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ARTICLE INFO ABSTRACT

Keywords: Colibacillosis caused by Avian Pathogenic Escherichia coli (APEC) is a major threat to poultry, and yolk sac
Escherichia coli infection is a leading cause of embryonic mortality. However, the molecular mechanisms and host responses
Embryo.s . during the infection have not yet been investigated. To address this, we performed RNA-seq to compare the in
izlilsgzpmmlc vivo transcriptomic profiles of yolk sac and embryonic liver from APEC-infected embryos in multiple scenarios,

including dead, live, and mock-infected controls. In dead embryos, particularly in the yolk sac, marked pro-
inflammatory cytokine activity, mitochondrial dysfunction, impaired fatty acid metabolism, and structural
disruption were observed. In contrast, surviving embryos exhibited a regulated inflammatory response, enhanced
oxidative phosphorylation and fatty acid oxidation, increased expression of antimicrobial peptides, strengthened
antioxidant defenses, and tissue repair pathways. While yolk sac and liver responses were positively correlated,
the yolk sac displayed greater inflammation and metabolic dysregulation, underscoring its vulnerability. These
findings highlight the previously underappreciated role of the yolk sac in APEC pathogenesis and offer avenues to

Host-pathogen interaction

improve host resilience and mitigate losses in poultry production.

Introduction

The global population is projected to reach 9.8 billion by 2050,
driving urbanization, and rising affluence that will double the demand
for poultry products (Kleyn and Ciacciariello, 2021). However, rapid
agricultural intensification presents challenges to healthy, safe, and
sustainable poultry production due to higher bird densities, increased
stress, greater pathogen transmission rates, and sometimes compro-
mised biosecurity in large-scale operations (Robbins et al., 2016). Em-
bryonic mortality caused by infections with various viruses, bacteria,
fungi, and protozoa accounts for over 30 % of all death cases in poultry
at an early age. Among these, early embryonic mortality in chickens is
primarily linked to APEC infection (Olsen et al., 2012). E. coli, a member
of the Enterobacteriaceae family, is a Gram-negative, rod-shaped,
non-acid-fast, and non-spore-forming bacterium. It has a complex
reputation regarding its pathogenicity in poultry, and there are limited
options for prophylaxis (Palmieri et al., 2023; Paudel et al., 2024). APEC

can reside as a normal commensal in birds; however, the infection can
also lead to systemic infection, such as airsacculitis, perihepatitis,
pericarditis, and peritonitis, collectively known as colibacillosis
(Abdelhamid et al., 2023, 2024). In young birds, omphalitis or yolk sac
infection is a major contributor to substantial economic losses world-
wide due to high mortality and compromised performance during
growth.

The development of the chicken embryo during incubation is a
highly coordinated and intricate process, involving a series of physio-
logical, biochemical, and morphological cascades (Givisiez et al., 2020).
Yolk sac, a pouch-like and well-vascularized membrane structure sur-
rounding yolk, is composed of an endodermal layer that interfaces with
the yolk nutrients, a mesodermal layer containing the vascular system,
and an outer ectodermal layer (Wong and Uni, 2021). The yolk, rich in
proteins and lipids, is a vital nutrient reservoir essential for embryonic
growth and development, but also provides an ideal environment for
bacterial proliferation (Rezaee et al., 2021). The yolk sac acts as a true
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biological barrier, protecting the embryo from bacteria in the yolk.
Additionally, yolk sac tissue synthesizes antimicrobial peptides,
including avian p-defensin 10 (AvBD10) during mid embryogenesis,
which, together with maternally derived antibodies in the yolk, likely
form a multifaceted innate defense that protects against infections until
the embryo hatches (Wong and Uni, 2021). A recent histopathological
study highlighted the significance of yolk sac composition and integrity
for embryo survival, rather than the presence of pathological lesions in
internal organs (Rezaee et al., 2021). However, molecular studies on
host responses to APEC have primarily focused on adult birds, particu-
larly in the liver, bone marrow, or intestine (Chen et al., 2025; Li et al.,
2024). To this end, the molecular role of the embryonic organs during
APEC infection remains unexplored. Thus, we profiled the tran-
scriptomes of extraembryonic yolk sac and embryonic liver tissues
following APEC infection using RNA sequencing (RNA-seq), which
provides highly accurate and sensitive transcriptional profiles at
single-nucleotide resolution (Westermann and Vogel, 2021). We char-
acterized gene expression dynamics of both infected-live and
infected-dead embryos to link the differential transcriptional changes
and unravel the molecular dysregulation associated with embryonic
mortality.

Materials and methods
Ethic statement

The study was approved by the Animal Research Ethics Sub-
Committee of City University of Hong Kong (AN-STA-00000020) and
conducted in accordance with the institutional requirements.

