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Extended Abstract

Background: Despite the extensive focus on HPAI strains, such as HSN1 and H5NS, the HSN3
subtype represents a compelling research priority owing to its rapid adaptability, moderate-to-
severe pathogenicity in avian species, and zoonotic threat. A thorough understanding of its
pathogenesis is therefore contingent upon a comprehensive examination of key target organs,
specifically the lungs (the primary replication site) and the brain (the site of neurotropic
involvement). The lungs and the brain are two critical tissues in influenza pathogenesis. The lungs
serve as the main site of viral entry and the activation of innate immunity, while the virus’s spread
to the brain indicates systemic dissemination and neurotropism, leading to severe outcomes such
as neurological disorders, paralysis, and sudden death in poultry. While extensive research has
been conducted on the pathogenesis of avian influenza at the histopathological and
immunological levels, investigations based on high-throughput molecular data, such as
transcriptomics, are relatively limited in poultry, particularly in Iranian research contexts.
Identifying key hub genes and non-coding regulatory elements, such as microRNAs (miRNAs),
provides important insight into how the host reorganizes its molecular landscape when challenged
by a pathogen. In this context, the present study was undertaken to construct gene regulatory
networks based on differential gene expression profiles from the brain and lung tissues of chickens
infected with two strains of the recombinant HSN3 virus, namely rH5N3 Ori and rH5N3 P6. By
applying advanced bioinformatics approaches, we sought to identify key genes, regulatory
miRNAs, and biological pathways that play central roles in host defense mechanisms and the
progression of disease.

Methods: Data retrieval and analysis began with obtaining DNA microarray data from the
publicly available GEO database (accession number: GSE96837), which included transcriptional
profiles from the brain and lung tissues of chickens experimentally infected with the HSN3 virus,
along with control samples from uninfected birds used as baselines. Preprocessing and
normalization of the data were conducted in R using the limma package, and differential gene
expression was determined through a moderated t-test, considering genes with an adjusted p-value
less than 0.05 and an absolute log2 fold change greater than 1 as significant. Global transcriptional
changes were visualized using volcano plots and heatmaps. To explore protein-protein interaction
(PPI) networks, the differentially expressed genes (DEGs) were uploaded into the STRING
database (version 11.5) with a high-confidence threshold of 0.7, and the resulting networks were
exported into Cytoscape (version 3.9) for visualization. Hub genes were then identified based on
network topology and metrics such as degree centrality and betweenness centrality. For functional
interpretation, enrichment analyses were performed using g: Profiler and the Kyoto Encyclopedia
of Genes and Genomes (KEGG), with an emphasis on pathways associated with immunity,
protein synthesis, and RNA quality control.

Results: It was observed that infection with both rH5N3 Ori and rH5N3 P6 strains caused a
substantial reprogramming of host gene expression in the examined tissues. The lungs mounted a
more pronounced immune-related response, whereas the brain displayed broader alterations in
metabolic pathways and neuronal stress networks.
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In total, 1480 differentially expressed genes (DEGs) were identified in the lungs compared to
936 in the brain, underscoring significant tissue-specific differences in the host response. Further
network analysis identified 18 hub genes with high connectivity within the PPI networks.
Remarkably, the majority of these hub genes were ribosomal proteins, including RPL21, RPL31,
and RPS28, suggesting that influenza infection strongly impacts host translation machinery.
Additional hub components, such as EEF1A1 and EIF3F, key players in translation elongation
and initiation, reinforced the idea that the disruption of protein synthesis pathways is central to
viral survival and replication. Enrichment analysis using KEGG pathways highlighted five major
molecular routes influenced by infection: ribosome biogenesis and GTP hydrolysis, protein
targeting to membranes, nonsense-mediated mRNA decay (NMD), innate immune signaling
(particularly interferon response), and apoptosis regulation. In lung tissues, enrichment was
dominated by immune-related processes, such as RIG-I-like receptor signaling and cytokine-
mediated interactions, while the brain showed stronger alterations in RNA quality control,
mitochondrial activity, and apoptosis regulation, indicating neurodegenerative stress responses.
At the tissue level, lung DEGs (such as IFIT5 and MX1) demonstrated strong upregulation
consistent with interferon-stimulated antiviral defense, whereas the brain showed reduced
ribosomal gene expression, implying a translational arrest that may act as a protective mechanism
to limit viral protein production.

