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Transcriptomic analysis revealed ferroptosis
in ducklings with splenic necrosis induced
by NDRV infection

HongzhiWang'"®, Chenchen Jiang'", Boyi Xu', Di Lei', Rendong Fang'” and Yi Tang®’

Abstract

Infection with novel duck reovirus (NDRV) results in severe splenic necrosis, leading to immunosuppression, second-
ary infections with other pathogens, and impairment of the immune effect of the vaccine. However, little is known
about NDRV-induced spleen injury and its antagonistic mechanism on the host immune response. In this study, we
conducted pathological and comparative transcriptomic analyses of NDRV-infected duck spleens. Our findings elu-
cidated the histopathological progression of splenic necrotic foci formation following NDRV infection and identified
splenic macrophages as the primary target cells. RNA-Seq analysis revealed differentially expressed genes that were
enriched predominantly in immune system processes, signalling molecules and interactions, and pathways related
to cell growth and necrosis. Notably, we observed a significant upregulation of ferroptosis during NDRV infection,
characterized by the induction of specific metabolism-related genes such as TfR1, Hmox1, and STEAP3, along-

side the downregulation of Fpn expression. Our findings collectively indicate the involvement of ferroptosis in spleen
injury induced by NDRV infection. Investigating the mechanism of NDRV-induced ferroptosis in spleen macrophages
will contribute to a comprehensive understanding of the pathogenesis associated with NDRV.
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Introduction segmented RNA viruses whose genomes are divided

Avian orthoreovirus (ARV) is a globally circulating
immunosuppressive pathogen in poultry that infects
various avian species, including chickens, ducks, geese,
turkeys, and wild birds. It causes a variety of diseases,
such as viral arthritis, tenosynovitis, growth retarda-
tion, and chronic respiratory diseases [1, 2]. ARVs are
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into three groups (large, middle, and small) compris-
ing 10 segments. The S1 gene encodes three proteins,
resulting in 12 translation products in total [3]. Among
these proteins, the oC protein plays a crucial role as
the secondary capsid protein by facilitating virus
attachment to host cells and inducing specific neu-
tralizing antibody production during viral pathogen-
esis [4]. The oC protein-coding gene is also the most
susceptible gene segment in ARVs under continuous
immune selection pressure [5]. Furthermore, duplica-
tion of the ARV genome occurs after segment classifi-
cation and packaging, which contributes significantly
to its high susceptibility to gene recombination during
mixed infections [6]. In recent years, the accumula-
tion of point mutations, genetic recombination, cross-
host transmission, and successful adaptation of new
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variants of ARV have resulted in large-scale epidemics
that pose significant challenges to poultry health and
economic production [1, 7, 8].

China is a prominent country for waterfowl breed-
ing. Since the initial report of ARV infection in Mus-
covy ducks in 1997, a series of diseases have emerged,
including “Muscovy duck mosaic liver disease” caused
by Muscovy duck orthoreovirus infection, “Gos-
ling hemorrhagic necrotic hepatitis” caused by goose
orthoreovirus infection [9], “Duck necrotizing hepa-
titis” caused by novel Muscovy duck orthoreovirus
infection [10], and “Duck splenic necrosis disease”
caused by duck orthoreovirus infection [11]. In 2017,
we reported the prevalence of a novel variant of duck
orthoreovirus (NDRYV), characterized by increased
pathogenicity, increased clinical mortality rates, and
severe splenic necrosis in infected ducks [8]. However,
the pathogenesis of NDRV-induced splenic necrosis
and severe immunosuppression remains elusive. Eluci-
dating the target cells invaded by NDRV in the spleen
and unravelling the molecular mechanism through
which NDRYV regulates host cell injury are imperative.

The investigation of ARV-induced host cell damage
was initiated in 1989 [12]. ARV can trigger the apop-
tosis of multiple avian and mammalian cell types [13]
while also inducing autophagy through the PI3K/Akt/
mTOR pathway and interacting with the host candidate
target protein EFlal [14, 15]. During ARV infection,
autophagy is induced in Vero and DF-1 cells during the
early to middle stages of infection, followed by apop-
tosis induction during the middle and late stages [16].
In terms of immunosuppression, O’Hara proposed
that ARV exhibits tropism for macrophages [17], and
the target cells of Muscovy DRV infection also include
macrophages and lymphocytes in the spleen. However,
despite ARV being an important immunosuppressive
pathogen, relatively limited attention has been given to
understanding the mechanism of immune cell damage
caused by ARV infection.