Bacterial strain

The E. coli strain EC—0119H4 was isolated from the liver of a
diseased chicken (Wang et al., 2025). The affected flock experienced 30
% mortality at 10 days of age. Chicks were presented with clinical signs
such as anorexia, dry shanks, pasty vents, and postmortem evidence of
hepatitis and omphalitis. For experimental inoculation, the bacterial
isolate was cultured in Luria-Bertani (LB) broth at 37 °C with shaking
(250 rpm) for 12 h. The overnight culture was subsequently diluted 1:10
in fresh LB medium with the optical density at 600 nm (OD 600) of
approximately 0.5. To determine the viable bacterial concentration, the
culture was serially 10-fold diluted in sterile phosphate-buffered saline
(PBS). Aliquots (100 pL) of each dilution were spread onto MacConkey
agar plates and incubated at 37 °C for 24 h. Colonies were enumerated
from plates, and the inoculum concentration was calculated as
colony-forming units per milliliter (CFU/mL) using the dilution factor
and plated volume.

Infection of embryos

Specific pathogen-free (SPF) embryonated chicken eggs were incu-
bated at 37 °C and 65 % relative humidity. On day 12 of incubation,
twenty-four eggs in the treatment group were inoculated with 100 uL of
E. coli suspension containing approximately 5 x 10* CFU/ml via the
allantoic sac. Following the same procedure, sixteen eggs in the control
group were injected with 100 uL of sterile PBS. All eggs were candled
every eight hours to monitor the embryo viability. Nonviable embryos
were promptly removed. At 48 h post-infection, all remaining embryos
from both groups were dissected, and yolk sac and liver tissues were
collected for total RNA extraction. The sampling time point at 48 post-
infection was selected based on previous work, which reported peak
mortality at 2 days post infection (Rezaee et al., 2021).

Extraction of total RNA

Yolk sac and liver samples from infected-live, infected-dead and
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negative control embryos were collected in 1 mL of TRIzol reagent
(Invitrogen, CA, USA). Tissue homogenization was performed using the
Precellys® Evolution Touch homogenizer (Bertin Technologies, France)
with ceramic beads at 8000 rpm for two cycles of 30 s each, separated by
a 15-second pause. RNA extraction was carried out using the phenol:
chloroform:isoamyl alcohol method (25:24:1) (Sigma, USA), followed
by isopropanol precipitation (Hammad, 2023). For each group, three
biological replicates were used, each derived from a distinct chicken
embryo. RNA integrity and quality were assessed using the Agilent
TapeStation system (Agilent Technologies, CA, USA). Due to lower RNA
integrity number values (RIN = 2.9, 3.3), liver samples from
infected-dead embryos were limited to two replicates.

RNA library preparation and sequencing

The mRNA from the collected samples was enriched using poly-T
oligo-attached magnetic beads. Non-strand-specific ¢cDNA libraries
were constructed using the NEBNext® Ultra II RNA Library Prep Kit for
[lumina according to the manufacturer’s protocol (New England Bio-
labs, MA, USA). High-throughput sequencing was conducted on the
[llumina NovaSeq platform, generating 150 bp paired-end reads. All
RNA samples were processed and sequenced by Novogene Co. Ltd.
(Beijing, China).

Differential gene expression analysis

The quality of raw libraries was assessed using FastQC v0.11.8
(Babraham Bioinformatics, UK). Raw data were trimmed with Trim-
momatic v0.39 to remove adaptors and low-quality bases (Q-value < 20)
(Bolger et al., 2014). The filtered reads were aligned to the reference
genome (GenBank assembly accession: GCA_016699485.1) using
TopHat2 (version 2.1.1) (Kim et al., 2013). Differential gene expression
(DEG) analysis was performed using the edgeR package, with normali-
zation conducted via the trimmed mean of M-values (TMM) method
(Robinson et al., 2010). The significant differential expression was
defined as FDR < 0.05 and |log; fold change| > 1. These criteria were
applied to all analyses presented in the manuscript, except for the In-
genuity Pathway Analysis (IPA) cutoff. DEGs correlation-based com-
parison was performed between the yolk sac and liver to understand the
shared and distinct roles of both tissues in infected dead vs. live
embryos.

Gene ontology and functional pathway analysis

To investigate the biological significance of DEGs, Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses were performed using the ClusterProfiler package
in R (version 4.5.0) (Yu, 2024). The GO annotations were obtained from
the NCBI RefSeq database, and KEGG pathway annotations were
retrieved directly from the KEGG database. The bitr function was used to
convert gene IDs based on the OrgDb database. The compareCluster
function was employed to identify significantly enriched GO terms
within the categories of Biological Process (BP), Molecular Function
(MF), and Cellular Component (CC). Statistical significance was assessed
using a p-value threshold 0.05, with multiple testing correction applied
via the Benjamini-Hochberg false discovery rate (FDR) method.

Ingenuity pathway analysis (IPA)

To enable pathway analysis in QIAGEN Ingenuity Pathway Analysis
(IPA), RNA-seq data were also processed independently using the nf-
core/rnaseq pipeline (v3.10.1) with default settings (Ewels et al.,
2020). The pipeline was executed with Nextflow (v22.10.6) (Di Tom-
maso et al., 2017) and included quality control, adapter trimming,
alignment to the Gallus gallus reference genome (GenBank assembly
accession: GCA_016699485.1) using STAR (Dobin et al., 2013), and
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gene-level quantification with Salmon (Patro et al., 2017). DEG analysis
for IPA input was performed using the DESeq2 (v1.46.0) (Love et al.,
2014) in R, applying standard filtering and normalization procedures. A
core expression analysis in IPA was performed using the Ingenuity
Knowledge Base as the reference set with default parameters. The cutoff
value for IPA was an absolute fold change > 4 and an adjusted p-value
(FDR) < 0.05 for comparisons involving dead embryo, while live and
negative control were compared with cutoff value of an absolute fold
change >2 and a p-value < 0.05. These thresholds were chosen to obtain
a sufficient number of genes (not too high or too low) for input into IPA
pathway analysis. This adjustment was not used for comparative inter-
pretation of transcriptional response between groups.

