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The whole genome analysis of the wild-type
and attenuated orf virus reveals that ORF022
facilitates viral replication
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Abstract

Background Contagious ecthyma is an acute infectious zoonosis caused by orf virus (ORFV). Live-attenuated ORFV
vaccines have played a crucial role in preventing contagious ecthyma for decades. However, these vaccines often
fail to induce long-lasting immunity. In recent years, numerous ORFV genome sequences have been published, yet
genomic data for attenuated strains remain limited. Furthermore, no comprehensive whole-genome-based single
nucleotide polymorphisms (SNPs) analysis has been conducted to compare ORFV wild-type and attenuated strains.

Results In this study, we performed whole-genome sequencing of ORFV wild-type and attenuated strains from
Shaanxi Province. We identified two ORFV strains with genomes shorter than 130 kb, which are closely related to the
SC1 attenuated strain from Sichuan Province. Additionally, we noticed that 24 genes in the attenuated strain had
SNPs, with the highest number of mutations occurring in the ORF022 gene. The function of the ORF022 gene has not
been previously reported. Through in vitro experiments, we demonstrated that overexpression of ORF022 enhances
ORFV replication in cells. The RNA-sequencing analysis revealed that ORF022 modulates host inflammation-related
signaling pathways, as evidenced by the suppression of TNF, IL-17, and Toll-like receptor signaling pathways.

Conclusions Our findings suggest that the ORF022 in ORFV wild-type strain inhibits the host inflammatory response,
reduces the immune response to ORFV, and facilitates viral replication. SNP events in attenuated strains (aFX0910)

are one of the reasons for its attenuation. Investigations into the genomic sequences of attenuated viruses and the
functional impact of mutated genes provide valuable insights into the mechanisms underlying ORFV attenuation and
offer a foundation for the development of more effective ORFV vaccines.
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Background

Contagious ecthyma (CE), also known as Orf, is a zoo-
notic infectious disease characterized by epithelial lesions
and caused by the Orf virus (ORFV). CE has been widely
reported worldwide [1], with developing countries such
as China and India identified as the predominant regions
for ORFV infections [2, 3]. ORFV primarily infects sheep
and goats but can also transmit to humans and other spe-
cies [4-7]. While infected adult animals typically exhibit
low mortality and high morbidity, the sheep industry
suffers significant economic losses due to high mortal-
ity rates in lambs [8]. Vaccination with live attenuated
vaccines is the primary strategy for CE control, but the
mechanism of immune protection remains unclear, hin-
dering the development of an effective vaccine [9]. A
deeper understanding of attenuated vaccine mechanisms
and the mutational events is essential for the develop-
ment of novel ORFV vaccines.

In our previous study [10], we isolated a wild-type
ORFYV strain (FX0910) from Shaanxi Province and gen-
erated attenuated strains (aFX0910) through continuous
cell passage. Compared to FX0910, aFX0910 exhibited
a delayed cytopathic effect and induced milder patho-
logical lesions in the lips of infected animals. Transcrip-
tomics analyses revealed that aFX0910 downregulated
host innate immune response. Single nucleotide poly-
morphism (SNP) analysis demonstrated amino acid
mutations in both FX0910 and aFX0910 relative to the
reference genome (SA00). However, these studies were
based on transcription levels, and the sequence differ-
ences between FX0910 and aFX0910 remain uncharac-
terized for ORFV as a DNA virus.

The ORFV genome consists of double-stranded DNA
spanning approximately 138—140 kb, with a G+C con-
tent of 64% and 130 putative genes [11]. While numerous
ORFV genome sequences have been published in NCBI
(Table S1), genomic data for attenuated strains remain
scarce. The SC1 strain, obtained through serial in vitro
passage of the SC strain, displays sequence variations
in ORF007, ORF020, and ORF112 genes that likely con-
tribute to its attenuated phenotype [12]. SNP represents
a fundamental and widespread mechanism of viral evo-
lution in nature [13, 14], with insertions and deletions
(INDELSs) constituting another common mutation type.
Currently, no comprehensive whole-genome SNP analy-
sis comparing ORFV wild-type and attenuated strains
has been conducted. Characterizing the SNP events dur-
ing viral passaging in vitro could provide critical insights
into viral attenuation mechanisms.

