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Abstract

Background Fowl adenovirus serotype 8b (FAdV-8Db) is the etiological agent of inclusion body hepatitis’ outbreaks
in chicken farms worldwide and a threat to the poultry industry. The isolation and identification of isolates of this
pathogen are abundant, yet the pathogenesis and subsequent molecular mechanism are significantly understudied.
Hence, this study aims to identify the differential gene expression profile of specific pathogen-free chicken livers
infected with FAdV-8b strain UPMT1901 isolate.

Results The harvested chicken livers were subjected to biological pooling and transcriptomic profiling via RNA-
sequencing, according to the days of post-infections (dpi). A total of 21,662 genes were identified in both control and
infected groups, enriched in various biological processes and pathways, displaying patterns of disease progressions.
The transcriptome analysis results revealed a three-fold reduced pattern of gene regulation with 9146, 7335, and 3800
significant differential expressed genes (DEGs) at 2-, 5-, and 7-dpi (dpi), respectively.

Conclusion These findings elucidate insights on the holistic disease progression of FAdV-8b in liver, from viral
incubation and replication at 0-2-dpi, major metabolite hijacking at 3-5-dpi, followed by constant regulation of
immune response at 6- and 7-dpi. Based on intensive literature review conducted prior to this study, this study
is considered as the first study of the serotype 8b infection pathogenesis at the target organ, providing a better
understanding and wide basis of pathogen-host interaction in FAdV-8b in chickens and its progression.
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Background

Fowl adenovirus (FAdV) outbreaks have led to eco-
nomic losses in poultry industry across the globe. FAdV
is a member of the family of Adenoviridae and the genus
of Aviaadenovirus, elucidated to be a non-enveloped
avian-susceptible etiological agent, which consists of
double-stranded DNA (dsDNA). This pathogen is classi-
fied into five species (i.e. FAdV group A-E), determined
by the restriction digest patterns [1] and further grouped
among 12 serotypes (FAdV-1 to FAdV-8a and FAdV-8b
to 11) depending on the serum cross-neutralization test
[2]. FAdV infections in chickens will lead to the mani-
festation of diseases such as hydropericardium hepatitis
syndrome (HHS), inclusion body hepatitis (IBH), avian
gizzard erosion (AGE), as well as respiratory diseases
such as bronchitis, macro lesions of the kidney [3, 4].
Due to the difference in virulence capacity of serotypes,
FAdV strains are profiled to be serotype-unique and pre-
disposed to certain clinical conditions, in which FAdV-C
(FAdV-4 and -10) were usually isolates from HHS-pos-
itive flocks [5, 6], FAdV-A from AGE-positive groups
[7], while FAdV-B, FAdV-D and -E from IBH-positive
outbreaks [8—12]. These chickens have shown high mor-
tality and morbidity rates with an abysmal healthy per-
formance of broiler chickens and their progenies. Once
infected, the pathogens were reported to cause a sudden
onset of mortality of 10-30% rate for FAdV-8b [13, 14],
whereas 30-80% rate amongst FAdV-4-infected flocks
[5, 15, 16]. Evidence from various epidemiological stud-
ies confirmed that IBH occurs mainly in chickens with
an age range from three to seven weeks old (i.e. 15-35
days-old chickens), yet also susceptible to age less than
one week old (i.e. seven-days old chickens) [17]. The first
FAdV-associated outbreak case in Malaysia was techni-
cally reported in 2005 [18], resulting in the first isolation
and identification of the FAdV-8b strain in Malaysia. To
date, there are increasing reports of IBH cases, deeming
FAdV-8b as the predominant serotype within the nation’s
local environment [19-23].

In the last decade, there have been increasing out-
breaks of FAdV isolates worldwide, and epidemiological
studies, clinical histology, and vaccine production origi-
nal research have been published yearly [11, 14, 24—-26].
Nevertheless, the existing knowledge of FAdV infection
mechanisms and transcriptomic profile in a definite host
is still underwhelming, with relatively slow progress com-
pared to the other FAdV scopes of study. Liver is the
primary target of FAdV-8b, in which hepatic lesions are
correlated with three stages of disease progression: [1]
incubation (1-3-days post-infection [dpi]), [2] degen-
eration (4-7-dpi), and [3] convalescence (8—14-dpi). The
progression of FAdV-associated diseases was translatable
to the clinical, histological, and pathogenicity studies of
FAdV isolates. Previously, Steer et al. [27] reported no
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significant differences between gross lesions of one-day-
old specific pathogen free (SPF) Lohmann Select Leghorn
chickens during 1- to 3-dpi among groups injected with
FAdV-1, FAdV-8b, and FAdV-11. Meanwhile, at 4- to
7-dpi, only chickens from group FAdV-8b and FAdV-11
exhibited significant differences compared to the negative
control group. Similarly, mortality of FAdV-4-infected
commercial Chinese chicken flocks peaked at 3- to 4-dpi
and declined at 9- to 14-dpi, followed by recovery [28].
These findings suggest that, although the identified sero-
types differ in virulence, they appear to follow broadly
involved in similar stages of disease progression. How-
ever, subtle variations in the timing and severity of incu-
bation, degeneration, and convalescence phases indicate
that the exact progression patterns between and within
serotypes are not yet fully understood. Hence, there is
a critical demand to elucidate this research question as
insights on the clinical response towards infection may
assist the development of vaccines and anti-viral drugs as
biological therapies [29-31].

Most pathogens possess the ability to adapt to envi-
ronmental changes and can naturally adopt alternative
strategies to replicate, spread, and survive within the host
by evading immune defenses and exploiting host cellular
machinery [32—36]. Due to such state-of-the-art on viral
infection, the research of host—pathogen interactions has
been an evolving field deemed vital to overcome chal-
lenges in control, preventive measures, and curing work
of the infectious diseases [25, 37]. Previous research
studies have proven to be a reliable analysis method for
understanding the molecular mechanism, or pathogen-
esis progression via ChIP-Sequencing [38, 39]. However,
the advancement of Next-Generation Sequencing (NGS)
imparts opportunities for global transcriptomic studies
to skyrocket within the infectious disease research niche
which is less-invasive, cost-effective, and time-saving.
RNA-Seq has been widely used to study host—patho-
gen interplay and has been performed on variations of
pathogen studies [40]. Numerous transcriptome studies
of FAdV provide insights into the infection of FAdV-4
due to its high mortality, despite the low morbidity, yet
none were done on the FAdV-8b transcriptome profile
[15, 41, 42]. The FAdV-4-related transcriptomes analy-
sis has adopted a pairwise comparison of healthy-vs-
treated protocol to elucidate the gene expressions and
pathways activities during an infection, mainly which
influences the viral invasion, metabolic pathways, and
immunosuppression of the infected host. Identifica-
tion of essential pathways during FAdV infection, such
as P13k-Akt and Toll-like receptor signaling pathways,
were reported to influence the viral entry [43-46]. In
contrast, the Jak-STAT, NOD-like receptor, and cytokine-
cytokine receptor signaling pathways regulate the host
cell immunosuppression at a later stage of infection for



Azli et al. BMC Genomics (2025) 26:690

virions release for further infections [47-49]. Thus, this
study aims to elucidate transcriptomic profile of the spe-
cific pathogen-free chickens’ liver tissues infected with
wildtype pathogenic FAdV-8b strain UPMT1901 isolate.
The RNA-Seq protocol has provided a comprehensive
picture of FAdV infections mechanism on the transcrip-
tomic scale and gained more insights on the virus-host
interplay and the pathogenesis of FAdV-8b strains. These
create directions and set a valuable basis for further
investigation and future FAdV-8b control and preventive
measures research.