Results
Global transcriptional changes in yolk sac and liver

In the yolk sac, across nine biological replicates, about 432 million
raw reads were generated, of which about 413 million high-quality
reads were retained after filtering. Individual libraries yielded
39.3-61.8 million reads, and mapping rates to the chicken reference
genome ranged from 83.2 % to 87.7 % (Supplementary Table S1).
Principal component analysis (PCA) revealed a marked transcriptional
shift in infected-dead embryos relative to controls, while infected-live
clustered more closely with uninfected embryos, suggesting a more
regulated response (Fig. 1A). Venn diagram analysis (Fig. 1B) supported
this distinction, with the greatest number of DEGs observed between
infected-dead and infected-live embryos (n = 1980, 1332 upregulated,
648 downregulated, Fig. 1C). A heatmap of the top 1000 most variable
genes (Supplementary Fig. 1; Supplementary Table S2) further
confirmed distinct clustering of infected-dead embryos, while infected-
live and controls remained transcriptionally similar. In infected-live
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embryos, enrichment analysis identified a significant upregulation of
genes involved in fatty acid metabolism, oxidative phosphorylation
(OXPHOS), mitochondrial functions (including biogenesis, electron
transport, ATP synthesis), glutathione metabolism, and DNA repair,
indicating enhanced mitochondrial functions and oxidative stress man-
agement (Fig. 1D, E, Supplementary Table S3, S4). These metabolic
shifts were accompanied by IPA-predicted activation of anti-
inflammatory cytokine signaling, cell viability pathways (e.g., AKT1,
EGF, EIF2), autophagy, and interferon-mediated immune regulation
(Supplementary Fig. 2). Collectively, these results suggest that infected
live embryos mounted a controlled immune response characterized by
tissue protection and enhanced OXPHOS. In infected-dead embryos, a
pronounced cytokine and chemokine storm, along with increased
glycolysis, cellular senescence, apoptosis, and excessive extracellular
matrix (ECM) deposition were observed. These changes were coupled
with significant downregulation of pathways associated with cell cycle
regulation (E2F targets, DNA replication, G2/M checkpoints), fatty acid
metabolism, and mitochondrial respiration, indicating a collapse of
cellular homeostasis and energy metabolism (Fig. 1D, E, Supplementary
Table S3, S4). Consistent with a pro-inflammatory M1-like phenotype,
IPA analysis (Supplementary Fig. 3) further highlighted the activation of
inflammatory cytokine signaling (IL1A, IL1B, IL6, TNF), endothelial cell
migration, and immune system dysregulation. Notably, the analysis
revealed enrichment of signaling networks involved in dysregulated
tissue growth, differentiation, and structural remodeling, including
pathways commonly implicated in fibrotic and proliferative disorders.
These were driven by genes such as TGFB3, VEGFA, SMAD1, and CCL5.
Overall, these results point to a highly inflammatory, metabolically
compromised state with features of tissue damage and maladaptive
remodeling.

In the liver, a total of 469 million raw reads were generated across
the same experimental groups, with 449 million clean reads retained
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Fig. 1. Transcriptomic analysis of yolk sac tissues during APEC infection in embryonated eggs (A) Principal component analysis plots of the transcriptome profiles of
yolk sac in different conditions. (B) Venn diagram showing the overlap of differentially expressed genes (DEGs) among three pairwise comparisons in yolk sac tissue
(D_L: infected-dead versus infected-live; D_C: infected-dead versus negative control; L_C: infected-live versus negative control). Transcriptomic reads were mapped to
the Gallus gallus reference genome using TopHat2, and DEGs were identified using edgeR. Genes with a fold change (FC) > 2 and an adjusted p < 0.05 were
considered significantly differentially expressed. (C) Volcano plot of DEGs between infected dead and live embryos. (D) KEGG pathway enrichment analysis of DEGs,
showing condition- and direction-specific enrichment across comparisons. (E) Gene Ontology (GO) enrichment analysis of biological processes for DEGs grouped by

comparison and direction.
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after quality filtering (49.7-68.7 million per sample). Mapping rates
were consistently high, ranging from 88.4 % to 92.0 % (Supplementary
Table S5). The PCA revealed strong intra-group consistency and clear
separation among infected-dead, infected-live, and control groups, with
the infected-dead group showing the most pronounced transcriptional
divergence (Fig. 2A, B). A heatmap of the top 1000 most variable genes
(Supplementary Fig. 4, Supplementary Table S6) confirmed this pattern,
with distinct clustering of dead embryos and tighter grouping of
infected-live and control samples, mirroring observations in the yolk
sac. DEG analysis revealed extensive transcriptomic reprogramming in
infected-dead embryos, with 5659 DEGs (2659 upregulated, 3000
downregulated) relative to infected-live embryos (Fig. 2C).