Conclusion: Network analysis pointed to ribosomal protein genes as central regulators,
underscoring the role of host translational machinery as a key target of viral interference and
manipulation during infection. Moreover, the identification of novel miRNAs associated with
HS5N3 infection opens promising opportunities for the development of diagnostic biomarkers and
potential antiviral therapies. These findings emphasize the necessity of examining multiple tissues
in infection studies, as focusing solely on one organ may provide an incomplete understanding of
disease progression and host-pathogen interactions. By employing integrated bioinformatics
platforms, such as STRING, Cytoscape, and KEGG pathway analysis, this research establishes a
framework that can be extended to other viral infections in poultry. Importantly, the insights
derived here hold practical value for the poultry sector, particularly in guiding genetic
improvement strategies aimed at producing birds with enhanced disease resistance. Future
directions should include experimental validation of the identified hub genes and miRNAs
through techniques such as qRT-PCR and functional gene silencing, as well as integrating
proteomic and metabolomic analyses with transcriptomics to achieve a more comprehensive
understanding of host-virus dynamics. Ultimately, this study contributes valuable knowledge
toward protecting poultry health and strengthening food security in the face of ongoing avian
influenza threats.

Keywords: Gene networks, Gene expression, HSN3 influenza, miRNA, Ribosomal proteins,
Host-pathogen interactions
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Table 1. A number of gene networks performed in the poultry genome
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Gene network type

(Stanley et al., 2013)

(Zhang et al., 2017)
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al., 202 1%

(Marchesi et al.,
2021)

(Cui et al., 2024)
(Zhang et al., 2018)
(Ranaware et al.,
2016
(Sun et al., 2020)
(Pizzorno et al.,
2019)

(Calderon et al.,
2019)
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Table 2. The list of R codes used in this study
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fbrary( query) Loading the GEOquery package to download data from the GEO database
) ) DEGs (4L ¢ 55 oyl oo glp limma iy (6,135,
library(limma) Loading the limma package for gene expression analysis and finding differential

gse <- getGEO("GSE249434", GSEMatrix = TRUE)
eset <- gse[[1]]
expr_matrix <- exprs(eset)
pdata <- pData(eset)
tissue <- factor(pdataScharacteristics_chl1.1)

design <- model.matrix(~0 + tissue)

genes
GEO j| GSE249434 4 goxo 35 sl (slmosls 39lls

Downloading gene expression data set GSE249434 from GEO
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Extract the first data set (Expression Set) from the downloaded list
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Definition of a grouping variable based on the tissue type (brain or lung)
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Creating a design matrix for a linear model without considering the basis value

colnames(design) <- levels(tissue)
fit <- ImFit(expr_matrix, design)

contrast.matrix <- makeContrasts(BrainvsLung = brain -
lung, levels = design)

fit2 <- contrasts.fit(fit, contrast.matrix)

fit2 <- eBayes(fit2)

ogyS bbb uile slagygin (5)I35pL

Naming the columns of the design matrix with the names of the groups
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Fitting a linear model to gene expression data using the design matrix

4 9 5% Om 0F Ol dealis ly Canl S e iy

Definition of a contrast matrix for comparing gene expression between the brain

and lung
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Applying the contrast matrix to the fitted model
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Applying eBayes' method to improve statistical estimates and increase test power
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results <- topTable(fit2, coef="BrainvsLung", number=Inf) Extracting the complete results of the gene expression difference test between the

results$adj.P.Val <- p.adjust(results$P.Value, method = “BH”)

brain and lung

(BH) Sy ol (Sgojliiar g, b p-value yolie gowas

Correcting p-values with the Benjamini-Hochberg (BH) multiple testing method

significant_genes <- results[results$adj.P.Val < 0.05, ]
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Filtering genes with significant differential expression (p-value < 0.05)

write.csv(significant_genes, file =

"significant_genes_brain_vs_lung.csv")

cat("Number of significantly differentially expressed genes:",
nrow(significant_genes), "\n")
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Saving the results of significant genes in a CSV file
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Displaying the number of significant genes found

cat("Results . saved to
significant_genes_brain_vs_lung.csv\n")
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Notification that results are being saved to a file
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Table 3. Gene ontology for the results obtained in this study
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Table 4. Gene Ontology Biological Processes