In conclusion, further investigations are needed to
elucidate the mechanism underlying the development
of splenic necrosis induced by NDRV and the molec-
ular processes involved in host cell injury within the
spleen. This study focused on ducklings infected with
NDRYV as an experimental model and employed hae-
matoxylin—eosin (HE) staining, immunohistochemis-
try, and RNA-Seq techniques to investigate both the
dynamic changes and the molecular mechanisms asso-
ciated with splenic necrosis. The identification of dif-
ferentially expressed genes (DEGs) and novel forms of
programmed cell death provides valuable insights for
understanding the pathogenesis of NDRV.
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Materials and methods

NDRYV infection experiment in ducklings and sample
collection

The 1-day-old healthy ducklings used in this study were
obtained from a commercial hatchery located in Chong-
qing. After NDRV virus infection and negative serum
antibody testing, each duckling in the infection group
was intravenously injected with a dose of 10° TCIDg,
of the NDRYV strain (#=45). As a control, 45 ducklings
were similarly injected with saline. The ducklings were
housed in groups within an isolator, and daily observa-
tions and symptom recording were conducted. At 1, 2, 3,
5,7,9,11, 13 and 15 days post-infection (dpi), euthanasia
was performed on the 6 ducklings (3 infected and 3 con-
trols) via intravenous injection of pentobarbital sodium
(New Asiatic Pharmaceutical, Shanghai China), followed
by an examination of pathological changes in the spleen
during autopsy. Concurrently collected spleen samples
were prepared as paraffin-embedded tissue sections and
single-cell suspensions. In accordance with conventional
methods, histopathological observation was performed
on paraffin sections stained with HE, and immunohis-
tochemistry was employed for the detection of prepared
paraffin sections [18].

Repair of a single-cell suspension from the spleen

The spleens of ducklings in both the infected and control
groups were promptly harvested on a bedstand treated
with RNaseZap solution (Ambion, Austin, Texas, USA)
and rinsed with precooled DEPC water to eliminate any
traces of blood. The spleen was subsequently placed in a
sterile dish, where the connective tissue and spleen cap-
sule were carefully removed before being transferred
to a 200-mesh cell sieve for mincing and grinding [19].
Following thorough grinding, the resulting cell suspen-
sion was collected by flushing the screen with whole
blood and tissue cell mixture and then filtered through a
40-micron filter to obtain a duckled spleen cell suspen-
sion, which was utilized for total RNA extraction.

RNA extraction, library preparation and RNA sequencing

The RNeasy Plus Micro Kit (Qiagen, Hilden, NRW, Ger-
many) was utilized for the extraction of total RNA from
suspensions following the manufacturer’s instructions.
The quantity and quality of the RNA were assessed via
an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA,
USA). RNase-free DNase I (Ambion, Austin, Texas, USA)
treatment was subsequently applied to eliminate poten-
tial genomic DNA contamination in the RNA samples.
Purification was performed via the use of poly-T oligo-
attached magnetic beads (Ambion, Austin, Texas, USA),
and fragmentation into 200-300 bp fragments occurred.
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First-strand cDNA synthesis was performed with reverse
transcriptase with random 6-base primers utilizing
RNA as a template. The second-strand cDNA was sub-
sequently synthesized on the basis of the first-strand
cDNA, and the 3’ ends of the DNA fragments were ade-
nylated. PCR amplification enriches library fragments,
which are then selected on the basis of fragment size,
resulting in a library of 300—400 bp in length [20]. Finally,
paired-end sequencing with 150 bp reads was conducted
in the library via an Illumina HiSeq 2000 sequencer at
Personal Biotechnology Co., Ltd. (Personal Bio, Shanghai,
China).

Quality analysis, mapping, and transcriptome assembly
Cutadapt software was used for the removal of adap-
tors, poly-N sequences, and low-quality data. The qual-
ity assessment of the sequencing data was performed via
FastQC software. The filtered clean reads were de novo
spliced via Trinity software to obtain contigs for each
sample, which were subsequently assembled as unigene
sequences. The clean reads were aligned to the Anas
platyrhynchos genome via TopHat2 software (Baltimore,
MD, USA), and the mapping rate of the sequencing data
was calculated [21].

Differential expression analysis

The clean reads were normalized as transcripts per mil-
lion (TPM) via the reads per kilobase million (RPKM)
method, and differential gene expression between the
NDRV-infected and mock groups was calculated. DESeq
software was used to analyse the differential expression of
genes [22]. Differences in mRNA expression were consid-
ered significant if the adjusted P value (FDR) was<0.05
and the log,|fold change| was > 1.5.

Annotation and enrichment analysis

TopGO software was used for Gene Ontology (GO)
enrichment analysis, and the gene list and the number of
each term were determined on the basis of DEGs anno-
tated by GO terms. Following GO functional annotation,
Kyoto Encyclopedia of Genes and Genomes (KEGG)
automatic annotation was employed to identify the loca-
tions of the DEGs in signalling pathways and regula-
tory relationships [23]. Significantly enriched GO terms
were identified with a corrected P<0.05, whereas KEGG
pathways with a P<0.05 were considered significantly
enriched by DEGs.