Infected-live embryos exhibited a controlled transcriptional response
in the liver, marked by biosynthetic activation, structural remodeling,
and moderate immune engagement. Enrichment analysis revealed
upregulation of genes involved in ribosome biogenesis, extracellular
matrix, and protein folding, indicating heightened biosynthetic and
stress-response activity. In contrast, oxidation-reduction and fatty acid
metabolism genes were downregulated, reflecting suppressed oxidative
metabolism (Fig. 2D, E). IPA analysis (Supplementary Fig. 5) further
supported these findings by highlighting activation of inflammatory and
immune-related pathways, including macrophage and myeloid cell
activation, leukopoiesis, and lymphopoiesis, driven by genes such as
IFNG, IL1B, and TNF. Additionally, the results suggested increased lipid
synthesis (EGF, IFNG, IL1B, LHCGR), muscle differentiation and growth
(MYOCD, MRTFB), and maintenance of blood and immune cell ho-
meostasis (BCL6, IL1B, TNF). Compared to the yolk sac, which displayed
enhanced mitochondrial function, oxidative phosphorylation, and
antioxidant responses, the liver response was more oriented toward
protein biosynthesis, tissue development, and hematopoietic activation.
This difference suggests a tissue-specific adaptation where the yolk sac
supports metabolic resilience, while the liver mobilizes structural and
immune capacities to support embryo survival.

In the liver, KEGG analysis revealed that infected-dead embryos
showed modest enrichment for cytokine-cytokine receptor interaction,
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MAPK signaling, and C-type lectin receptor signaling. Downregulated
pathways were predominantly metabolic, including oxidative phos-
phorylation, fatty acid degradation, and peroxisome function (Fig. 2D,
Supplementary Table S7). Upregulated genes in both infected-dead vs.
control and infected-dead vs. infected-live comparisons were enriched
for inflammatory response, intermediate filament, and extracellular
matrix organization, indicating tissue remodeling and stress signaling.
Conversely, downregulated genes were strongly associated with mito-
chondrial function, fatty acid p-oxidation, peroxisomal activity, and FAD
binding, reflecting a collapse in metabolic and bioenergetic pathways
(Fig. 2E, Supplementary Table S8). These findings suggest over-
activation and a coordinated shutdown of mitochondrial and metabolic
processes in the liver of dead embryos. IPA analysis aligned with these
observations, highlighted a dominant immune activation signature
driven by key inflammatory mediators such as IL1B, IL6, TNF, IFNG, and
IRF7 (Supplementary Fig. 6). Molecules associated with acute phase
response, cytokine signaling, and transcriptional regulation (via IRF1,
IRF3, RELA) were prominent, along with predicted involvement in
autoimmune and inflammatory disease mechanisms. The liver tran-
scriptome of dead embryos also showed activation of pathways related
to angiogenesis, tissue remodeling, and cell differentiation, involving
genes such as BMP4, CCN1, PTGS2, and FOS. Additionally, pathways
associated with antiviral immunity (IRF7, MAVS, IFNAZ2) and prolifer-
ative or malignancy-linked signaling (IL6, TNF, IL17A) were activated,
reflecting a complex and potentially dysregulated host response.
Compared to infected-live embryos, the liver transcriptome in infected-
dead embryos showed a shift from balanced immune regulation and
biosynthetic activity to widespread inflammation, vascular remodeling,
and metabolic collapse, consistent with uncontrolled immune activation
and loss of tissue homeostasis.

Hyperinflammation in the yolk sac following APEC infection

The infected-dead embryos exhibited an intense cytokine storm and
inflammatory response in the yolk sac. Among the canonical pathways
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Fig. 2. Transcriptomic analysis of liver during APEC infection in embryonated eggs (A) Principal component analysis plots of the transcriptome profiles of liver in
different conditions. (B) Venn diagram showing the overlap of differentially expressed genes (DEGs) among three pairwise comparisons: infected-dead vs. infected-
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enriched in the yolk sac of infected embryos, the Pathogen-Induced
Cytokine Storm Signaling Pathway was the most strongly activated,
exhibiting the highest positive activation z-score signaling an intense
and dysregulated inflammatory response. The pathway was character-
ized by broad transcriptional upregulation of several cytokines, che-
mokines, and inflammation-related mediators (Supplementary Fig. 7).
Specifically, genes encoding inflammatory cytokines, including IL6,
IL8L1, IL8L2, IL1B, IL12B, TGFB1, along with chemokines involved in
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the chemoattraction of heterophils and monocytes/macrophages, such
as CCL5, CCL19, CCL4, CCLL4, CCL17 and CX3CL1, were significantly
upregulated in the yolk sac of infected-dead embryos (Fig. 3AI).
Furthermore, a significant upregulation of PTGS2 expression was
observed, contributing to a substantial increase in the production of
inflammation-associated prostaglandins (Fig. 3AI).

In addition to systemic hyperinflammation, infected-dead embryos
displayed elevated expression of genes encoding the coagulation
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activator tissue factor (F3), indicating a procoagulant phenotype.
Similarly, Willebrand Factor (vWF), a marker associated with sepsis
severity, was also dysregulated (Fig. 3AII). Importantly, this pronounced
inflammatory and procoagulant response were uniquely observed in
infected-dead embryos, suggesting a strong association with sepsis-like
pathology. In contrast, infected-live embryos displayed a resolved im-
mune transcriptomic profile, characterized by the normalization of
immune-related gene expression.