Methods

Animal trial, sample collection, and ethics statement

All SPF live chickens used in this study were purchased
as 9-day-old embryonated chicken eggs from Malaysian
Vaccine Pharmaceutical® Sdn. Bhd. (Malaysia). The pur-
chased eggs were let to hatch in a sterilized egg hatcher
SIS 1008 AE (Siam Incubator Systems Co., Thailand)
with a 37°C, 5% CO, setting. During the hatching pro-
cess, the hatcher racks that locates the eggs were made
sure to move 45° automatically, ensuring the heat from
the built-in lamps were distributed equally. Additionally,
two 1000 mL conical flask filled with sterilised distilled
water were put in the hatcher incubator to provide con-
stant humidity inside the hatcher during the process.
Once hatched, the healthy 0-day old chicks were housed
accordingly to the animal trial design. Twenty-eight
14-days-old SPF live chickens were randomly grouped
into two groups, precisely sixteen in Group A (control)
and twelve in Group B (infected), respectively. All chick-
ens are sheltered in physically separated experimental
rooms at the Animal Research Facility (ARF) of the Fac-
ulty of Veterinary Medicine, Universiti Putra Malaysia,
under controlled conditions for seven days and strict
personnel restrictions for biosecurity and prevention of
cross-contamination purposes. To ensure confidence of
the control group, chickens from Group A were housed
in separate buildings designed specifically to house con-
trol groups of animal studies in ARF. These chickens
were given an ad libitum access to feed and water intake
throughout the trial. Chickens from Group A act as the
negative control group, whereas Group B was inocu-
lated with 0.1 mL of 10"” EID50/mL FAdV-8b strain
UPMT1901 inoculum subcutaneously [22]. Inoculation
of chickens in Group B was done via subcutaneous injec-
tion using a 1cc/mL sterilized syringe with a 25G needle

Table 1 Details of origin of samples for RNA-Sequencing analysis
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(Terumo, Japan). Four chickens from Group A were sac-
rificed at each 0-, 2-, 5- and 7-dpi, whereas four chickens
from Group B were sacrificed at each 2-, 5-, and 7-dpi.
All sacrifices were made via cervical dislocation. This ani-
mal trial was performed with the approval of the Inter-
national Animal Care and Use Committee [No: UPM/
IACUC/AUP-R065/2020]. Any natural chicken death
during the study reduced the scheduled four sacrifices
for the nearest time interval, requiring immediate post-
mortem examination.

During sampling, the gross lesions of the liver were
observed and recorded. Meanwhile, two sets of liver
organs were collected; one set was stored in a 1 x Phos-
phate buffer saline (PBS, 0.1 M, pH 7.4, Life Technolo-
gies™, USA) to produce 50% (w/v) solution for viral copy
number quantification, and another set was fixed in a 10%
Buffer formalin solution for histological examination. The
formalin-fixed livers were then subjected to tissue slicing
and mounting, followed by staining with haematoxylin
and eosin (HE) [50]. The visualization of the stained-glass
slides under the Leica DM LB2 light microscope (Leica
Camera, German) with x40 magnification objective. The
histological lesion observations were then given a quan-
titative scoring according to describe in Supplementary
Table 1 for each slide, validated by a certified pathologist
from Faculty of Veterinary Medicine, UPM. The find-
ings and interpretations were classified and scored based
on the severity of the observations, which included the
percentage of affected tissue area, cell architecture, and
the presence of degenerated cells, sinusoids, and hemor-
rhages. The classifications included normal, mild, inter-
mediate, or severe states. Another set of liver tissue was
also sampled and stored in Solarbio™ RNAwait solu-
tion (Solarbio, China) for further RNA extraction and
sequencing analysis before the RNA-Seq protocol.

RNA extraction

The harvested liver of SPF chickens in the animal trial
were subjected to total tissue RNA extraction via the
FavorPrep™ Tissue Total RNA Mini Kit (Favorgen, Tai-
wan), according to the manufacturer’s guidelines. The
samples were homogenized with a supplied micro pestle,
followed by passing of lysate ten times through a 21G and
25G needle gauge (Terumo, China) in a lcc/mL syringe
(Terumo, China). 60 pL of 1xDiethyl pyrocarbonate
(DEPC)-treated water (1st BASE, Singapore), an elution
buffer, was added directly into the center of the column

No Technical sample name Number of biological replicates Description

1 A_ctrl 4
2 WT_2 4
3 WIS 2
4 WT_7 4

Non-infected liver of 14-days old control SPF live chicken at 0-days post-infection
Infected liver of 14-days old SPF live chickens, at 2-days post-infection
Infected liver of 14-days old SPF live chickens, at 5-days post-infection
Infected liver of 14-days old SPF live chickens, at 7-days post-infection
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and incubated at room temperature for 5 min in a stand-
ing position. Each column was centrifuged at 15,000
xg for 1 min to elute the RNA. Then, each eluted RNA
sample were aliquoted into 50 pL and 10 pL volume for
sequencing and RNA integrity analysis, respectively. The
extracted total RNA purity and concentration were eval-
uated via Nanodrop Biospectrophotomer® (Eppendorf,
USA), while concentration was via Qubit analysis with
RNA Pico chip (Agilent Technologies, USA). In contrast,
RNA Integrity Number (RIN) analysis was done via the
2100 Bioanalyzer System (Agilent Technologies, USA).
All extracted samples of biological replicates were pooled
into one technical replicate (Table 1) and were chosen
for RNA-Seq and sent for Next-generation sequencing
(NGS) [51]. All extracted samples were outsourced to
the Laboratory of Vaccine and Biomolecules 1, Institute
of Bioscience, Universiti Putra Malaysia, for quality-
checking services before further sequencing analysis. For
high-quality sequencing, all the samples were ensured to
be at the molecular weight of > 1000 ng, with 280 nm/230
nm wavelength of 2.0 and 260 nm/230 nm wavelength of
2.0-2.2, as well as RIN quality of > 7.

Library construction and sequencing

The construction and sequencing were performed by
outsourcing to at NextGene Scientific Sdn. Bhd. (Malay-
sia). The messenger RNA (mRNA) was purified from the
total RNA using poly-T oligo-attached magnetic beads
to remove ribosomal RNA (rRNA) using the NEBNext®
Poly(A) mRNA Magnetic Isolation Module kit (New
England Biolabs, USA). After fragmentation, the puri-
fied mRNA was subjected to cDNA library synthesis
via TruSeq™ Stranded mRNA kit (Illumina, USA). Post-
purification and paired-end repair, the final cDNA frag-
ments were ligated to sequencing adapters and amplified
via polymerase chain reaction (PCR) to obtain the final
paired-end library raw reads set. The generated cDNA
libraries were then subjected to Qubit via the 2100 Bioan-
alyzer System (Agilent Technologies, USA) by using the
DNA-specific chip Agilent DNA 1000 (Agilent Technolo-
gies, USA) for size distribution detection and RNA integ-
rity quality checking. The quantified libraries from four
groups were subsequently pooled accordingly. Sequenc-
ing was conducted via the Illumina platform and Illumina
NovaSeq™ 600 System sequencer machine (Illumina,
USA) for raw paired-end sequencing files of all four sam-
ples in FASTQ format, with different index libraries bar-
coding of each sample. The sequencing Paired End 150bp
(PE150) protocol has been selected for the purpose of
this study. The concentration of the final transcriptome
raw reads libraries of all samples was determined using
the Qubit HS dsDNA kit (Thermo Fisher Scientific,
USA) with Qubit via 2100 Bioanalyzer System (Agilent
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Technologies, USA) for size distribution, concentration,
and average size of the raw reads libraries.