Quantitative real-time PCR validation

To validate the reliability of the RNA-seq data, a subset
of 12 DEGs was randomly selected for quantitative real-
time PCR (qRT-PCR). Each sample was subjected to
three biological replicates, and the duck [B-action gene

Page 3 of 10

was utilized as an internal reference gene. The qRT-PCRs
were conducted on a LightCycler96 Real-Time PCR
instrument (Roche, USA) with specific primers designed
via Primer 5 software (Additional file 1). The relative
expression levels were normalized to those of the refer-
ence gene B-actin via the 2724 method. All the data are
presented as the means+standard deviations from three
replicates. Statistical differences in gene expression were
analysed via one-way analysis of variance in SPSS soft-
ware (IBM, IL, USA). A P<0.05 was considered statisti-
cally significant.

Results

Pathological alterations associated with splenic necrosis
induced by NDRV

The pathological examination revealed splenomegaly and
scattered necrotic lesions in the NDRV-infected duck-
ling at 2 dpi, which became severe splenic necrosis at 5
and 7 dpi, with almost complete replacement of normal
tissue by necrotic foci. However, gradual resolution of
splenic necrosis was observed at 15 dpi (Figure 1A). His-
topathological examination revealed severe splenic pulp
congestion at 2 dpi. At 5 dpi, localized tissue necrosis and
disintegration were observed, accompanied by splenic
congestion and reduced lymphocyte counts. At 11 dpi,
extensive necrosis and disintegration of the splenic tis-
sue, thickening of the vascular walls, and accumulation of
a significant number of lymphocytes on the medial side
were evident. At 15 dpi, fibrous tissue replaced the previ-
ously necrotic area in the spleen, while scattered lympho-
cytes remained (Figure 1B). At 5 dpi, brownish-yellow
macrophages were observed. At 9 and 11 dpi, a signifi-
cant number of positively stained macrophages were
detected (Figure 1C).

Identification of DEGs and gene expression profiles
associated with splenic necrosis

The quality control results of the RNA-Seq data revealed
that the average number of clean reads in the sequencing
samples was 47 235 889, and the Q30 score ranged from
93.95 to 94.65% (Additional file 2). The comparison effi-
ciency of the filtered clean reads to the reference genome
was 88.10% for the control group and 88.56% for the
infection group on average (Additional file 3). The DEGs
were screened on the basis of the per-established crite-
ria, resulting in the identification of a total of 2658 DEGs
following NDRYV infection, with 1714 genes exhibiting
upregulation and 944 genes showing downregulation.
The number of DEGs at 1 dpi was 446, whereas at 2, 3, 5,
and 7 dpi, it reached staggering counts of 484, 658, 586
and 484, respectively (Figure 2A). A Venn diagram illus-
trates the overlap between these sets of DEGs at various
time points following infection (Figure 2B).
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Figure 2 DEGs were identified during splenic necrosis following NDRV infection. A Statistics of the number of upregulated
and downregulated DEGs; B Venn diagram of DEGs at different time points post infection.

Analysis of GO terms and KEGG pathways enriched

by DEGs

To elucidate the molecular mechanism underlying
spleen necrosis and immunosuppression triggered by
NDRYV infection, we performed GO and KEGG enrich-
ment analyses of the DEGs. The top 20 terms with
highly significant differences at each time point after
NDRYV infection were associated primarily with bio-
logical functions such as the immune response, stress
response, and biological regulation (Figure 3). Upon
correlating the DEGs with systemic functions, a total
of 14, 27, 22, 28, and 18 signalling pathways were sig-
nificantly enriched at 1, 2, 3, 5, and 7 dpi, respectively
(Additional file 4). Following NDRYV infection in spleen

cells, the biological functions of the DEGs were pre-
dominantly enriched in areas such as the immune
system, signalling molecules and interactions, sig-
nal transduction, cell growth and death, and immune
diseases.

Meta-analysis of DEGs and enriched pathways implicated
in cellular injury

To identify DEGs associated with cellular damage, we
screened genes that were differentially expressed in rela-
tion to cell death. A total of 156 genes involved in the reg-
ulation of cell death were identified. Analysis of cell death
patterns and signalling pathways revealed that apoptosis,
necrosis, and ferroptosis were the primary modes of cell
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Figure 3 Gene Ontology enrichment of DEGs. A 1 dpi; B 2 dpi; C 3 dpi; D 5 dpi; E 7 dpi.

death observed in spleen cells following NDRYV infection.
The signalling pathways primarily involved in regulating
cell death are the HIF-1 signalling pathway, the ECM-
receptor interaction pathway, the PI3K-Akt signalling
pathway and the TNF signalling pathway (Figure 4A).
The significant differences observed among these three
modes of cell death indicated the crucial role played by
ferroptosis in inducing splenic necrosis during NDRV
infection (Figure 4B).