&5 b g ) gloan] ¥ o

Term P-value Adjusted P-value Genes
Cytoplasmic Transhaion (GO-0002181) 17843 9 SIE42 RPLS RPL2RPLST RESERPL 12 RPLIA RILO RPLERPS T RILTAR
: . RPL5;RPL21;RPL31;RPS8;RPL12;RPL35A;RPL9;RPL6;RPS15;RPL7A;R
Translation (GO:0006412) 8.67E-36 2.38E-34 PS28:RPL1SARPL27A;:RPL36:RPL14;UBA52;RPS13:RPL19
Peptide Biosynthetic Process (GO:0043043) 1.34E-35 2.45E-34 R R R L L L Iy I LTAR
Macromolecule Biosynthetic Process (GO:0009059) 1.84E-34 2.53E-33 RPLS’RPLIgSIi};,I;{LI?ﬂ i];[l;s%)]il;%}f,ll;g’&iig/ﬁi)lil’la%l})l;%g,ﬁgillg,RPL7A,R
Gene Expression (GO:0010467) 8.76E-31 9.64E-30 RPL5;RP Ll,zslj%;%ff iI;};;Sl%i,‘g%}éfg’géﬁi}ﬁﬁ?ﬁ‘}%g;ﬁgﬂ3’” L7AR
Ribonucleoprotein Complex Biogenesis (GO:0022613) 6.27E-12 5.74E-11 RPS15;RPL5;RPS28;RPS8;RPL14;RPL35A;RPS13
Ribosome Biogenesis (GO:0042254) 4.34E-11 3.41E-10 RPS15;RPL5;RPS28;RPS8;RPL14;RPL35A;RPS13
rRNA Metabolic Process (GO:0016072) 1.43E-08 9.81E-08 RPS15;RPLS5;RPS28;RPL14;RPL35A
ncRNA Processing (GO:0034470) 2.30E-08 1.33E-07 RPS15;RPL5;RPS28;RPL14;RPL35A
rRNA Processing (GO:0006364) 2.42E-08 1.33E-07 RPS15;RPL5;RPS28;RPL14;RPL35A
Ribosome Assembly (GO:0042255) 1.03E-07 5.15E-07 RPS15;RPL5;RPS28;RPL6
Ribosomal Large Subunit Biogenesis (GO:0042273) 1.41E-07 6.47E-07 RPL5;RPL14;RPL35A;RPL6
Ribosomal Small Subunit Biogenesis (GO:0042274) 8.47E-07 3.58E-06 RPS15;RPS28;RPS8;RPS13
protein-RNA Complex Assembly (GO:0022618) 8.57E-06 3.37E-05 RPS15;RPL5;RPS28;RPL6
Ribosomal Small Subunit Assembly (GO:0000028) 1.03E-04 3.78E-04 RPS15;RPS28
Ribosomal Large Subunit Assembly (GO:0000027) 1.75E-04 6.01E-04 RPL5;RPL6
Maturation Of SSU-rRNA (GO:0030490) 5.28E-04 0.001707 RPS28;RPS8
Regulation Of Signal Transduction By P53 Class Mediator (GO:1901796) 8.07E-04 0.002467 RPS15;RPL5
Ribosomal Small Subunit Export From Nucleus (GO:0000056) 0.005388 0.015598 RPS15
Modification-Dependent Macromolecule Catabolic Process (GO:0043632) 0.007179 0.018801 UBAS2
Negative Regulation Of Ubiquitin Protein Ligase Activity (GO:1904667) 0.007179 0.018801 RPL5
Negative Regulation Of RNA Metabolic Process (GO:0051253) 0.009858 0.024645 RPS13
Regulation Of Ubiquitin Protein Ligase Activity (GO:1904666) 0.015196 0.034825 RPL5
Negative Regulation Of Ubiquitin-Protein Transferase Activity (GO:0051444) 0.015196 0.034825 RPL5
Regulation Of Protein Neddylation (GO:2000434) 0.016083 0.035383 RPL5