Bioinformatics analysis

The quality control checking of raw reads was per-
formed via FastQC [52]. The raw reads produced were
subjected to pre-processing to ensure high quality, reli-
ability, and confidence. Only clean reads are subjected
to downstream analysis. Upon pre-processing, the raw
reads were filtered to remove low-quality reads as fol-
lows: (1) removal of adaptor and quality-trimmed short
segments of raw reads<50% and quantity bases<5 via
SeqPrep [53]; (2) sequence with base-quality score<5
and contains uncertain poly nucleotides (N) constitute
base rate of raw reads>10% via Sickle [54]. The remain-
ing sequence reads were termed “clean reads” and stored
in FASTQ format files. Simultaneously, the Phred val-
ues>20% (Q20) and >30% (Q30) and GC content of the
clean reads were mapped and re-evaluated with FastQC,
post-cleaning. Only clean reads with high quality and
appropriate GC content were further subjected to down-
stream analyses.

The latest reference genome of Gallus gallus
GRCgba (galGal6; female Red jungle fowl; RefSeq No:
GCF_000002315.6 [55]) and related gene model annota-
tion files were retrieved online from the NCBI database
system. The clean reads library was performed onto ref-
erence-mapped against galGal6 reference sequence via
HISAT2 v2.0.5 [56], employing the default parameter
settings. Next, output of the BAM files was subjected
to Stringtie v.1.3.3b [57] for reference-based assembly
to generate the contigs library. The gene expression lev-
els were calculated via FeatureCounts v1.5.0-p3 [58] by
counting the number of contig reads mapped to each
gene in the Gene Transfer Format (GTF) of the galGal6
file. Then, the Fragments Per Kilobase of the transcript
sequence per Millions base pairs sequenced (FPKM) of
each gene was calculated based on the length of the gene
and reads count mapped to the annotated gene to gen-
erate a normalized value. Differential analysis was per-
formed onto the cleaned reads using edgeR v.3.22.5 [59],
with log2 fold-change were set with parameters of >=1
and adjusted P<0.05, in which default criteria of |log2
fold-change|>1 and false discovery rate<0.05 denoted
significant changes in differentially expressed genes
(DEGS).

Gene annotations

The corrected gene length bias has been used to query
the Differentially expressed genes (DEGs) libraries
against Gene Ontology (GO [60]) and Kyoto Encyclo-
pedia of Genes and Genomics (KEGG [61]]), employing
clusterProfiler CRAN package [62] to generate enrich-
ment and gene cluster values. All GO terms with adjusted
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P <0.05 were considered as terms significantly enriched
DEGs. Meanwhile, the KEGG database was utilized to
retrieve resources to understand high-level functions and
utilities for the biological system, such as the cells, organ-
isms, and ecosystem, from molecular-level information,
especially large-scale molecular datasets generated by
genome sequencing and other high-throughput experi-
mental technologies. In each GO and KEGG enrichment
analysis, only the Top 10 total count, upregulated count,
and downregulated DEGs with P<0.05 were tabulated
into an input for bar chart visualizations with ggplot2
CRAN R package [63]. The enrichment value of the gene
set retrieved from GO and KEGG was performed via the
Gene Set Enrichment Analysis (GSEA) tool v4.3.2 [64]
to retrieve the fold-change and statistical P-value of the
DEGs in pathway-enriched level.

Viral genome copy number quantification

20 mg of each harvested organs were homogenised into
a 50% w/v suspension in a 2.0 mL microcentrifuge tube
(Eppendorf, Germany) with 1X PBS (Life Technologies™,
USA). The suspension was then centrifuged at 650 xg for
10 min. After centrifuging, 200 puL of the supernatant
was collected and used as the initial material for the viral
genomic DNA extraction of the subsequent process. The
viral supernatant harvested for inoculum preparation
was performed onto genomic extraction via column-
based extraction. InnuPREP® viral DNA/RNA extraction
kit (AnalytikJena, Germany) was used according to the
manual guide of the manufacturer. The final concentra-
tion and purity of the extracted DNA were subjected
to quantification via the Nanodrop BioSpectrometer®
(Eppendorf, Germany). The ratio 260 nm/280 nm esti-
mates the purity of the extracted DNA, in which an out-
put of 1.8~2.2 is considered as ‘pure’ DNA extraction.
Only extracted viral DNA with high yield concentration
and good purity were further used in the amplification
processes.

The viral genome copy number quantification via abso-
lute qPCR were sent for outsourcing service at Apta-
NIAGA Sdn. Bhd. (Malaysia). The method applied the
generation of standard curve technique. A set of primer
and probe consisting of forward primer, reverse primer
and a probe were designed via the PrimerQuest® Tool of
Integrated DNA Technologies™ (https://sg.idtdna.com/
Primerquest/Home/Index) with fibre gene of FAdV-8b
UPMO04217 (Accession No: KU517714.1 [Mat Isa et al,,
2019]) as the reference. Only design set with optimum
amplicon length, GC content and appropriate target
region of interest were selected for the qPCR protocol
(Supplementary Table 2).

The qPCRBIO Probe Mix Separate-ROX kit (PCR
Biosystems, UK) was used for the quantification of both
viral genome copy number values. Prior to start, the 2X
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qPCRBIO Probe Mix was briefly vortexed to achieved
homogenise solution and proceed normalisation of sam-
ple. During sample preparation, the 20 pL final mixture
of qCPR in each reaction were prepared as below: 10 uL
of 2X qPCRBIO Probe Mix, 0.8 pL of 10 uM forward
primer, 0.8 pL of 10 uM reverse primer, 0.4 pL of 10uM
designed probe, 0.25 uL of genomic DNA template, and
appropriate volume of sterilised deionised water. The
amplification was performed with AriaMX Real-Time
PCR System thermal cycler (Agilent, USA) and the steps
involved are: 95°C for 2 min (initial denaturation), fol-
lowed by a 40-cycle set with 95°C for 5 secs (denatur-
ation) and 56°C for 20 secs (elongation), and allowed to
rest at 12°C to 4°C gradually.

For an absolute quantification qPCR analysis, a stan-
dard curve is generated by using a known quantified
FAdV DNA concentration as the template with high con-
centration and good purity. A ten-fold serial dilution of
the prepared inoculum were carried out. 900 mL of 1X
PBS suspension (Life Technologies™, USA) was supple-
mented into 2 pL microcentrifuge tubes (Eppendorf,
Germany) and labelled from 10~ to 107° in sequential
order at each tube. 100 mL of the freshly prepared viral
inoculum was suspended into the first tube with 107!
labelled using a pipette with clean tip. The mixture was
then pipetted up and down gently to form a homogenise
mixture, before a 100 mL of the well-mixed mixture was
pipetted out to insert into the next tube, going down the
ten-fold serial dilutions set were prepared and carried out
in triplicates per samples. The retrieved Ct values were
used to generate a plot of Ct standard curve against the
corresponding copy of DNA in each dilution to retrieve
the standard curve equation (Supplementary Fig. 1).