Mitochondrial dysfunction and metabolic reprogramming in the yolk sac

APEC infection significantly activated glycolysis-related pathways
while concurrently suppressing mitochondrial OXPHOS and fatty acid
oxidation in the yolk sac of infected-dead embryos (Fig. 1C, D). This
metabolic reprogramming appeared to be driven by hypoxia-inducible
factor 1-alpha (HIF1A), a transcription factor typically activated under
hypoxic conditions. Notably, HIFIA expression was upregulated sixfold
in deceased embryos relative to negative controls (Fig. 3BI). In addition,
genes encoding key tricarboxylic acid (TCA) cycle enzymes, isocitrate
dehydrogenase (IDH) and succinate dehydrogenase (SDH), were
downregulated in infected-dead embryos (Fig. 3BII). The nitric oxide
synthase gene NOS2 was overexpressed by 35-fold (Fig. 3BI), leading to
excessive nitric oxide (NO) generation and a concomitant increase in IL6
expression, further amplifying oxidative stress and inflammation (Sweet
et al., 2025). LPS notably impacted lipid metabolism, as the PPAR sig-
nalling pathway (Supplementary Fig. 8) and arachidonic acid meta-
bolism were significantly suppressed in infected-dead embryos (Fig. 1C,
D). Fatty acid oxidation, including both mitochondrial and peroxisomal
B-oxidation was markedly reduced (Fig. 1C, D), which are reported to be
essential for degrading very long-chain fatty acids. Specifically, genes
associated with fatty acid uptake (FABP7), transport (CPT2, CD36,
SLC27A6), and oxidation (ACATI1, ACAA2, ACADL, ECHI) were signif-
icantly downregulated (Fig. 3BIII), resulting in lipid accumulation and
impaired  mitochondrial function. The downregulation of
mitochondria-associated genes (Supplementary Fig. 9), coupled with
impaired ATP production, indicated mitochondrial dysfunction and
elevated reactive oxygen species (ROS) accumulation (Fig. 3C).

In infected-live embryos, fatty acid metabolism and OXPHOS were
enhanced, and glutathione-dependent ROS detoxification pathway was
activated, as demonstrated by the significant upregulation of gluta-
thione peroxidases (GPX4, GPX3) and glutathione S-transferases
(GSTT1). Furthermore, the expression of key antioxidant enzymes,
including superoxide dismutase (SOD) and catalase (CAT), was mark-
edly increased (Fig. 3BIV), facilitating efficient ROS neutralization and
protection against oxidative stress. Conversely, infected-dead embryos
exhibited increased expression of thioredoxin reductase 1 (TXNRD1)
(Fig. 3BIV), with both antioxidant function and known association with
age-related inflammation (Yang et al., 2024).

DNA damage and cell senescence during yolk sac infection

Cellular senescence and cell cycle arrest were the key transcriptomic
features in the yolk sac of infected-dead embryos (Fig. 1C, D), driven by
the DNA damage and activation of the p53-p21 axis, which repressed
cell cycle genes (Rossiello et al., 2014). In contrast, the infected-live
embryos upregulated DNA repair pathways, indicating a
self-protective response. Among the most prominently upregulated host
transcripts in the yolk sac, ECM-degrading enzymes MMP1 and MMP10
exhibited more than a 100-fold increase in expression (Fig. 3D), while
PTGS2 demonstrated a striking 180-fold upregulation (Fig. 3AI),
contributing to elevated prostaglandin E2 (PGE2) production. Addi-
tionally, a profound overexpression of pro-inflammatory cytokines was
observed, with IL1, IL6, and IL8 each showing over 1000-fold increase
(Fig. 3AI). Concurrently, serine/cysteine protease inhibitors (SERPINs)
were upregulated by 60-fold, accompanied by the induction of tissue
inhibitors of metalloproteinases (TIMPs) (Fig. 3D). Collectively, these
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factors constitute the senescence-associated secretory phenotype
(SASP), a pro-inflammatory transcriptional program that may
contribute to the development of both cytokine storm and tissue fibrosis
(Gorgoulis et al., 2019). Moreover, upregulated p21 inhibited CDK-cy-
clin activity, while downregulated E2F factors reinforced cell cycle ar-
rest, and possibly prevented DNA replication initiation (Fig. 3D).

Metabolic and detoxification responses of embryonic liver during APEC
infection

APEC infection led to significant metabolic dysregulation in the
embryonic liver, with distinct patterns between infected-live and
infected-dead embryos. Infected-dead embryos showed marked down-
regulation of fatty acid f-oxidation genes, including ACSL1, ACADL, and
CPT1A (Fig. 4A; Supplementary Table S6), indicating impaired fatty
acid uptake and mitochondrial oxidation. Similarly, key components of
mitochondrial oxidative phosphorylation (SDHB, NDUFA9, COX5A)
were downregulated in both infected groups, suggesting reduced ATP
production and compromised mitochondrial function (Fig. 4A). Perox-
isomal genes showed mixed regulation, while PEX11A was upregulated,
ABCD3 and ACOX1 were suppressed, indicating disrupted peroxisomal
metabolism and fatty acid processing. Antioxidant genes, such as CAT,
were significantly downregulated. Interestingly, GPX1 was modestly
upregulated, possibly reflecting a compensatory antioxidant response
(Fig. 4A). These findings highlight a failure of metabolic and oxidative
homeostasis in the embryonic liver of infected-dead embryos.