Negative Regulation Of RNA Splicing (GO:0033119) 0.01697 0.035897 RPS13
Positive Regulation Of Signal Transduction By P53 Class Mediator (GO:1901798) 0.01874 0.038174 RPS15
Negative Regulation Of Proteolysis Involved In Protein Catabolic Process (GO:1903051) 0.022272 0.043748 RPL5
Maturation Of SSU-rRNA From Tricistronic rRNA Transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA) 0.02667 0.05058 RPSS
(G0O:0000462) ) )
Negative Regulation Of Ubiquitin-Dependent Protein Catabolic Process (GO 2000059) 0.034538 0.063321 RPL5
Regulation Of Ubiquitin-Dependent Protein Catabolic Process (GO:2000058) 0.037148 0.065908 RPL5
Negative Regulation Of Protein Modification By Small Protein Conjugation Or Removal (GO:1903321) 0.04752 0.081675 RPL5
Negative Regulation Of Catabolic Process (GO:0009895) 0.06288 0.104801 RPL5
Proteolysis Involved In Protein Catabolic Process (GO:0051603) 0.067948 0.109916 UBAS2
Macromolecule Modification (GO:0043412) 0.070472 0.110742 UBAS2
Positive Regulation Of Amide Metabolic Process (GO:0034250) 0.073828 0.112793 RPL5
Regulation Of RNA Splicing (GO:0043484) 0.087962 0.130755 RPS13
Positive Regulation Of Translation (GO:0045727) 0.092902 0.134463 RPL5
Positive Regulation Of Macromolecule Biosynthetic Process (GO:0010557) 0.10433 0.147132 RPL5
Positive Regulation Of Cellular Biosynthetic Process (GO:0031328) 0.145597 0.200195 RPL5
Modification-Dependent Protein Catabolic Process (GO:0019941) 0.159458 0.21281 UBAS52
Positive Regulation Of Protein Metabolic Process (GO:0051247) 0.162509 0.21281 RPL5
Regulation Of Translation (GO:0006417) 0.167067 0.21369 RPL5
Protein Stabilization (GO:0050821) 0.171601 0.214501 RPL5
Regulation Of Intracellular Signal Transduction (GO:1902531) 0.236177 0.288661 RPL5
Negative Regulation Of Gene Expression (GO:0010629) 0.26295 0.314396 RPS13
Positive Regulation Of Macromolecule Metabolic Process (GO:0010604) 0.281622 0.316106 RPL5
Protein Modification By Small Protein Conjugation (GO:0032446) 0.281622 0.316106 UBAS2
Protein Ubiquitination (GO:0016567) 0.326367 0.359003 UBAS52
Regulation Of Nucleic Acid-Templated Transcription (GO:1903506) 0.33744 0.363905 RPL6
Positive Regulation Of Gene Expression (GO:0010628) 0.354323 0.374765 RPLS
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Table 5. Cellular components of the gene ontology

