14 Ovalbumin, or OVAL

SERPINB14B  Ovalbumin-related Y, or OVAY
SERPINB14C  Ovalbumin-related X, or OVAX

SFRP5 Secreted frizzled related protein 5
STAR Spliced Transcripts Alignment to a Reference
STAR Steroidogenic acute regulatory protein
TLR1A Toll like receptor 16

TLR2A Toll like receptor 2A

TLR4 Toll like receptor 4

TLR7 Toll like receptor 7

VLDL Very-low-density lipoprotein

WNT4 Wnt family member 4

WNT5B Wnt family member 5B
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