The role of antimicrobial peptides (AMPs) in embryonic survival

The expression of avian p-defensins, particularly AvBD9 and cath-
elicidins such as CATH2, was found to be upregulated in yolk sacs of
infected-live embryos, whereas such induction was absent in infected-
dead (Fig. 4B). It highlighted the potential impact of host metabolic
status on AMP regulation within yolk sac. Interestingly, liver tissues of
both infected-live and infected-dead embryos exhibited upregulation of
defensins such as AvBD6 and AvBD?7, and cathelicidins including CATH1
and CATH2, compared to control groups (Fig. 4B) suggesting that liver
may retain structural and functional integrity sufficient for antimicro-
bial peptide expression even after embryos were dead.

Roles of the yolk sac and liver in structural integrity and metabolic activity

We compared the transcriptional profiles of the yolk sac in relation to
the liver from infected-live and infected-dead embryos. A total of 12466
genes were assessed for expression changes. Among these, 1207 genes
were considered significant DEGs based on earlier criteria (FDR < 0.05
and logoFC > 1) in both tissues, while 564 and 3694 genes were sig-
nificant only in the yolk sac or the liver, respectively. Most of the genes
(n = 7002) were not differentially expressed in either tissue. Among the
1207 significant DEGs shared between both tissues, 732 were upregu-
lated, 404 were downregulated, 52 were upregulated in the yolk sac but
downregulated in the liver, while only 19 DEGs were upregulated in the
liver but downregulated in the yolk sac (Fig. 5A, Supplementary
Table S9).

To evaluate the similarity in transcriptional responses between the
yolk sac and liver, Pearson correlation analysis was performed on the
log: fold changes (log2FC) of genes in the infected-dead vs infected-live
embryos (Fig. 5B). Pearson correlation analysis revealed a significant
positive correlation between log fold changes in yolk sac and liver (r =
0.531, p < 2.2 x 107'®%). The 95 % confidence interval for the correlation
coefficient ranged from 0.518 to 0.543, indicating a moderate and sta-
tistically robust association in gene expression changes between these
two tissues.

About 60 % of DEGs in the yolk sac overlapped with those in the liver
when comparing infected-dead vs. infected-live embryos, but the fold
change was largely greater in the yolk sac (Fig. 5C, D, Supplementary
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Table S9). This indicates a stronger inflammatory response in the yolk
sac despite its lower number of DEGs. Both tissues showed suppression
of fatty acid degradation, glutathione metabolism, and mitochondrial
biogenesis, but these effects were less pronounced in the liver. Liver-
specific upregulated genes revealed increased expression of arginase-2
(ARG2), interleukin-10 (IL10), interleukin 1 receptor type 2 (ILIR2),
transcription factors IRF4, which are known to facilitate tissue repair
and anti-inflammatory signalling (Supplementary Table S9).

The functional analysis of (i) upregulated in yolk sac but down-
regulated in liver (significant in both tissue and/or at least yolk sac) and
ii) upregulated in embryonic liver but downregulated in yolk sac (sig-
nificant in both tissue and/or at least embryonic liver), revealed distinct
biological roles of each tissue in the embryonic death. Key pathways
among top enriched KEGG pathways (Supplementary Table S10),
glycosaminoglycan binding proteins, proteoglycans, focal adhesion, and
ECM-receptor interaction pathways are directly related to ECM structure
and cell adhesion during both dead or live conditions in first group of
DEGs such as COL18A1, COL4A5, CD82, VEGFRKDRL, AGRN, ESM1, and
GPC2 (Fig. 5E). While in the second group key functional pathways were
ribosomes, mitochondrial biogenesis, Wnt signaling pathways, cytokine-
cytokine receptor interaction and lysosome with the upregulation of the
DEGs of RPL family genes with others like MRPL49, CTSE and CTSH
(Fig. 5F, Supplementary Table S9, S10), indicating that the tissue
integrity mechanisms were more active in the yolk sac and anti-
inflammatory and metabolic activity were enhanced in the liver.

Discussion

APEC infection in hatching eggs can lead to acute septicemia, with
the yolk sac identified as a primary site of bacterial colonization and
multiplication, often resulting in embryonic mortality. APEC infection in
embryos represents a systemic process; however, this study focused on

the yolk sac and liver, as representatives of embryonic and extra-
embryonic tissues. The yolk sac, as the primary site of nutrient ex-
change and early pathogen exposure, and the liver, as a key metabolic
and innate immune organ, were selected. So far, the molecular mecha-
nisms and tissue-specific host responses underlying embryonic death are
poorly understood. This study presents a comprehensive transcriptomic
analysis of chicken embryonic responses to APEC infection, revealing
differences between embryos that survived and those that succumbed to
it. By profiling transcriptomes in both the yolk sac and embryonic liver,
we identified distinct yet interconnected immune and metabolic path-
ways that underpin resistance or susceptibility to APEC-induced mor-
tality. Although a significant positive correlation was observed in gene
expression changes between the yolk sac and liver, the yolk sac
exhibited a more intense inflammatory and degenerative profile,
whereas the liver demonstrated a relatively balanced response involving
immune regulation and structural remodeling. This study highlights the
pivotal roles of mitochondrial dysfunction, hyperinflammation, immune
dysregulation, oxidative stress, and impaired AMP signaling in deter-
mining embryonic survival. Furthermore, our findings demonstrate that
the outcome of APEC infection depends not only on the presence of
inflammation, but also on the tissue’s capacity to sustain metabolic
resilience, maintain inflammatory homeostasis, and preserve structural
integrity.