Quantitative reverse transcriptase PCR

Seven significant upregulated and downregulated genes
retrieved from RNA-Seq analysis were selected for in
vitro validation of the reproducibility and repeatability
of DEGs in the infected liver tissues of SPF live chick-
ens (Supplementary Table 3). The genes selected for RT-
qPCR validation were chosen based on their relevance
to key biological processes involved in the infection
reported from gene annotation analysis. The total RNA
retrieved during extraction of the infected liver was pri-
marily subjected to conversion into cDNA synthesis via
Reverse-transcriptase enzyme-based protocol, using
the UltraScript™ cDNA Synthesis Kit (PCR Biosystems,
UK) following the manufacturer's provided guideline.
All reactions were then synthesized in a Bio-RAD® Ther-
mocycler with the temperature setting as follows: 42°C
for 30 min (incubation), followed by 85°C for 10 min
(Reverse transcriptase enzyme denaturation) and resting
at 4°C prior to storage for further application.
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Fig. 1 Specific pathogen-free (SPF) live chickens infected with FAdV-8b strain UPMT1901 isolate observed with (a) ruffled feathers appearance, (b) hud-
dling together, and (c) diarrhea presence on the bedding. These clinical symptoms are commonly observed in inclusion body hepatitis (IBH) infected

chickens of FAdV-8b

Next, the synthesized cDNA samples were quanti-
fied in triplicates via qPCR with the KAPA SYBR® FAST
qPCR Master Mix kit (KAPA Biosystems, USA), which
utilizes the SYBR Green I dye chemistry [65]. The quan-
titative amplification was performed onto Bio-RAD
CFX96 thermocycler instrument (Bio-RAD, USA) with
FAST setting following the described temperature: 95°C
for 3 min (enzyme activation), 40 cycles of 95°C for 3 secs
(denaturation), 57°C for 30 secs (annealing and exten-
sion), followed by 4°C (dissociation). The mRNA levels
were calculated with reference to the housekeeping gene
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The retrieved quantity was performed on percentage
knockdown calculation using the AACq formula [66].

Statistical analysis

All quantitative values from histological liver scorings,
qPCR, and qRT-PCR analysis were subjected to a One-
way ANOVA statistical test via IBM SPSS Statistics soft-
ware v26 [67]. Any obtained P value < 0.05 was considered
statistically significant between groups for all performed
tests followed by the Tukey HSD post-hoc test. However,
the retrieved P value specifically from RNA-Seq analysis
were adjusted using the Benjamin-Hochberg (BH) calcu-
lation, and only the P-adjusted value <0.05 is considered
statistically significant.

Results

Clinical and pathologic features of the FAdV-8b-infected
chickens

Throughout the seven-days of observation, no mor-
tality was seen in the control group, while two out of
twelve SPF chickens from the infected group inoculated
with 0.1 mL of FAdV-8b UPMT1901 died naturally at
4-dpi, indicating a 16.67% mortality rate. However, no
death was recorded at 5-dpi onwards. As expected, only
chickens from the infected group were reported with

low performance in daily routine and lethargic, as well
as declined intake of food and water, loose and soiled
perineum, severe depression, ruffled feathers, huddling,
and little-to-no response during handling, when com-
pared to the control (Fig. 1), throughout the trial. Inter-
estingly, the mentioned decline in clinical symptoms
observation was seen in the infected chickens as early as
3- to 4-dpi, severely peaked at 5-dpi, and reduced to mild
until 7-dpi.

Next, both groups'gross lesions of the liver of chick-
ens were observed, harvested, and recorded (Fig. 2). No
significant gross lesions were observed in the liver of the
control group, with dark brick red, smooth and glisten-
ing texture throughout the animal trial (Fig. 2a, d, f).
However, UPMT1901-infected liver was demonstrated
with severe IBH-positive gross lesions of pale-yellow dis-
coloration, swollen and friable texture (Fig. 2b, c, e, g).
Interestingly, the observed gross lesions of UPMT1901-
infected liver were elucidated to worsen in color and
texture as the infection progressed through the days.
Besides that, a firm yet yellow-discoloration observed in
the liver of dead chickens at 4-dpi of UPMT1901-infected
chickens observed (Fig. 2c) may suggest the beginning
of detrimental stage of IBH gross lesions in the liver,
which primarily effects the color, then the texture of
target organ. Then, despite being viable, the chickens at
5-dpi and above were also observed with major IBH gross
lesions.

Based on the ANOVA test result, there is a significant
difference between the histological lesions of infected
liver and the control (P<0.001), especially between dpi
of the infected groups (P<0.00001), deeming histologi-
cal lesions as one of the observations for FAdV-8b disease
progression (Table 2). As seen in the histological liver tis-
sue imaging in Fig. 2, the control group of 0-, 2-, 5-, and
7-dpi showed a lack of FAdV-8Db histological signs (Fig. 2i,
iv, vi). The liver transections also elucidated a normal
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Gross Histology
Control FAdV-8b Control FAdV-‘?‘l')

Fig. 2 The pathogenic examination of the infected SPF livers between control and FAdV-8b strain UPMT1901 isolate-infected chickens at O-, 2-, 4-, 5-,
and 7-dpi via gross lesions inspection (a-g) and histological magnification (i-vii) with the scale of 50 um. Gross liver lesions in infected chickens exhibited
pale-yellow discoloration, swelling, and friable texture, worsening with infection progression. Control chicken liver showed normal, dark red livers with
smooth and glistening texture. Histological analysis revealed significant intranuclear inclusion bodies (INIBs) in infected livers of the deceased, particularly
at 4-dpi, alongside abnormal hepatocyte architecture and porous sinusoids. Infected livers post-5-dpi shows abnormal cell architecture and porous sinu-
soids, despite no mortality. Meanwhile, control chickens exhibited normal liver architecture without pathological signs. Images for the Control group at
4-dpi (both gross and histology) are missing due to the chickens'death prior to the scheduled necropsy date

Table 2 Histological lesion scoring of liver of specific-pathogen free live chickens infected with FAdV-8b UPM T1901

Group Days post-infection, dpi
0 2 4 5 7
Control 0+0 0+0 - 0+0

Infected 0+0 140 2+0 1.5+£0.5
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Table 3 Virus copy number liver of specific-pathogen free live chickens infected with FAdV-8b UPM T1901 *ND =Not detected

Group Days post-infection, dpi
0 2 5 7
Control ND ND ND ND
Infected ND 232x10°+287x10° 420%10°+272x10° 128x10%+1.86%10°

Table 4 Raw and clean reads statistics for RNA-Sequencing analysis

Sample Total rawreads Total raw reads bases Total cleanreads Total clean reads bases Total errorrates,% Q20 Q30 GC, %
A_ctrl 116,070,612 1741G 112,000,000 16.83G 0.02 9797 945 5054
WT_2 51,136,814 17.48G 109,000,000 16.36G 0.03 96.99 9296 5523
WT_5 48,718,058 17.6G 112,000,000 16.79G 0.03 9748 9366 5333
WT_7 46,292,166 6.94G 45,904,594 6.89G 003 9752 9339 50.16

cell architecture of growth and development, whereas
the UPMT1901-infected chickens’ histological analy-
ses indicated the presence of significantly huge intranu-
clear inclusion bodies (INIBs) in the liver tissues of the
deceased chickens’ livers (Fig. 2iii). Likewise, hepatocyte
tissues of 7-dpi infected with UPMT1901 were observed
with abnormal cell architecture, porous sinusoids with no
congestion of hemorrhage, nevertheless with an unclear
observation of INIBs (Fig. 2vii). The definite evidence by
both gross and histological findings, the post-mortem
examination of the infected liver from deceased SPF
chickens at 4-dpi has confirmed that the cause of death
was FAdV-8b infection.