Expression profile of DEGs in the ferroptosis pathway

NDRYV infection resulted in significant alterations in the
expression of 16 genes associated with ferroptosis, with
DEGs involved primarily in iron metabolism, the system
%, /GPx4 pathway and the lipid metabolism pathway. The
expression of iron metabolism-related genes, including
transferrin TF, TfR1, ACO1, and NCOA4, was upregu-
lated following NDRYV infection (Figure 4C). Conversely,
the expression of Fpn was downregulated. The expres-
sion of Hmox1 was upregulated, thereby facilitating the
release of iron ions from heme. The DEGs associated
with iron metabolism suggest that NDRV may modulate
host cell susceptibility to ferroptosis by altering intracel-
lular iron homeostasis. The expression levels of GPx4 and

the GSH metabolism-related genes BLVRB, ME1, and
CHACI1 were found to be upregulated in various pro-
grams following NDRV infection. Additionally, the lipid
metabolism-related genes ACSL1 and LPCATS3 presented
increased expression. Furthermore, the regulation of fer-
roptosis by NDRV may involve the p53-SAT1-ALOX15
and ATG5-ATG7-NCOA4 pathways, as significant
upregulation of the expression of the SAT1 and NCOA4
genes associated with this pathway was observed.

Identification and functional analysis of DEGs related

to innate immunity

Immunosuppression has emerged as a pivotal deter-
minant of host injury induced by NDRV. The screening
and functional identification of DEGs associated with
innate immunity revealed that the biological functions
related to the immune response were associated primar-
ily with antigen processing and presentation, the RIG-
I-like receptor signalling pathway, the Toll-like receptor
signalling pathway, the JAK-STAT signalling pathway,
the NF-«B signalling pathway, and cytokine—cytokine
receptor interactions following NDRV infection (Fig-
ure 5). Toll-like receptors are crucial for the recogni-
tion of viral infection by the host. The JAK-STAT and
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NEF-«kB signalling pathways play pivotal roles in the cel- (TLR2, TLR5, etc.), signalling transducers and regulators
lular inflammatory response, immune response, and (STAT1, STAT2, IRF7, CARDY, etc.), chemokines (CCL3,
signal transduction, underscoring the importance of the ~ CCL5, CCL19, etc.), antigen-presenting proteins (CD3,
host’s innate immune response following NDRV infec- CD8), interleukins and their receptors (IL8, IL10, IL12A,
tion. The expression of pattern recognition receptors etc.) was significantly upregulated following infection.



Wang et al. Veterinary Research (2025) 56:54

Validation of the expression profile of DEGs

To further validate the expression profile of the DEGs
identified via RNA-Seq, we selected 12 DEGs associated
with innate immunity and ferroptosis for qPCR valida-
tion. As shown in Figure 6, the changes in the expression
of the DEGs detected via qRT-PCR were consistent with
the results obtained via RNA-Seq analysis. However,
there were instances where the expression trends at spe-
cific time points did not exhibit a complete correlation
(TfR1). Overall, the qPCR validation substantiated the
reliability of the RNA-Seq data.

Discussion

NDRV infection induces duck splenic necrosis, which
subsequently leads to immunosuppression, second-
ary infections by other pathogens, and impairment of
vaccine-induced immune responses, resulting in signifi-
cant economic losses in the duck industry [8, 24]. How-
ever, few studies have been conducted on spleen injury
induced by NDRYV infection, particularly regarding the
histological changes and gene expression patterns of the
spleen. This study aimed to investigate target cells in
the spleen following NDRYV infection and identify DEGs
under various pathological conditions via histopathology,
immunohistochemistry analysis, and RNA-Seq technol-
ogy. These findings hold significant reference value for
elucidating the interaction mechanism between NDRV
and its host.

ARV exhibits tropism for macrophages [17], and the
target cells of MDRYV infection include both macrophages
and lymphocytes within the spleen. Similarly, in a sin-
gle-cell resolution transcriptomic analysis of the bursa
of Fabricius after infection with DRV, the proportions
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of dendritic cells (DCs) and macrophages significantly
increased at 14 dpi with the HN10 strain of DRV. This
finding underscores the critical role of DCs and mac-
rophages in the long-term viral response [25]. Mac-
rophages possess migratory properties that potentially
contribute to the dissemination of viral infections [26].
This study provides evidence that splenic macrophages
serve as the primary target cells for NDRV infection,
thereby indicating a significant association between the
formation of necrotic foci in the spleen and injury to
macrophages. Macrophages play a pivotal role in host
immunity against infection [27]. Pathogen invasion of
macrophages not only facilitates the dissemination and
persistence of infection by impairing phagocytosis and
antigen presentation [28] but also triggers macrophage
death through diverse mechanisms, thereby exacerbating
tissue damage [29]. Subsequent RNA-Seq investigations
revealed substantial enrichment of ferroptosis following
NDRYV infection. Macrophages are integral to the regu-
lation of host iron metabolism. In 2017, it was initially
reported that iron accumulation could induce ferropto-
sis in macrophages, and subsequent investigations dem-
onstrated that Fer-1 could rescue liver damage caused by
iron accumulation [30]. Within 2—4 h post fungal infec-
tion, macrophages exhibited a pronounced response in
iron metabolism characterized by the upregulation of
TfR1, DMT1, and ZIPs, along with the transcriptional
downregulation of Fpn [31]. These findings suggest a
potential association between macrophage iron metabo-
lism, ferroptosis, and tissue damage.