&5 b Jobo (21 -0 Joa>

(Term) lgis

P-value

(Adjusted P-value) oddguonas Pysj)l

(Genes) 3

F9ige i3t o9ions o)
Cytosolic Large Ribosomal Subunit (GO:0022625)

(Large Ribosomal Subunit (GO:0015934)) 9550y S5 d>lsys;
(Ribosome (GO:0005840)) ps3su)
(Polysomal Ribosome (GO:0042788)) 0955k poiss)

( Focal Adhesion (GO:0005925)) 58" (5 S
(Cell-Substrate Junction (GO:0030055)) | i guw— J sk Jlas]
(Foigiew SasS ogjon; lon)

Cytosolic Small Ribosomal Subunit (GO:0022627)

S2sS o9iomy oy
Small Ribosomal Subunit (GO:0015935)

90 Pom) o 2) S 9225 P39
( PALe oSdpeS ) Ko 68 sl
Small-Subunit Processome (GO:0032040)
(Nucleolus (GO:0005730)) &
(Nuclear Lumen (GO:0031981)) (slaius (yo5)
slie o (Jolw (490 Saluil
Intracellular Non-membrane-bound Organelle (GO:0043232)
2 gl .5 ol
Rough Endoplasmic Reticulum Membrane (GO:0030867)
(Asymmetric Synapse (GO:0032279)) (el yuylisun
(Postsynaptic Density (GO:0014069))  oumsliswo s o515
(Nucleus (GO:0005634)) &iun

Cytoplasmic Side of Endoplasmic Reticulum Membrane (GO:0098554)

Lig 3 joame (Jolo 31 Sl
Intracellular Membrane-Bounded Organelle (GO:0043231)
(Rough Endoplasmic Reticulum (GO:0005791)) yj  comsDys il a8

(Mitochondrial Outer Membrane (GO:0005741)) o ,AiS gie (Sgp (glise
(Endocytic Vesicle Membrane (GO:0030666)) (Jsboys,d J55j9 (slis
Organelle Outer Membrane (GO:0031968)) olsl >, lic

e it
(Endocytic Vesicle (GO:0030139)) ¢ jguwe! JsSi 59
(Vesicle (GO:0031982)) JsS5 54
Lytic Vacuole Membrane (GO:0098852)) ods 3  JoigSTly clie
PP S
(Lysosomal Membrane (GO:0005765)) 055954 (sliss
(Endosome Membrane (GO:0010008))  s05595! (slis
(Cytoplasmic Vesicle Membrane (GO:0030659))  cowMginw JoSuj5 (b
(Lysosome (GO:0005764)) pg393.)
(Mitochondrial Membrane (GO:0031966)) ;b a8 gie (slis
(Endoplasmic Reticulum Membrane (GO:0005789)) oMyl 4 sl

2.864737044001386E-34

2.864737044001386E-34
5.856740195402675E-19

1.469362848711592E-16
3.4838395348359555E-
15

4.364627511665762E-15

2.361898295810774E-10
2.679626800001814E-10

3.6597211534267284E-5

4.0135651125617204E-5
4.283584790578233E-5

4.741875909025371E-5

0.0044922927083929694

0.00626293883971156
0.008003283183497207
0.009401560238287629

0.011640389286531055

0.024078948240276732
0.02666950460061794
0.1275705121508778
0.13388083782596377
0.1424871782645395
0.16250948405474008
0.19171687232880183
0.2291658851569021
0.2763329756633174
0.27964275448224996
0.2979148882177772
0.36788667022050753
0.3891433774330016
0.5209984024088474

4.583579270402217E-33

4.583579270402217E-33
6.2471895417628524E-18
1.1754902789692736E-15
2.2296573022950118E-14

2.327801339555073E-14

1.0718507200007255E-9

1.0718507200007255E-9

1.2461337572591222E-4

1.2461337572591222E-4
1.2461337572591222E-4

1.2645002424067653E-4

0.011057951282198079

0.014315288776483564
0.01707367079146071
0.018803120476575258

0.02191132100994081

0.042807019093825296
0.044917060379988105
0.20400889573480194
0.20400889573480194
0.20725407747569383
0.22610015172833403
0.2556224964384024
0.29333233300083467
0.3314284497567407
0.3314284497567407
0.3404741579631739
0.40594391196745655
0.41508626926186837
0.5290213824907237

RPL4;RPL5;RPL21;RPL31;RPL12;RPL35A;RPL9;RPL6;RPL7A;RPL184;
RPL274;RPL36;,UBA52;RPL19

RPL4;RPL5;RPL21;RPL31;RPL12;RPL35A;RPL9;RPL6;RPL7A;RPL184;
RPL274;RPL36;,UBA52;RPL19

RPL7A4;RPS28;RPL18A;RPL31;RPL36;RPL9;RPL6;RPS13;RPLI19
RPL74;RPS28;RPL18A;RPL31;RPL36;RPL6;RPLI9
RPL4;RPS15;RPL5;RPL7A;RPL31;RPS8;RPL12;RPL9;RPL6;RPS13;RPL
19