The analysis of viral genome copy numbers in liver
tissues of SPF chickens, as shown in Table 3, provides
valuable insights into the viral dynamics of UPM T1901
strains over the 7-day trial. Group A (control) showed no
detectable viral presence at any timepoint, confirming
the absence of viral infection under control conditions.
Meanwhile, the infected group demonstrated consis-
tently higher viral loads compared to control, starting at
2.32x10° at 2-dpi and dropping to 1.28 x 10° by 7-dpi.
This pattern highlights the strong replication capacity of
UPM T1901. Also, it elucidates that UPM T1901 replica-
tion peaks at 5-dpi, prior to viral clearance at 7-dpi, which
may suggest UPM T1901 infection in live host occurred
robustly complex. The ANOVA analysis showed a sig-
nificant effect of treatment (ANOVA, P value=0.033),
indicating that viral load differences between groups are
statistically significant.

RNA-sequencing and read assembly

Only four total RNA extracted samples were subjected
to sequencing, specifically A_ctrl, WT_2, WT_5, and
WT_7. To ensure holistic expressions during the RNA-
Seq analysis, the FAdV-8b UPMT1901-infected liv-
ers harvested from 14-day-old SPF alive chickens were
pooled into one sample per dpi (WT_2, WT_5, and
WT_7) [51, 68]. Only three-time points, specifically 2-,
5-, and 7-dpi, were chosen to capture the whole disease
period and examine the severity of the disease on the

transcriptome level. The raw reads consist of paired-end
libraries with a length of 150 base pairs (bp) per reads,
with reported <0.05% error rate,>96% Q20,>92% Q30,
and GC content of 50.16—-55.23% (Table 4). The FastQC
reported that approximately 45—-109 million clean reads
passed the per base sequence quality, per tile sequence
quality, per sequence quality scores, per base N content
and adapter content. These reports of clean reads statis-
tics permit the progression to the next assembly stage.

Then, the retrieved clean reads from post- and pre-
processing were mapped via reference-based alignment
against the latest Gallus gallus RefSeq annotation, gal-
Gal6 (RefSeq No. GCF_000002315.5). The total reads
mapped against the reference genome were reported
with 87.65-94.11% (Table 5), suggesting most of the
clean paired-end reads were successfully mapped
against galGal6. Meanwhile, the relatively similar val-
ues between mapped clean reads form Read 1 and Read
2 with ~1:1 ratio, respective to each sample, indicated
the high-quality performance of technical sequencing
and the pre-processing process of reads. Upon align-
ing and mapping against galGal6 via HISAT2 tool, the
contigs that covered the exon, intron, and intergenic
annotated regions were also analyzed. Accordingly, all
samples from all groups show similar mapping statis-
tics percentages of exons, introns, and intergenic reads,
approximately >94.19%,>1.7%, and>2.7%, respectively,
seen between all samples (Table 6). These pre-processing
reports indicated that the read mapping protocols were
performed efficiently, successfully eliminating reference-
based mapping biases between samples. Exon-mapped
read percentage is expected to be tabulated as the high-
est mapped regions representing the coding regions of
genome and indicating galGal6 reference genome as a
well-annotated sequence, specifically for transcriptomic
studies of SPF chicken breed.

Gene profile statistics

Post-reference-based mapping, the gene count and FPKM
values were retrieved by subjecting the clean aligned
reads to the featureCount CRAN R package. As seen in
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Table 6 Region profile of clean reads retrieved from reference-based mapping against galGal6 reference genome for RNA-

Sequencing analysis

Sample Exon Intron Intergenic

A_ctrl 14,926,573,205 (94.55%) 431,571,659 (2.74%) 428,914,810 (2.72%)
WT_2 13,448,059,229 (94.19%) 279,403,779 (1.97%) 550,483,575 (3.86%)
WT_5 14,370,019,446 (94.59%) 272,050,339 (1.79%) 549,864,318 (3.62%)
WT_7 6,085,301,081 (94.69%) 138,811,354 (2.16%) 202,460,973 (3.15%)

Table 7 The tabulated gene count and FPKM of all four transcriptome samples

Sample Description Gene count Gene FPKM Gene FPKM per group Gene FPKM per treatment
A_ctrl Control 18,094 18,094 18,094 18,094

WT_2 FAdV-8b UPMT1901-infected 16,539 16,539 16,539 19,484

WT_5 17,893 17,893 17,893

WT_7 17,668 17,668 17,668

Identification of differentially expressed genes

The external RNA Controls Consortium (ERCC) spike-
ins for further RNA-Seq analysis were performed via
employment of the control-vs-treated analysis. After the
clean reads of all transcriptomes were quantified, the
expression levels of each identified gene were subjected
to the edgeR tool. Each dot in the volcano plot represents
DEGs, with red representing the upregulated, green rep-
resenting the downregulated, and blue representing the
no expression difference. The plots in Fig. 4a, b, and ¢
displayed narrow, yet tall dots distribution of the DEGs
in UPMT1901-infected liver at all time points, suggesting
infected groups to have robust gene expression profiles
throughout the disease progression of IBH.

Upon comparison with A_ctrl, 9146 DEGs were
reported in WT_2, 7335 DEGs in WT_5, and 3800 DEGs
in WT_7, reporting WT_2vsA_ctrl with the highest
DEGs, followed by WT_5vsA_ctrl and WT_7vsA_ctrl
(Table 6). The comparison of samples suggests relatively
three-times fold reduction in gene expression activi-
ties throughout IBH disease progression, highlighting
the most robust time points post-infection being 2-dpi.
Among all pairwise comparisons, only WT_7vsA_ctrl
was reported with lower downregulated DEGs, whereas
other pairwise comparison groups had higher upregu-
lated DEGs than the downregulated DEGs (Fig. 5). The
progressive reduction in DEGs over time suggests a shift
back toward a gene expression profile more similar to the
baseline.

Next, the heat map of Fig. 6 was generated from DEGs
of all three pairwise comparison groups to visualize the
global temporal dynamic and progression of gene expres-
sion changes. WT_2vsA_ctrl and WT_5vsA_ctrl were
positioned in similar dendrogram branch, demonstrating
that expression pathways in infected liver at 2-dpi hav-
ing a similar profile with liver infected with UPMT1901
at 5-dpi, indicating an early response cluster. Meanwhile,
WT_7vsA_ctrl outer branching indicates a substan-
tial change of gene expressions pattern profile by 7-dpi

compared to the others. Interestingly, the generated DEG
heat map Fig. 6 elucidates the overall gene expression
patterns between infection time points, highlighting the
similarity between genes expressed in 2- and 5-dpi. It is
suspected that both 2- and 5-dpi and 5- and 7-dpi of an
FAdV-8b infection might overlap with some vital pro-
cesses, but not 2- and 7-dpi.

GO enrichment analyses of DEGs

These GO terms provide detailed information on the
gene and its gene products upon translation in a narrow-
to-wide hierarchical structure, from specific to general
terms, in which BP describes a series of events or set of
dynamic molecular activities organized into pathways or
more extensive processes, while MF focuses on the bio-
chemical activity of the gene product itself. 283, 346, and
200 BP terms, as well as 23, 39, and 25 MF terms, were
significantly enriched in WT_2vsA_ctrl, WT_5vsA_ctrl,
and WT_7vsA_ctrl, respectively.