Ferroptosis, an emerging form of regulated cell death,
has been demonstrated to play a significant role in viral
replication, transmission, and pathogenesis [32]. This
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includes its involvement in the infection and pathogen-
esis of avian influenza virus (AIV) [33], Newcastle dis-
ease virus (NDV) [34], infectious bronchitis virus (IBV),
porcine reproductive and respiratory syndrome virus
(PRRSV) [35], Staphylococcus aureus (S. aureus) [36],
and other pathogens affecting livestock and poultry.
IBV infection is a significant pathogenic factor in avian
gout. Research has revealed that IBV infection induces
disruptions in iron metabolism and glutathione (GSH)
metabolism within the chicken kidney, resulting in the
accumulation of lipid peroxides and subsequent host cell
death. This pathological phenomenon may serve as a cru-
cial mechanism underlying IBV-induced kidney injury
in chickens. Furthermore, ferroptosis plays a prominent
role in the pathogenesis of swine influenza virus (SIV).
The aberrant expression of the iron-binding protein (IBP)
following SIV infection disrupts intracellular iron metab-
olism, triggering host cell ferroptosis and facilitating viral
proliferation, ultimately leading to severe acute respira-
tory disease [37].

The DEGs related to iron metabolism induced by
NDRYV infection were implicated in the transport, stor-
age, and release of iron ions, indicating the crucial role of
the iron metabolism pathway in NDRV-mediated regula-
tion of host cell ferroptosis. As TfR1 is the main recep-
tor protein that mediates iron entry into most cells, its
expression has been the focus of many studies, and cells
with high TfR1 expression are more sensitive to ferrop-
tosis induced by erastin because of their intake of more
iron ions [38]. A study of pathological myocardial hyper-
trophy revealed that circCmss upregulates TfR1 expres-
sion to induce ferroptosis in cardiomyocytes [39]. Nrf2,
HSPBI1, and other genes can regulate TfR1 expression and
affect iron metabolism to modulate cellular sensitivity to
ferroptosis [40, 41]. The induction of NDRV resulted in
the upregulation of NCOA4 expression. NCOA4 facili-
tates the targeting of ferritin to lysosomes for autophagic
degradation, leading to the release of iron ions, a process
known as ferritinophagy [42]. An investigation of ferrop-
tosis induced by NDV in tumor cells revealed that NDV
triggers ferritin autophagy, leading to iron ion release and
an enhanced Fenton reaction. Consequently, this pro-
motes cellular ferroptosis and facilitates virus replication
[34].

After viral infection, recognition of pathogen-associ-
ated molecular patterns (PAMPs) by the pattern recogni-
tion receptors (PRRs) of host cells initiates the signalling
cascade of the innate immune response [43]. Toll-like
receptors (TLRs) primarily mediate the recognition
of RNA viruses [44]. This study revealed a significant
increase in the expression levels of TLR2 and TLR5 fol-
lowing NDRV infection. Additionally, the NOD-like
receptor and RIG-I-like receptor pathways have been
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implicated in the immune response of spleen cells after
NDRYV infection. Infection with ARV significantly upreg-
ulated the mRNA expression levels of TLR3 and TLR5
in host cells [45, 46]. MRV was found to induce innate
immune responses in dendritic cells through RIG-I and
MDAS and activate the PI3K/Akt signalling pathway via
clathrin-mediated endocytosis, leading to downstream
EMSY phosphorylation and the regulation of ISG expres-
sion to inhibit virus proliferation, independent of the
classical IFN-JAK-STAT signalling pathway [46]. NDRV
infection activates the JAK-STAT, PI3K-Akt, NF-kB, and
other signalling pathways. It is necessary to further clar-
ify the interaction between NDRV and signal transduc-
tion proteins in these pathways and its impact on IFN-I
signal transduction. When NDRYV infection triggers the
IEN signalling cascade, this process influences miRNA
expression, subsequently affecting viral RNA expression.
Certain miRNAs exert inhibitory effects on the transla-
tion of NDRV proteins. The interplay between viruses,
IFN, and miRNAs represents a promising direction for
future research [47]. The expression of IL-1B and IL-6
in Vero and DF-1 cells is upregulated during early ARV
infection, promoting cell migration and infection spread
through chemotactic response regulation [48]. While
the production of inflammatory factors is crucial for the
antiviral response, excessive expression can damage host
cells [49], which may explain why NDRV activates IL-17
transcription and upregulates IL-1 and IL-8 transcrip-
tion in the early stage of NDRV infection but is unable to
effectively inhibit NDRV proliferation.

In summary, this study successfully elucidated the pri-
mary target cells and dynamic alterations in cell damage-
associated genes following NDRYV infection, revealing the
pivotal role of ferroptosis in spleen damage. Moreover,
these findings provide substantial data support for fur-
ther investigations into cellular damage and host immune
responses subsequent to avian orthoreovirus infection.
Further exploration of the regulatory mechanism of
NDRYV in ferroptosis and its interplay with other modes
of cell death in splenic necrosis will contribute to a com-
prehensive understanding of the pathogenic mechanisms
underlying NDRV.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513567-025-01479-y.