Elucidating sequence differences between wild-type
and attenuated strains is fundamental to investigat-
ing viral attenuation mechanisms. In this study, we per-
formed whole genome sequencing (WGS) to obtain
sequence information of both FX0910 and aFX0910,
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followed by genomic and SNP analyses. Our results pro-
vided genome-wide information of ORFV strains from
Shaanxi Province, identifying 103 attenuation-associated
SNP events. Notably, ORF022, the gene with the highest
number of mutations, was functionally validated to both
enhance viral replication and suppress host inflammatory
responses, establishing its pivotal role in attenuation. In
conclusion, our study elucidates the protective mecha-
nism of attenuated ORFV strains at the genomic level
and provides insights for selecting targets in novel engi-
neering vaccines.

Materials and methods

Cell culture, viruses, and infection

The ORFV wild-type strain (FX0910) was isolated from
Shaanxi Province, and the attenuated strain (aFX0910)
was obtained by continuous cell passage. The primary
goat lip fibroblasts (GLF) and ORFYV strains used in this
study were kindly provided by Dr. Xiaoting Yao. GLF cul-
ture, virus isolation and amplification were conducted
following the previously established protocols [10]. GLF
were infected with FX0910 or aFX0910 (500 ul of each).
After incubation at 37 °C for 1 h, the viral suspension was
removed and the cells were further incubated in mini-
mum essential medium (ExCell Bio) supplemented with
2% fetal bovine serum (ExCell Bio).

DNA extraction, library construction, and sequencing

Upon observation of cytopathic effect (CPE) in all cells,
they were collected using trypsin (Thermo Fisher Sci-
entific) and DNA was extracted using the TIANamp
Genomic DNA Kit. Subsequently, 1 pug genomic DNA
was digested using EcoRI (NEB), and enzyme Purification
product was interrupted by ultrasound. Following this,
DNA fragments of 200 ~ 400 bp were selected by agarose
electrophoresis and purified using QIAquick PCR Purifi-
cation Kit. DNA terminal repair was performed through
exonuclease, polymerase, and phosphokinase treatment.
After purification using Agencourt AMpure XP magnetic
beads, the 3 ‘terminal addition ‘A’ buffer reaction system
was added. Subsequently, the final DNA library was con-
structed by Polymerase Chain Reaction (PCR) using a
ligation buffer and double-strand sequencing adapters,
with purification of the products carried out using the
AMPure XP system (Beverly, USA). The quality of the
libraries was assessed on the Agilent 5400 system (Agi-
lent, USA) and quantified by real-time PCR (qPCR) to a
concentration of 1.5 nM. Qualified libraries were pooled
and sequenced on Illumina platforms using PE150 strat-
egy (Novogene, Co., Ltd., China), in accordance with the
effective library concentration and required data amount.
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Mapping, assembly and SNPs analysis of whole genome
data

The raw reads were cleaned using Trimmomatic-0.39 [15]
to remove adapters, undetermined bases, and low-quality
base reads. Then, the quality of clean reads was verified
using FastQC-0.11.9 (https://github.com/s-andrews/Fa
stQC). Virus reads were extracted by mapping them to
the ORFYV reference genome (RefSeq assembly accession:
NC_005336.1) using BWA’s mem algorithm and filtered
using the Samtools view command [16]. The sequences
were then assembled and annotated using Megahit-1.2.9
[17] and Liftoff [18], respectively. The complete genome
sequences of FX0910 and aFX0910 have been submit-
ted to GenBank with accession numbers PP943426 and
PP943427. The genome of the FX strains was mapped
using Geneious Prime software (https://www.geneious
.com/features/prime), sequencing depth and coverage
were calculated using BEDtools [19] and visualized using
circlize [20]. Using FX0910 as the reference sequence, a
pileup file was generated with the mpileup command
in Samtools to identify mutation events in the FX0910
strain. The pileup files were annotated using SnpEft [21],
and SNP visualization was performed using circlize and
the ggplot2 package.