In Fig. 7, WT_2vsA_ctrl’s Top 3 highest DEGs counts
in the cell communication, signaling, and organic cyclic
compound biosynthesis process, while WT_5vsA_ctrl,
signaling, signal transduction, and system development
are the BP terms with the highest DEGs counts. Then, the
Top 3 BP terms with the highest DEGs are multicellular
organism development, animal organ development, and
small molecule metabolic process in WT_7vsA_ctrl. The
reduced total counts of DEGs enriched from 2- to 7-dpi
highlighted a decline in the robustness of gene expres-
sion post-infection in infected tissues, further proposing
the notion that the disease is progressing towards normal
control cellular activity profile.

Next, in Fig. 8, in WT_2vsA_ctrl's Top 3 MF terms
with the highest DEGs are molecular function regulator,
DNA binding transcription factor activity, and signaling
receptor binding, while the highest DEGs MF terms in
WT_5vsA_ctrl involved metal ion binding, cation bind-
ing, and signaling receptor binding. In WT_7vsA_ctrl,
the Top 3 MF terms with the highest DEGs counts are
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Fig. 3 a UpSet plot and b,c Venn diagram of several genes shared and uniquely expressed within A_ctrl, WT_2, WT_5, and WT_7, as well as between

control and FAdV-8b strain UPMT1901-infected cells

cation binding, receptor regulatory activity, and receptor
ligand activity. These findings proposed that viral replica-
tion processes are uniquely present at 2-dpi, while mem-
brane protein-related processes are abundant at 7-dpi.

KEGG pathway enrichment analyses of DEGs

KEGG pathway analysis was performed to characterize
the functional effects of gene expressions between time
points upon infections of FAdV-8b strain UPMT1901
isolate. 27, 48, and 29 pathways were significantly

reported to be enriched in each time point, respectively.
In WT_2vsA_ctrl, the KEGG terms with the highest
DEGs counts are neuroactive ligand-receptor interaction,
cytokine-cytokine receptor interaction, and influenza A.
In WT_5vsA_ctrl, the Top 3 terms with the highest DEGs
counts are MAPK signaling pathway, neuroactive ligand-
receptor interaction, and cytokine-cytokine receptor
interaction, while in WT_7vsA_ctrl, the neuroactive
ligand-receptor interaction, cytokine-cytokine receptor
interaction, and cell adhesion molecules are the Top 3
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terms with the highest DEGs counts. Figure 9 depicted
that WT_5vsA_ctrl pathways house higher values of
DEGs compared to other time points, altering the most
cellular processes for FAdV-8b infection. Also, inter-
estingly, FAdV-8b triggers similar immune and stress
response as seen in other viral infections such as Influeza
A and Herpes simplex virus 1.

Validation of RNA-sequencing results

RT-qPCR was performed to detect the expression of
one metabolite regulator gene (phosphoenolpyruvate
carboxykinase 1 [PCK1]), one cytoskeletal-related gene
(actin beta [ACTB]), and four inflammatory response
genes (C—C motif chemokine ligand 4 [CCL4], sup-
pressor of cytokine signaling 1 [SOCS1], BCL2 like 1
[BCL2L1], and interleukin 18 receptors 1 [IL18R1]), in all
three-time points. Six significant differentially expressed
genes identified in silico RNA-Seq analysis were chosen
and selected as target genes to be validated via compari-
son with in vitro RT-qPCR. As observed in Fig. 10, the
changed of biological patterns of gene expressions are
consistent between both in silico and in vitro protocols at

all three-time points. Despite the slight differences in val-
ues between log2 fold change of in vitro and the relative
expressions level of in silico, the pattern of the general
expressions was largely consistent, further supporting the
reliability of our RNA-Seq data.

Discussion
FAdV infection has been significant veterinary medicine
and poultry industry concerns for several years, with
increasing reports of IBH-positive outbreak cases in
poultry farmhouses [11]. However, limited understand-
ing of the gene functions involved in the pathogenesis
and mortality of FAdV-8b infection, particularly in IBH
in chickens, hinders progress toward effective control
and prevention strategies. The research on molecu-
lar mechanism studies of FAdV-8b infections remains
understudied. Hence, employing RNA-Seq technology is
an essential step in annotating the pathogenesis of IBH
among chickens by elucidating each of the stages and
mechanisms of infections.

In this project, the relationship between the clinical
signs, gross lesions, and histological findings in FAdV-8b
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UPMT1901-infected chickens provides critical insights
into its pathogenesis. While no mortality or abnormal
signs were observed in the control group, 16.67% mortal-
ity occurred in the infected group, with deaths at 4-dpi.
Similarly, the gross liver lesions in infected chickens
ranged from pale-yellow discoloration and swelling at
early stages to severe friability and worsened texture by
7-dpi, suggesting progressive hepatic damage due to the
infection (Fig. 2b, c, e, f). The firm, yellow discoloration
in the liver of deceased chickens at 4-dpi potentially indi-
cates the changing of color of liver as the first onset of
severe IBH lesions, which the texture change intensi-
fied as the infection progressed. Despite the chance of
survival, infected chickens beyond 5-dpi consistently
displayed significant IBH-related gross lesions, which
requires further studies to explain the potential of indi-
vidual response towards FAdV-8b. Also, the histological
analysis further corroborated these findings, revealing a
strong correlation between gross lesions and microscopic

abnormalities. Infected livers contained prominent
INIBs at 4-dpi (Fig. 2iii), a hallmark of FAdV infection,
reflecting active viral replication at the nuclei and cel-
lular damage [4]. These findings were accompanied by
disrupted hepatocyte architecture and porous sinusoids,
with INIBs becoming less pronounced, but abnormal
liver structures persisting at 7-dpi (Fig. 2vii). This clear
association between gross lesions and the presence of
INIBs highlights their role as key indicators of viral activ-
ity and damage. To confirm that the observed molecu-
lar and transcriptomic changes were directly associated
with FAdV-8b infection, we quantified the viral genome
copy numbers in liver tissues using qPCR. This assay pro-
vided molecular evidence of viral presence in the anal-
ysed samples, which is essential to establish a causal link
between infection and host gene expression changes. In
the infected group, high viral loads were detected as early
as 2-dpi, peaked at 5-dpi, and declined by 7 dpi. In con-
trast, no viral genomes were detected in the uninfected
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control group at any timepoint, validating the specificity
of the assay and the infection status. These findings con-
firm the presence of FAdV-8b at the molecular level in
the infected liver tissues, thereby justifying that the sub-
sequent gene expression changes and alterations in sig-
nalling pathways observed via transcriptomic analysis are
likely direct consequences of viral infection.

FAdV-8Db infection has annotated to separate into three
stages of incubation, degeneration, and convalescence up
to 14-dpi, as proposed from the mortality, gross lesions,
histology, and viral load reported [69]. Nevertheless, the
pathogenesis of IBH disease is expected to remain up to
21-dpi, as several pathological and immunological stud-
ies have reported significant viral load and antibody
detection in the wild-type FAdV-8b strain-infected birds,
regardless of the genetics of chicken species [11, 19, 70,
71]. Upon inspection of the transcriptome profile, FAdV-
8b infection can be categorized into virus incubation with
genetic replication initiation, followed by the early and

late stages of degeneration with major metabolite hijack-
ing, proceeded with a high cell apoptosis. Interestingly, a
higher number of DEGs reported from KEGG analysis is
classified to enrich in immunity, viral replication, and cell
cycle processes were only identified in WT_2 and WT_5,
whereas WT_5 and WT_7 was primarily enriched in
DEGs involved in metabolite hijacking. This suggested
5-dpi of FAdV-8b-infection to include all three major
viral infections activities presence, uniquely in 2- and
7-dpi.