Additional file 1: Quantitative real-time PCR primers.

Additional file 2: Sequencing data of groups generated by an lllu-
mina HiSeqTM 2000TM sequencer.

Additional file 3: Statistical results of sequencing data mapping to
the reference genome.

Additional file 4: Significantly enriched KEGG pathways of the dif-
ferentially expressed genes.



https://doi.org/10.1186/s13567-025-01479-y
https://doi.org/10.1186/s13567-025-01479-y

Wang et al. Veterinary Research (2025) 56:54

Acknowledgements

We thank Professor Youxiang Diao from Shandong Agricultural University and
Paisenuo Gene Cloud (Shanghai Paisenuo Biotech Co,, Ltd.) for supporting the
data analysis in this paper.

Authors’ contributions

Conceived and designed the experiments: HW, YT. Performed the experi-
ments: HW, DL, BX. Analysed the data: HW, CJ. Contributed reagents/materials/
analysis tools: RF, HW, YT. Wrote the original manuscript: HW, CJ. All authors
read and approved the final manuscript.

Funding

This study was funded by the Fundamental Research Funds for Central Univer-
sity (SWU-KQ22051, SWU-XJPY202305), the Chongging Modern Agricultural
Industry Technology System (CQMAITS202312), the Chongging Science and
Technology Commission (CSTB2023TIAD-LDX0024), and the China Agriculture
Research System (CARS-42-19).

Availability of data and materials
All transcriptome sequencing reads are openly available in the NCBI SRA, refer-
ence number PRINA1174775.

Declarations

Ethics approval and consent to participate

The animal experiments were conducted in accordance with the "Guidelines
for Experimental Animals”of the Ministry of Science and Technology (Beijing,
China) and under the supervision of the Laboratory Animal Center of South-
west University.

Competing interests
The authors declare that they have no competing interests.

Received: 21 October 2024 Accepted: 23 January 2025
Published online: 09 March 2025

References

1. Jiang X, Lin'Y,Yang J,Wang H, Li C, Teng X, Tang Y, Diao Y (2021) Genetic
characterization and pathogenicity of a divergent broiler-origin orthoreo-
virus causing arthritis in China. Transbound Emerg Dis 68:3552-3562

2. Renéta V-K, Szilvia M, Akos T, Katalin S-G, Adam B, Krisztian B (2022) Candi-
date "Avian orthoreovirus B": an emerging waterfow! pathogen in Europe
and Asia? Transbound Emerg Dis 69:e3386-e3392

3. Spandidos DA, Graham AF (1976) Physical and chemical characterization
of an avian reovirus. J Virol 19:968

4. Martinez-Costas J, Grande A, Varela R, Garcia-Martinez C, Benavente J
(1997) Protein architecture of avian reovirus S1133 and identification of
the cell attachment protein. J Virol 71:59-64

5. ChenH,Yan M, Tang, Diao Y (2019) Pathogenicity and genomic charac-
terization of a novel avian orthoreovius variant isolated from a vaccinated
broiler flock in China. Avian Pathol 48:334-342

6. Jiang X, Yao Z, He D, Wu B, Wei F, Li G, Wu Q, Tang Y, Diao Y (2022)
Genetic and pathogenic characteristics of two novel/recombinant avian
orthoreovirus. Vet Microbiol 275:109601

7. Jiang X, Wei F, He D, Niu X, Wu B, Wu Q, Tang Y, Diao Y (2023) Co-circula-
tion of multiple genotypes of ARV in poultry in Anhui, China. Avian Pathol
52:389-400

8. Wang H, Gao B, Chen H, Diao Y, Tang Y (2019) Isolation and characteriza-
tion of a variant duck orthoreovirus causing spleen necrosis in Peking
ducks, China. Transbound Emerg Dis 66:2033-2044

9. YunT,YeW,NiZ ChenL, YuB,HuaJ, Zhang Y, Zhang C (2012) Complete
genomic sequence of goose-origin reovirus from China. J Virol 86:13143

10. Wang D, Xu F, Ma G, Zhang C, Huang Y, Li H, Zhang D (2012) Complete
genomic sequence of a new muscovy duck-origin reovirus from China. J
Virol 86:12445

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 9 of 10

. LiuQ Zhang G, Huang Y, Ren G, Chen L, Gao J, Zhang D, Han B, Su W,

Zhao J, Hu X, Su J (2011) Isolation and characterization of a reovirus caus-
ing spleen necrosis in Pekin ducklings. Vet Microbiol 148:200-206
Roessler DE, Rosenberger JK (1989) In vitro and in vivo characterization
of avian reoviruses. Ill. Host factors affecting virulence and persistence.
Avian Dis 33:555-565