Phylogenetic analysis and ORF022 gene bioinformatics
prediction

Multiple sequence alignment of FX0910 and aFX0910
with published ORFV sequences in NCBI was per-
formed using MAFFT [22]. Bayesian phylogenetic trees
were constructed using Bayesian evolutionary analysis by
MrBayes-3.2.7 [23]. The parameters were set as follows:
mcmc ngen = 1,000,000 samplefreq =500 printfreq=1000
diagnfreq = 5000, until the standard deviation of split fre-
quencies is less than 0.01. The resulting tree files were
visualized with iTOL (https://itol.embl.de/). Sequences
homologous to ORF022 in paracoxvirus were collected
for phylogenetic analysis of both nucleotide and amino
acid sequences. Multiple sequence alignment files were
analyzed for sequence identity using BioEdit (https://t
halljiscience.github.io/), and the results were visualized
using the pheatmap function. Bioinformatics predic-
tion of ORF022 based on its amino acid sequence was
conducted, focusing on secondary structure (SOPMA),
tertiary structure (I-TASSER), phosphorylation modifica-
tion site (DTU Health Tech-NetOGlyc-1.0). Finally, 3D
structure visualization of proteins was performed using
UCSF chimera [24].

ORF022 gene subcellular localization

To evaluate the subcellular localization of the ORF022
protein, the ORF022 gene was amplified using FX0910
and aFX0910 genomes as templates, respectively, and
then cloned into the pEGFP-C1 vector (pEGFP-022
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and pEGFP-a022). FX0910-ORF022 was also cloned to
pcDNA3.1 plasmid (pcDNA3.1-022). GLF were either
mock-infected or transfected with pEGFP-022 (or
pEGFP-a022) and harvested at 24 h post-infection (hpi).
Cell samples were fixed with 4% paraformaldehyde for
30 min, followed by permeabilization with Triton X-100
for 15 min after PBS washing. After three additional PBS
washes, nuclear fluorescence staining was performed
using 4, 6-diamidino-2-phenylindole (DAPI) at 37°C for
5 min. Finally, the cells were washed and observed under
an inverted fluorescent microscope (Axio Observer,
ZEISS, Germany).

ORF022 gene transcription dynamics

The dynamics of ORF022 mRNA and the copy number
of ORF022 and ORFV were determined by real-time
PCR. GLF were either mock infected or infected with
FX0910/aFX0910 and harvested at 12, 24, 48 and 72 h.
Infections were conducted with 10 ul of viral solution per
10° cells, with TCID;, values for FX0910 and aFX0910
is 10735 [10]. In addition, the mRNA levels of ORF019
and ORF027 were measured in parallel controls (2, 4, 6,
12 and 24 hpi). The mRNA and copy number of ORFV
were detected with the B2L gene. The real-time PCR
primers used for the specific detection of B2L, ORF022,
ORFVO019, and ORFV027 are listed in Table S2. The stan-
dard curve for ORF022 was constructed, and the copy
number was calculated (Fig. S2D). The copy number of
ORFV were determined based on the constructed stan-
dard curve [2]. The relative expression levels of the tar-
get genes, normalized to B-actin, were calculated by the
2724Ct method.

ORF022 overexpression experiment

To explore the effect of ORF022 protein on ORFV, GLF
were either mock-infected or transfected with pEGFP-
022 (Seven HighTrans™ DNA non-liposome transfec-
tion reagent, transfected 400 ng plasmid per 10° cells)
for 24 h and then infected with FX0910 (Infections were
conducted with 10 pl of viral solution per 10° cells).
The cells were harvested at 24 h post-transfection with
FX0910, and DNA and RNA were extracted for real-time
PCR analysis of mRNA and copy number of ORFV. The
relative expression levels of the target genes, normalized
to B-actin, were calculated by the 2724t method. The
aFX0910-ORF022 overexpression experiment followed
the same protocol, with the plasmid used being pEGFP-
a022 and the virus being aFX0910.