The viral entry of FAdV-8b intricates receptor binding
functions and multiple signaling pathways, followed by
membrane fusion and entry toward the cytoplasmic envi-
ronment of liver cells. At the first stage of infection (0-2-
dpi), we have detected significant down-regulation of
the cell adhesion process, which potentially deregulated
through viral hijacking to prevent cell-cell communica-
tion towards rapid immune response and allowing viral
entry via endosomal activity [72-74]. Previously, this
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downregulation was also reported in both Human adeno-
virus [75] and FAdV-4 infection [15]. Interestingly, within
the infected cells, immune-response-related genes are
reported upregulated, whereas cell-cell adhesions genes
are significantly downregulated. Next, genes involved
in citrate cycle, glycolysis, and gluconeogenesis were
reported to be significantly downregulated to ensure a
successful abundance of viral entry into the cells, altering
aerobic cellular respiration towards an anaerobic mecha-
nism. This pattern is similarly recorded in amino acid
profiling of FAdV-4-infected LMH cells, with the patho-
gen’s ability to restore host’s metabolism into TCA acti-
vation. The reduction in dependency on glucose for ATP
production aligns with the Warburg effect which are seen
in tumour formation and SARS-CoV-2 infection [76, 77],
which alters the aerobic respiration towards lactate pro-
duction and generates pools of nucleotide for viral repli-
cation within the aerobic environment [78, 79]. Similarly
seen in the regulation of pyruvate metabolism, the up-
regulation of LDH family, and down-regulation of ACAT
enzyme, which involves the catabolism of fatty acids in
mitochondria, ensuring the redirection of respiration
in infected cells. Hence, subsequently, 2-dpi is reported
with fatty acids degradation pathway to be significantly
downregulated, with vital ACA and ACS families being

downregulated and inhibiting the production of acetyl-
CoA for bioenergy production in the citrate cycle, as well
as viral envelope synthesis. Similarly, amino acids such as
branched-chain amino acid (BCAA [valine, leucine, and
isoleucine]), tryptophan, beta-alanine, alanine, aspartate,
glutamate, and arginine, as well as carbon, retinol, and
ester derivatives (propanoate and butanoate) metabo-
lism pathways were downregulated. The synergy effect
of reducing ester derivatives and accumulation of lysine
promotes a blocking of viral infection, as seen in SARS-
CoV-2 and Influenza A infection [80]. Adenovirus's
ability to reduce the expression of NOS2 via arginine
biosynthesis mechanism pathway has been elucidated to
lead to a higher rate of replication and evading the host
immune system [81], similar to the downregulations
in 2-dpi of FAdV-8b-infected liver cells. Thus, arginine
depletion in infected cells has been reported to reduce
the viral replication rate of SARS-CoV-2 significantly,
and it has been proposed as a therapeutic intervention
[82-84]. The down-regulation of retinol metabolism in
FAdV-8b-infected cells was also proposed as a viral-reg-
ulated decision as a previous study has hypothesized a
fat-soluble retinol insufficiency may lead to an impaired
immune system, risking significant inflammation against
infection [85]. Due to the current rewiring of glycolysis
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and regular oxidative phosphorylation, the purine metab-
olism pathway is significantly downregulated, which elu-
cidates an accumulation of nucleotides as the building
block of viruses’ unrestrained proliferations [86]. Nev-
ertheless, down-regulation of the BCAA degradation
pathway, which could lead to accumulation of BCAA, is
proposed as an anti-viral response from the host as valine
supplementation into viral hepatitis C virus (HCV)-
patients were reported with ameliorated liver cirrhosis
symptoms and HCV viral load [87]. The differentially
expressed beta-alanine metabolism pathways in this stage
of infection are due to viral hijacking, to create an opti-
mum cellular environment for viral replication via car-
nosine [beta-alanine L-histidine] production, which was
proven to inhibit dengue virus genome replication [88].
Despite the rewiring of metabolism processes at an early
stage of infection, the host’s innate immune responses,
such as cytokine-cytokine receptor interaction, neuroac-
tive ligand receptor interaction, Influenza A, phagosome,
Toll-like receptor (TLR) signaling pathway, and intesti-
nal immune network for IgA production pathways were
significantly upregulated, triggering the innate immune
response to fight against the entry of pathogens, as seen
in FAdV-4 infections [15, 16]. Meanwhile, according
to GO analysis, a set of genes expression utilizing RNA
transcription and DNA replication molecular functions

was only reported to be highly regulated in 2-dpi, sug-
gesting transcription initiation at the ssDNA strand of
FAdV-8b via the host’s system at 2-dpi. These indicate 0-
to 2-dpi as the most crucial time points for host—patho-
gen interaction, to mark the start of bioenergetics and
biosynthetic demands of rapid viral replication by creat-
ing an optimum cellular environment and hidden from
the host immune system via regulating the metabolite
production and sudden onset of ATP, to prompt for the
start of genomic replication.

Invaded viruses regulate the infected host’s cell metab-
olism for replication, production, and release for their
survival [89-91]. At 3—5-dpi, similar gene expression pro-
files enriched in the glycolysis and gluconeogenesis path-
ways are reported between 2- and 5-dpi, suggesting both
of the pathways are a vital process for FAdV-8b infection
in liver cells, a common mechanism of cell adaptation in
various viral infections or viral-caused sepsis [78]. Fur-
thermore, the ATP binding cassette (ABC) transporter
pathway, one of the largest transport proteins superfam-
ily abundance in the lipid-processing cells such as hepa-
tocytes, is significantly downregulated, risking towards
an abnormal lipid metabolism [92]. A declined expres-
sion of ABC transporter has been reported in the livers of
humans infected with hepatitis C, a similar situation seen
in chicken livers infected with FAdV-8b via manifestation
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of INIB [93]. Correspondingly, the down-regulation of
metabolomics pathways at this stage involves the metab-
olism of more metabolites such as nitrogen, a few addi-
tional amino acids (cysteine, methionine, glycine, serine,
and threonine), and proline, also similarly seen in SARS-
CoV-2 infection [94]. Meanwhile, the modulation of
proline is hypothesized to prolong an infection of Heli-
cobacter pylori, as proline flux is reported to coordinated
the optimal growth of Gastric epithelial cells [95-97]. It
was further reported that an abundance of serine antago-
nizes anti-viral innate immunity [98]. At the same time,
glycine supplementation in human reduces possible flu
infections by increasing the extracellular matrix as the
mechanical barrier against infective agents [99], further
elucidating FAdV-8b infected cell's modulation of the
glycine, serine, and threonine metabolism pathway as a
viral hijacking towards host immune response. Abun-
dant list of metabolites have been reported to deregulate
upon FAdV-8b infection significantly marks the start of
the early degeneration stage, which elucidate the collapse
of normal hepatocytes cellular activities, similar to the
hypothesized disease of progression of FAdV-8b from
lesion and histological reports. Interestingly, immune
processes such as apoptosis, phagosome, Influenza A,
Herpes simplex virus 1 infection, neuroactive ligand-
receptor interaction, cytokine-cytokine receptor interac-
tion, TLR, MAPK, and p53 signaling pathways, and more
have significantly began to up-regulate, similarly seen in
FAdV-4 infection of in vitro LMH [41]. During this stage,
peroxisome and its subsequent PPAR signaling path-
way processes were significantly downregulated, further
supporting the notion of viral hijacking of metabolisms
in preparation of a lipid-abundance environment (i.e.
lipid homeostasis), potentially for virion encapsulation
prior to release [100-103], survival, as well as modulat-
ing infections within host [101]. Additionally, the up-
regulation STX12 [104] and F-actin genes [105, 106]
enriched in the phagosome pathway identified at 5-dpi
explicated the robust immune response in the infected
cells via activation of autophagy and internalization into
localized immune cells in the infected liver organ. Similar
immune-related pathways have been identified in both 2-
and 5-dpi, but with larger log2 fold change values at later
stage, leading to further activation and regulation of the
host's innate immune response to fight against the patho-
gens. However, the robust immune response promotes
the FAdV-8b infected organ to be more prone to tissue
damage, organ failure, or death, as seen in two deaths at
4-dpi death reported in this study. Meanwhile, the MAPK
signaling pathway, p53 signaling pathway, NOD-like sig-
naling pathway, and C-type lectin receptor (CLR) signal-
ing pathway are uniquely reported at 5-dpi, interpreted
as significantly upregulated except for FoxO signaling
pathway reported as downregulated. The alteration of
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MAPK [107], CLR [108], and NOD-like signaling path-
way [109] activates the transcription factor and control
the inflammatory cytokines’ expression, while p53 signal-
ing pathway with the up-regulation of CASP family forces
viral-infected cells into apoptosis [110, 111]. Meanwhile,
the modulation of VISTA gene from cell adhesion mol-
ecules pathway and NFKBIA gene from adipocytokine
signaling pathway, also proven to involve in regulation
of T-cells activation in viral-infected cells [112, 113].
Accordingly, these upregulation of immune-related pro-
cesses and down-regulation of cellular metabolism pro-
cesses displayed a complex interplay situation between
FAdV-8b and liver cells, for anti-viral defense or viral
replication. The entry of FAdV-8b indeed induces strong
and robust immune response at 3—5-dpi, while the host’s
liver cells enter a static phase of balanced offensive and
defensive attacks, as well as major manipulation of the
host cell metabolite machinery, in order to produce opti-
mal progeny virion generation [114, 115].