Labrada L, Bodelon G, Vinuela J, Benavente J (2002) Avian reoviruses
cause apoptosis in cultured cells: viral uncoating, but not viral gene
expression, is required for apoptosis induction. J Virol 76:7932-7941
Meng S, Jiang K, Zhang X, Zhang M, Zhou Z, Hu M, Yang R, Sun C, Wu Y
(2012) Avian reovirus triggers autophagy in primary chicken fibroblast
cells and Vero cells to promote virus production. Arch Virol 157:661-668
Zhang Z, Lin W, Li X, Cao H, Wang Y, Zheng S (2015) Critical role of
eukaryotic elongation factor 1 alpha 1 (EEF1AT) in avian reovirus
sigma-C-induced apoptosis and inhibition of viral growth. Arch Virol
160:1449-1461

Lin PY, Chang CD, Chen YC, Shih WL (2015) RhoA/ROCK1 regulates avian
reovirus S1133-induced switch from autophagy to apoptosis. BMC Vet
Res 6:103

. O'Hara D, Patrick M, Cepica D, Coombs KM, Duncan R (2001) Avian

reovirus major mu-class outer capsid protein influences efficiency of
productive macrophage infection in a virus strain-specific manner. J Virol
75:5027-5035

Janardhan KS, Jensen H, Clayton NP, Herbert RA (2018) Immunohisto-
chemistry in investigative and toxicologic pathology. Toxicol Pathol
46:488-510

Reichard A, Asosingh K (2019) Best practices for preparing a single

cell suspension from solid tissues for flow cytometry. Cytom Part A
95:219-226

Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL
(2015) StringTie enables improved reconstruction of a transcriptome
from RNA-seq reads. Nat Biotechnol 33:290-295

Trapnell C, Pachter L, Salzberg SL (2009) TopHat: discovering splice junc-
tions with RNA-Seq. Bioinformatics 25:1105-1111

Anders S, Huber W (2010) Differential expression analysis for sequence
count data. Genome Biol 11:R106

Mao X, Cai T, Olyarchuk JG, Wei L (2005) Automated genome annota-
tion and pathway identification using the KEGG Orthology (KO) as a
controlled vocabulary. Bioinformatics 21:3787-3793

Wang H, Wang Y, Gao B, Zhang S, Diao Y, Tang Y (2020) Evidence of
vertical transmission of novel duck orthoreovirus in ducks. Vet Microbiol
251:108861

YunT, Hua J, Ye W, Chen L, Ni Z, Zhu'Y, Zheng C, Zhang C (2024) Single-
cell transcriptional profiling reveals cell type-specific responses to duck
reovirus infection in the Bursa of Fabricius of Cairna moschata. Int J Biol
Macromol 281:136391

Moghaddam AS, Mohammadian S, Vazini H, Taghadosi M, Esmaeili SA,
Mardani F, Seifi B, Mohammadi A, Afshari JT, Sahebkar A (2018) Mac-
rophage plasticity, polarization, and function in health and disease. J Cell
Physiol 233:64215-66440

Wang R, Zhang YJ (2014) Antagonizing interferon-mediated immune
response by porcine reproductive and respiratory syndrome virus.
Biomed Res Int 2014:315470

Malik MS, Bjargen H, Nyman IB, Wessel O, Koppang EO, Dahle MK, Rim-
stad E (2021) PRV-1 infected macrophages in melanized focal changes
in white muscle of Atlantic salmon (Salmo salar) correlates with a pro-
inflammatory environment. Front Immunol 29:664624

Santos LD, Antunes KH, Muraro SP, Souza GF, Silva AG, Felipe JS, Zanetti
LC, Czepielewski RS, Magnus K, Scotta M, Mattiello R, Matio F, Souza
APU, Weinlich R, Vinolo MAR, Porto BN (2021) TNF-mediated alveolar
macrophage necroptosis drives disease pathogenesis during respiratory
syncytial virus infection. Eur Respir J 57:2003764

Wang H, An P, Xie E, Wu Q, Fang X, Gao H, Zhang Z, LiY, Wang X, Zhang J,
Li G, Yang L, Liu W, Min J, Wang F (2017) Characterization of ferroptosis in
murine models of hemochromatosis. Hepatology 66:449-465

Adhikari B, Scindia Y, Vieira LS, Ribeiro HAL, Masison J, Yang N, Fonseca LL,
Wheeler M, Knapp AC, Mei Y, Heiba B, Atkinson C, Schroeser W, Mehrad
B, Laubenbacher R (2022) Computational modeling of macrophage

iron sequestration during host defense against Aspergillus. mSphere
7:€0007422



Wang et al. Veterinary Research (2025) 56:54

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

Gao J,Wang Q, Tang Y-D, Zhai J, Zheng C (2023) When ferroptosis meets
pathogenic infections. Trends Microbiol 31:468-479

YinY,YuS, SunY,QinT, Chen S, Ding C, Peng D, Liu X (2020) Glycosylation
deletion of hemagglutinin head in the H5 subtype avian influenza virus
enhances its virulence in mammals by inducing endoplasmic reticulum
stress. Transbound Emerg Dis 67:1492-1506