RPL4;RPS15;RPL5;RPL7A;RPL31;RPS8;RPL12;RPL9;RPL6;RPS13;RPL
19

RPS15;RPS28;RPS8;UBA52;RPS13
RPS15;RPS28;RPS8; UBA52;RPS13

RPS28;RPS8;RPS13

RPL4;RPL5;RPL74;RPL36,RPSI3;RPLI9
RPL4;RPL5;RPL74;RPL36,RPS13;RPLI9

RPL4;RPL5;RPL74;RPL36,RPL9;,RPSI3;RPLI9

RPS28

RPLI2;RPSI3
RPLI2;RPSI13
RPL4;RPS15;RPL5;RPL7A;RPSS8;RPLY9;UBA52;RPL6;RPSI13

RPS28

RPL4;RPS15;RPL5;RPL7A;RPSS8;RPL9;UBA52;RPL6;RPSI13
RPL4
UBAS2
UBAS2
UBAS2
UBAS2
UBAS2
UBAS2
UBAS2
UBAS2
UBAS2
UBAS2
UBAS2
UBAS2
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Table 6. Molecular functions of gene ontology

5 b JSge (sladSlas =5 g

(Term) ylgie P-value Adjusted P-value (Genes) b3

RNA L] RPL4;RPLS;RPL21,RPL31,RPSS;RPL12, RPL354; RPL9; RPL6;RPS15,RPL74; RPS28;RP
RNA Bindins (Go0003723) 4.0801968826701926E-19 5.7122756357382695E-18 R R L s

TRNA Jlal 9.06881635847199E-6 6.348171450930392E-5

rRNA Binding (GO:0019843)
OeeSag I oS Jlee collad
Ubiquitin Ligase Inhibitor Activity (GO:1990948)
Sreslys o pm OiSsas 045 Hlae colled

Ubiquitin-Protein Transferase Inhibitor Activity (GO:0055105)

mRNA 5-UTR Jl.aj'l
mRNA 5'-UTR Binding (GO:0048027)
2939 Sy wlan; RNA Jlasl
Large Ribosomal Subunit rRNA Binding (GO:0070180)
5S IRNA Ll
5S rRNA Binding (GO:0008097)
P93y SaS wlgn; RNA Ll
Small Ribosomal Subunit rRNA Binding (GO:0070181)
OsgSn (s S8 Jlail
Ubiquitin Protein Ligase Binding (GO:0031625)
mRNA sl
mRNA Binding (GO:0003729)
OsSeSwmand (g n B Jlasl
Ubiquitin-Like Protein Ligase Binding (GO:0044389)
oopls” Jlasl
Cadherin Binding (GO:0045296)
mRNA 3-UTR JLaJl
mRNA 3'-UTR Binding (GO:0003730)
DNA L]
DNA Binding (GO:0003677)

1.602207143126473E-5

2.1351432280008236E-5

2.0868016842799032E-4

0.0044922927083929694

0.007178528720410204

0.008072419310050151

0.024261034520524583

0.026121911997104307

0.02733584081744448

0.03279255731941801

0.08050497738089572

0.1754315505957843

7.473001298002882E-5

7.473001298002882E-5

5.843044715983729E-4

0.010482016319583596

0.014126733792587765

0.014126733792587765

0.03479107013129298

0.03479107013129298

0.03479107013129298

0.03825798353932102

0.08669766794865692

0.1754315505957843

RPL5;RPLI2;RPSI3

RPS15;RPL5

RPS15;RPLS

RPL5;RPS13

RPLI2

RPL5

RPS13

RPL5;UBA52

RPL5;RPS13

RPL5;UBAS52

RPL7A4;RPL6

RPL5

RPS15;RPL6
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Figure 4. The miRNA-gene hub interaction network in the genomic response of poultry infected with influenza:
the key role of RPL21, RPL31, and RPS28 in regulating gene expression
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