At 6-7-dpi, lesser KEGG pathway processes are sig-
nificantly regulated as compared to the previous stage
of infection of 0- to 2-dpi and 3- to 5-dpi, leading FAdv-
8b-infected liver tissue cells towards control and nor-
mal tissue gene-environment. However, more processes
are differentially expressed from downregulated into
upregulated, such as cell adhesion molecules, phago-
somes, cytokine-cytokine receptor interaction, neuroac-
tive ligand-receptor interaction, metabolism processes
of galactose, fructose, mannose, alanine, aspartate, and
glutamate. In contrast, the PPAR signaling pathways,
amino acid biosynthesis, and cardiac muscle contrac-
tions are downregulated. These displayed the change of
survival strategy from progeny generation into its spread
via cell apoptosis. As compared to the previous stage of
infection, 6-7-dpi has remained dependent on glycolysis
for bioenergy as significant up-regulation of glycolytic
enzymes has been reported [116-118]. Similarly, fruc-
tose, mannose, galactose and carbon metabolism path-
ways are still upregulated to provide ATP for cellular
activities. The up-regulation of genes enriched in the car-
diac muscle contraction pathway, act as critical regulators
for ion-influx and efflux for ATP production emphasiz-
ing the increase of glucose uptake and glycolysis activity.
The redirection from rapid aerobic glycolysis to oxidative
phosphorylation halted the Warburg effect at 7-dpi. This
projected a reduction in lactate production, marking a
reduce rate of FAdV-8b virion encapsulation assembly.
Next, genes involved in a V-type ATPase (ATP6V fam-
ily) enriched in the oxidative phosphorylation pathway
were seen upregulated, potentially involved in endosomal
and lysosomal acidification, as well as autophagy [119],
annotated as a crucial host cell infection step [120]. The
endosomal acidification is reported to escape the endo-
somes post-viral entry by inducing vesicle budding and
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collapsing in diphtheria toxin (DT) of Escherichia coli,
leading to further pathogenesis in E.coli-infected site
[121, 122]. It was expected that the significant up-reg-
ulation of the endosomal acidification to be identified
at 7-dpi due to the robust viral entry, marking the start
of virion release from 6-7-dpi, as well as the constant
immune response from T-cells at the infected site. Hence,
TLR signaling pathway with Myd88 gene, similarly seen
to induced inflammatory response in FAdV-4 infected
chickens [123], cytokine-cytokine receptor interaction
pathway with CCL, IL, and CXCL families, as well as
down-regulation of Prolactin family, indicating constant
immune response at 7-dpi. Nevertheless, the significant
regulation of F-actin to continue the phagosomes activa-
tion and internalization against pathogens, but without
increment of maturation rate via STX12 in 5-dpi. This
indicates that 6-7-dpi responded with on-going anti-
viral defense, yet with lesser cytokine storm, preventing
from major degeneration and ability to still elicit anti-
body via interferons and more. From these three stages
of infections, it is determined that FAdV-8b infection is
specific and targeted, via invading the host with regula-
tion of expression to produce optimal environment for
virion progeny generation. It is then followed by metabo-
lite hijacking for virus survival by buying time and hiding
from anti-viral response, then an imminent cell death for
progeny release to adjacent cells, which eventually leads
to gradual destruction of FAdV-8b infected cells. Virus
regulate cell adhesion molecules via up-regulation to
facilitate the viral release [124].

In this project, the time-interval decision for sampling
in this study had effectively mimics the mortality pattern
of FAdV-8b, allowing a dynamic view of gene expression
changes over time, capturing the progression of the dis-
ease and immune response phases in infected chickens.
Yet, the employment of the newly developed protocol
of single-cell RNA-Sequencing (scRNA-Seq) will allow
a more comprehensive overview of different cell popu-
lations within the liver of chicken, such as hepatocytes,
Kupfter cells, stellate cells, and liver sinusoidal endothe-
lial cells. Although the decision to pool the biological
replicates into one pool omits the biological variations
that could rise from different infected chickens, it is also
recommended to investigate the potential individual
variability after this study by sequencing biological rep-
licates. Nevertheless, technical replicates performed dur-
ing sequencing, strict pre-processing of raw reads, and
holistic annotation against established databases such as
GO and KEGG, facilitate the retrieval of our first tran-
scriptomic profile of FAdV-8b infection, providing basis
for future investigation of the infection.
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Conclusion

The in silico transcriptomic study provided the first
comprehensive, detailed and novel insights on the holis-
tic IBH-positive liver tissue infected with FAdV-8b in a
temporal manner. The age of SPF chickens carried out in
this study mimics the young poultry age susceptible to
FAdV-8b infection from the environment, ensuring the
findings retrieved closely reflect the target host popula-
tion, although without capturing the full timeline of the
infection process, stopping at 7-dpi. Nevertheless, the
findings mentioned upon the fate of the liver, accumula-
tion of activated immune cells post-triggering of immune
response up to 7-dpi, as well as the rewiring of the envi-
ronment for viral survival have elucidated a major inter-
play that fully depends on the strength and prowess of
both the pathogen and the host such as metabolite hijack-
ing which peaked at 5-dpi. The data obtained through
this study proposed the mechanisms behind the FAdV-
8b invasion in a series of timelines, from early viral inva-
sion towards the establishment of the adaptive immune
response state. The abnormal lipid metabolism observed
in gross lesions, histological findings, and regulated fatty
acid metabolism pathways in FAdV-8b infected liver tis-
sues may play a significant role in pathogen infection,
influencing both viral propagation and immune evasion.
Overall, the data obtained elucidate the complexity of
FAdV-8b and host interactions, which can be utilized as
the building blocks for novel putative molecular targets
for prognostic assessment, or as an ameliorative inter-
vention for vaccine production or amino acid therapy.
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