In our study, dysregulated expression of genes involved in the sup-
pressed TCA cycle, enhanced glycolysis, and upregulated HIF1A suggests
a hypoxic microenvironment in the yolk sac of infected-dead embryos.
HIF1A, a central transcriptional regulator under hypoxia, is known to
promote pro-inflammatory cytokine expression, repress fatty acid
oxidation, and inhibit electron transport chain (ETC) activity (Taylor
and Scholz, 2022). Notably, in infected-dead embryos, we observed
downregulation of mitochondria-associated genes and reduced ATP
production, indicative of mitochondrial dysfunction and oxidative
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stress. Severely damaged mitochondria may further contribute to pa-
thology by releasing excess ROS and mitochondrial DNA (mtDNA),
thereby promoting inflammatory necrosis and cell death (Iba et al.,
2025). Suppressed OXPHOS, along with elevated levels of NO and
pro-inflammatory cytokines, as well as impaired fatty acid oxidation,
likely contribute to ETC dysfunction and further ROS accumulation.
However, direct functional assays will be required to confirm whether
these transcriptional changes translate into measurable mitochondrial
impairment. In addition, the downregulation of FABP7, a key mediator
of polyunsaturated fatty acid (PUFA) uptake and lipid droplet formation,
may exacerbate lipid peroxidation and membrane instability (Islam
et al., 2019). Excessive ROS, in turn, damages mitochondrial compo-
nents, degrades ETC complexes, and amplifies inflammatory signalling,

establishing a self-perpetuating cycle of mitochondrial injury and
inflammation (Morris et al., 2022). This is further supported by
increased oxidative stress markers, including TBARS and ROS, observed
in breeder chicks after APEC infection (da Rosa et al., 2020). Sustained
oxidative stress also promotes cellular senescence and DNA, telomere
damage, impairing mitochondrial function, and activating cell cycle
arrest pathways (Wiley et al., 2016). Previous studies showed that APEC
infection resulted in observable DNA damage (as assessed by comet
assay), elevated levels of oxidative stress marker malondialdehyde
(Hashem et al., 2022; Hu et al.,, 2023) and senescence-associated
biomarker SA-p-galactosidase induced by LPS in real-world settings
(Chen et al., 2023). Collectively, these findings suggest that in dead
embryos, mitochondrial dysfunction and cytokine signalling initiate a
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self-amplifying cycle of oxidative stress and hyperinflammation in the
yolk sac, ultimately contributing to the inflammatory cell death and
embryo mortality.

It is well established that lipids, which constitute approximately 60
% of the yolk’s dry weight (Speake et al., 1998), are essential for em-
bryonic development, with the yolk sac serving as a central site for their
uptake and utilization (Shibata et al., 2023). During infection, the
elevated ROS levels during infection can oxidize PUFAs into lipid per-
oxides (LPO), thereby amplifying oxidative damage (Yang and Stock-
well, 2016). The concurrent upregulation of ACSL4 and PTGS2 together
with the dysregulation of detoxification pathways, highlights the prob-
ability of activation of PUFA peroxidation in response to oxidative stress.
This is further supported by the observation of yolk sac atrophy during
late embryogenesis, likely driven by oxidative stress and ferroptosis,
potentially mediated by dysregulation of ACSL4 and GPX4 (Liu et al.,
2024). Moreover, PTGS2, a well-established marker of lipid peroxida-
tion, was markedly upregulated in the yolk sac from the dead embryos
(Tang et al., 2021).

Our findings present a compelling model in which the yolk sac acts as
an immunological first responder, absorbing the brunt of the inflam-
matory response that is essential for early host defense during APEC
infection while regulating its cellular integrity. This is consistent with
previous studies showing that APEC infection triggers rapid recruitment
and activation of heterophils and macrophages at the infection site
(Abdelhamid et al., 2024; Garcia et al., 2021). However, this protective
role comes at a physiological cost: lipid-rich membranes become targets
of ROS-induced peroxidation, hyperinflammation, cell death, and ulti-
mately structural collapse. Furthermore, in dead embryos, even though
the cytokine activity and AMP production were upregulated in the liver,
it failed to compensate for compromised yolk sac functions, highlighting
the yolk sac’s primacy in survival.