ORF022 interference experiment

Three pairs of small interfering RNA (siRNA) target-
ing ORF022, along with a negative control siRNA, were
designed and synthesized by Tsingke (Beijing, China).
All primers are listed in Table S2. GLF were infected
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with FX0910 for 2 h and then transfected with either
negative siRNA or ORF022 siRNA (Vazyme Lipomaster
3000 Transfection Reagent) The cells were harvested at
48 hpi and DNA and RNA were extracted for real-time
PCR analysis of mRNA and copy number of ORF022 and
ORFV. The relative expression levels of the target genes,
normalized to B-actin, were calculated using the 2724¢t
method. The aFX0910-ORF022 interference experiment
followed the same protocol, with the same siRNA and the
virus being aFX0910.

Immunofluorescence analysis

GLF were transfected with pcDNA3.1-022 for 24 h and
then infected with FX0910 for 24 h. Additionally, GLF
were infected with FX0910 for 2 h and then transfected
with either negative siRNA or ORF022 siRNA. Infec-
tions were conducted with 10 pl of viral solution per 10°
cells, and three biological replicates were included for
each treatment. Cells were subsequently subjected to
immunofluorescence experiments and analyzed [2]. Inte-
grated Optical Density (IOD) analysis of the immunoflu-
orescence signals was performed using Image] software
(https://imagej.net/ij/).

50% tissue culture infectious dose (TCID5,) assay

We collected cell supernatants from experiments involv-
ing ORF022 overexpression and interference. Virus titers
were determined through TCID, assays [25] and calcu-
lated using the Reed-Muench method [26].

Transmission electron microscope

GLF were infected FX0910 for 2 h and transfected with
either negative control siRNA or ORF022 siRNA. The
cells were harvested at 48 hpi and prefixed with 2.5%
glutaraldehyde. Subsequently, samples were progres-
sively dehydrated with acetone, permeated with a dehy-
drating agent, and embedded in Epon-812 embedding
agent. After embedding, 60—90 nm ultrathin slices were
obtained using an ultrathin microtome. The slices were
then stained with uranium acetate for 10~ 15 min, and
followed by staining with lead citrate for 1 ~2 min. Image
acquisition of the copper mesh was carried out using
JEM-1400FLASH transmission electron microscope.

Transcriptome sequencing analysis

GLF were transfected with pcDNA3.1 or pcDNA3.1-
022 for 48 h (group pcDNA3.1-022) and the group
pcDNA3.1-022 + FX0910 consisted of GLF transfected
pcDNA3.1 or pcDNA3.1-022 for 24 h and then infected
with FX0910 for 24 h (Infections were conducted with
10 pl of viral solution per 10° cells). Four replicate sam-
ples were collected per group. RNA was extracted and
sequenced by DNBSEQ-T7 (Biomarker Technologies,
Beijing, China). Raw data were quality controlled using
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fastp and clean reads were mapped to the Capra hircus
(goat) reference genome (RefSeq assembly accession:
GCF_001704415.2) and ORFV reference genome (Ref-
Seq assembly accession: NC_005336.1) using HISAT2
[27]. The expression levels of all mRNA were evaluated
using the featureCounts package [28], and the results
were reported as fragments per kilobase per million
reads (FPKM). Differentially expressed gene analysis (vol-
cano plots, venn diagrams, heatmaps, and KEGG path-
way analysis) methods are described in previous research
[10]. Gene set enrichment analysis (GSEA) of KEGG gene
sets in goats was conducted using the fgsea and ridgeplot
packages. Correlation analyses were calculated and visu-
alized using Spearman’s method via the cor function and
FPKM of viral genes.

ORFV overall alignment rate, differentially expressed genes
and correlation analysis

The RNA sequencing reads matched to FX0910 were
extracted from the raw data using HISAT?2. The extracted
data were annotated with featureCounts command (sub-
read software) to obtain the read count of the ORFV
genes, and then R was used to calculate the FPKM of the
genes. Differentially expressed genes of ORFV were cal-
culated with DESeq2 software and visualised as volcano
plots using ggplot2 package. The correlation of ORFV
gene expression was calculated from FPKM using the cor
function, and genes with an absolute value of correlation
with ORF022 greater than 0.9 were visualised using cor-
rplot package.

Statistical analysis

All experiments were performed in triplicates. Statistical
analysis was performed using two-tailed student’s ¢ tests.
The results with P values less than 0.05 were considered
significant.