Kan X, YinY, Song C, Tan L, Qiu X, Liao Y, Liu W, Meng S, Sun Y, Ding C
(2021) Newcastle disease virus induced ferroptosis through nutrient
deprivation and ferritinophagy in tumor cells. iScience 24:102837

Tang X, Wang C, Sun W, Wu W, Sun S, Wan J, Zhu G, Ma N, Ma X, Xu R,
Yang Q, Dai Y, Zhou L (2023) Evaluating anti-viral effect of Tylvalosin
tartrate on porcine reproductive and respiratory syndrome virus and
analyzing the related gene regulation by transcriptomics. Virol J 20:79
Wang F, Wang R, Liu H (2019) The acute pulmonary toxicity in mice
induced by Staphylococcus aureus, particulate matter, and their combi-
nation. Exp Anim 68:159-168

Cheng J, Tao J, Li B, Shi'Y, Liu H (2022) Swine influenza virus triggers fer-
roptosis in A549 cells to enhance virus replication. Virol J 19:104

Feng H, Schorpp K, Jin J, Yozwiak CE, Hoffstrom BG, Decker AM, Rajb-
handari P, Stokes ME, Bender HG, Csuka JM, Upadhyayula PS, Canoll P,
Uchida K, Soni RK, Hadian K, Stockwell BR (2020) Transferrin receptor is a
specific ferroptosis marker. Cell Rep 30:3411-3423

Xu Q, Liu J, Zhu R, Huang W, Huang H, Liu J, Xu X, Zhou X (2023) NSD2
promotes pressure overload-induced cardiac hypertrophy via activating
circCmiss1/TfR1/ferroptosis signaling. Life Sci 328:121873

Yang Y, Lin'Y, Wang M, Yuan K, Wang Q, Mu P, Du J, Yu Z, Yang S, Huang
K,Wang, Li H, Tang T (2022) Targeting ferroptosis suppresses osteocyte
glucolipotoxicity and alleviates diabetic osteoporosis. Bone Res 10:26
Sun X, Ou Z, Xie M, Kang R, Fan'Y, Niu X, Wang H, Cao L, Tang D (2015)
HSPB1 as a novel regulator of ferroptotic cancer cell death. Oncogene
34:5617-5625

Mancias JD, Wang X, Gygi SP, Harper JW, Kimmelan AC (2014) Quanti-
tative proteomics identifies NCOA4 as the cargo receptor mediating
ferritinophagy. Nature 509:105-109

Zhu H, Zheng C (2021) When PARPs meet antiviral innate immunity.
Trends Microbiol 29:776-778

Lund JM, Alexopoulou L, Sato A, Karow M, Adama NC, Gale NW, Iwasaki A,
Flavell RA (2004) Recognition of single-stranded RNA viruses by Toll-like
receptor 7. Proc Natl Acad Sci 101:5598-5603

Lostalé-Seijo |, Martinez-Costas J, Benavente J (2016) Interferon induction
by avian reovirus. Virology 487:104-111

Chen Z, Luo G, Wang Q Wang S, Chi X, Huang Y, Wei H, Wu B, Huang S,
Chen J (2015) Muscovy duck reovirus infection rapidly activates host
innate immune signaling and induces an effective antiviral immune
response involving critical interferons. Vet Microbiol 175:232-243

YunT, Hua J,Ni Z, Ye W, Chen L, Zhu Y, Zhang C (2022) Distinct whole
transcriptomic profiles of the bursa of Fabricius in muscovy ducklings
infected by novel duck reovirus with different virulence. Viruses 15:111
Lin PY, Liu HJ, Liao MH, Chang CD, Chang Cl, Cheng HL, Lee JW, Shih WL
(2010) Activation of PI 3-kinase/Akt/NF-kB and Stat3 signaling by avian
reovirus S1133 in the early stages of infection results in an inflammatory
response and delayed apoptosis. Virology 400:104-114

Livolsi A, Busuttil V, Imbert V, Abraham RT, Peyron JF (2010) Tyrosine phos-
phorylation-dependent activation of NF-kappa B: requirement for p56
LCK and ZAP-70 protein tyrosine kinases. Eur J Biochem 268:1508-1515

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10



	Transcriptomic analysis revealed ferroptosis in ducklings with splenic necrosis induced by NDRV infection
	Abstract 
	Introduction
	Materials and methods
	NDRV infection experiment in ducklings and sample collection
	Repair of a single-cell suspension from the spleen
	RNA extraction, library preparation and RNA sequencing
	Quality analysis, mapping, and transcriptome assembly
	Differential expression analysis
	Annotation and enrichment analysis
	Quantitative real-time PCR validation

	Results
	Pathological alterations associated with splenic necrosis induced by NDRV
	Identification of DEGs and gene expression profiles associated with splenic necrosis
	Analysis of GO terms and KEGG pathways enriched by DEGs
	Meta-analysis of DEGs and enriched pathways implicated in cellular injury
	Expression profile of DEGs in the ferroptosis pathway
	Identification and functional analysis of DEGs related to innate immunity
	Validation of the expression profile of DEGs

	Discussion
	Acknowledgements
	References