In our previous study, histopathological examination revealed that
yolk sacs from dead embryos exhibited marked congestion and inflam-
mation, vascular injury, and abnormal endodermal epithelial cell
morphology, compared to surviving embryos (Rezaee et al., 2021). Our
results aligned with a previously established hypothesis that the struc-
tural and functional integrity of the yolk sac is crucial for embryo sur-
vival. This is supported by comparative (cumulative and district)
analysis of transcriptomic profiles between the yolk sac and embryonic
liver. Collagen-related proteins such as COL18A1 & COL4A5 and FN1
are part of ECM across various tissues. COL18A1 is also essential for
vascular integrity (Byron et al., 2013; Khoshneviszadeh et al., 2024).
Pathways such as focal adhesion and calcium signaling, including genes
like PDGFA and CD82 and VEGFRKDRL, suggest roles in vascular
development and angiogenesis. Given that the yolk sac vascular network
is essential for nutrient absorption (Starck, 2021), its degradation likely
compromises embryonic survival. Furthermore, ECM components like
proteoglycans and glycoproteins control immune regulation by seques-
tering cytokines and growth factors (Karamanos et al., 2021). The
vulnerability of the yolk sac likely stems from intense inflammatory
signaling, mitochondrial dysfunction, oxidative stress, inflammatory
cell death, excessive lipid peroxide formation, and disruption of cyto-
skeletal and structural integrity (Morris et al., 2022; Speake et al., 1998).
These findings showed that the biochemical and structural integrity of
the yolk sac plays a critical role in the survival of the chicken embryo.

AMPs are critical components of the host's innate immune defense
against E. coli, primarily by disrupting the integrity of bacterial cell walls
(Cuperus et al., 2013). The defensin expression was negatively influ-
enced by increasing aliphatic hydrocarbon chain length of free fatty
acids, likely through multiple signaling pathways (Fu et al., 2023).
Previous studies have demonstrated that CATH2 (Hao et al., 2024) and
CATH-1(6-26) inhibited infection, while ABD1 conferred significant
protection against early chick mortality caused by APEC-induced yolk
sac infection (Nguyen et al., 2021). These findings underscore the vital
role of AMPs in controlling infectious diseases in poultry, and their
promising potential as alternatives to antibiotics. In addition, balancing
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immune response, including pro- and anti-inflammatory cytokines, is
crucial for mitigating immunopathology and promoting tissue repair (Ye
et al., 2025). The identification of protective mechanisms, such as AMP
expression and antioxidant response provides a roadmap for future in-
terventions. Nutritional or pharmacological strategies aimed at boosting
mitochondrial function, or enhancing AMP production may improve
survival outcomes in poultry.

While the study offers valuable insights, it is not without limitations.
RNA from embryonic liver samples showed partial degradation (reduced
RIN), which may increase technical variability, introduce 3"-end
coverage bias, and reduce sensitivity for detecting differential expres-
sion, especially for long transcripts and isoform-level analyses. In
addition, the relatively small sample size may limit statistical power and
generalizability. Nevertheless, overall sequencing quality was high:
more than 90 % of bases achieved Q30, over 88 % of reads mapped to
the reference genome, PCA revealed clear clustering by experimental
group, and normalized gene-expression profiles showed strong concor-
dance among biological replicates within the dead-liver group (Pear-
son’s r > 0.9). Although stringent statistical thresholds were applied,
validation through larger studies and protein-level assays (e.g., by
Western blotting, proteomics) is necessary. Moreover, functional vali-
dation of candidate pathways was beyond the scope of this study. Also,
higher cut-off values were used for the comparisons involving dead
embryos, compared to live and negative control, to keep a reasonable
number of genes for the analysis. Because distinct fold-change thresh-
olds were applied during IPA gene list selection, pathway results are
interpreted as enrichment within each biological comparison rather
than as direct quantitative comparisons of pathway activation magni-
tude across groups. A further limitation is the use of a single APEC strain
for infection. Although this strain is well-characterized and exhibits
established virulence traits associated with avian colibacillosis, APEC
represents a genetically diverse pathotype. Host transcriptional re-
sponses may vary depending on strain-specific virulence factors and
genetic background. Therefore, further comparative studies involving
multiple pathogenic and commensal E. coli strains would be necessary to
determine whether conserved or strain-specific host response patterns
exist.

Conclusions

This study provides critical insights into host responses in the yolk
sac and liver from embryos infected with APEC. Through comparative
transcriptomic analysis, we revealed that embryonic mortality is linked
to exacerbated inflammation, mitochondrial dysfunction, lipid acid
metabolic and cell cytoskeleton disruption, particularly in the yolk sac.
In contrast, surviving embryos mounted a coordinated immune and
metabolic response, characterized by enhanced mitochondrial function,
fatty acid oxidation, and antimicrobial and tissue repair pathways.
Mitochondrial oxidative phosphorylation, balanced inflammatory re-
sponses, lipid metabolic activity, and yolk sac integrity are crucial for
embryo survival. The yolk sac displayed greater inflammation and
metabolic dysregulation than the liver. The pronounced vulnerability of
the yolk sac underscores its central role in disease progression. These
findings not only advance our understanding of APEC pathogenesis at
the embryonic stage but also suggest potential targets for improving
resistance and reducing economic losses in poultry production.

Data availability

The datasets supporting the conclusions of this article are provided in
the manuscript and as supplementary material. The RNAseq data in our
paper are available in the GEO repository, accession number:
GSE300118.
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