Results

Genomic features of FX0910 and aFX0910

To characterize genomic changes in attenuated strains,
we infected GLF with FX0910 and aFX0910. The cyto-
pathic effect (CPE) were observed at 18 hpi (FX0910)
and 48 hpi (aFX0910), characterized by cell rounding and
aggregation without detachment. High-quality genomic
DNA was extracted during peak CPE and sequenced
using next-generation sequencing, yielding complete
genome assemblies for both strains, as shown in Fig. 1A.
The assembled FX0910 and aFX0910 genomes measured
129,459 bp and 127,372 bp respectively, with a G+C
content of 63.9% (Fig. 1B). The sequencing coverage of
FX0910 and aFX0910 was 97.5% and 96.78%, respectively,
with average depths>10,000x, ensuring high-confidence
assemblies (Fig. 1C). Interestingly, ORFV from Shaanxi
presented sequence deletions compared to the reference
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Fig. 1 Whole genome sequencing of two ORFV FX strains. (A): Schematic of the WGS approach. (B): Genome map of the FX strains. Pink represents the
central conserved region, while yellow and blue represent the terminal variant regions, with blue representing genes that are missing. (C): Coverage and
depth of virus sequencing data. (D): Bayesian phylogenetic analysis of published ORFV genomes and FX strain genomes. The posterior probability of all

branches in the tree is 100%

genome (SA00 strain) (Fig. 1B-C). The absent sequences
include hairpin loops, inverted terminal repeats (ITRs)
and seven genes (ORF001, 002, 005, 007, 008, 132, and
134). The sequences of the FX strain correspond to genes
ORF009-ORF131 which are the red and yellow regions
in Fig. 1B, respectively.

In addition, we performed phylogenetic analysis of the
sequences listed in Table S1 (Fig. 1D). The strains were
categorized into four clusters: FX-like, D1701, SA0O-
like, and 1A82-like. Despite the different host sources of
the FX-like strains, they still clustered together and were
closer to the vaccine strain D1701. The posterior prob-
ability of all branches in the tree was 100%. Sequence

identity results showed that FX strains exhibited greater
than 85% sequence similarity to the majority of ORFV
isolates (Fig S1A). These results describe the sequence
characteristics of the FX strains and demonstrate a close
relationship between SC and FX strains.

Mutational events in the aFX0910 compared to FX0910

To explore the attenuation mechanism of aFX0910, we
investigated the SNP and INDEL events occurring in
it, using the FX0910 genome as a reference. Our analy-
sis identified a total of 103 SNP events with an average
mutation frequency of 92.8% (Fig. 2A). Interestingly, only
one INDEL mutation was detected - a 23-bp insertion (C
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sequence of ORF022 and its homologous gene
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ACGCGGGGAGCCGGCGCGGGGE) in ORF80. Tran-
sitions were approximately three times more common
than transversions, with the most frequent events occur-
ring as A>G and G>A (Fig. 2B). Most of the mutated
genes were located at termini of the genome (ORF001-
ORF028, ORF121-ORF134) (Fig. 2C). Functional anno-
tation of these mutations revealed that synonymous and
missense variants were most prevalent (Fig. 2D). Among
the 24 mutated genes identified, most remain function-
ally uncharacterized.

Comparative analysis of FX0910-ORF022 and
aFX0910-ORF022 identified five amino acid mutations
(Fig. S1B), and changes were observed in the tertiary
structure (Fig. 2E). In the secondary structure analysis,
an extended strand in FX0910-ORF022 was converted to
an o-helix in aFX0910-ORF022 as a consequence of the
amino acid mutation at position 501 (Fig. S1C). Phos-
phorylation site analysis identified differential patterns
at positions 276, 497, and 501 between the two strains
(Fig. S1D). Nucleotide and amino acid sequences of pub-
lished ORF022 were collected for phylogenetic analysis,
which revealed that ORF022 from FX0910 and aFX0910
were not in the same clade, and ORF022 lacked phyloge-
netic signal to distinguish between goat and sheep ori-
gins (Fig. S1E-F). Sequence identity analysis revealed that
ORF022 nucleotide (Fig. S1G) and amino acid (Fig. 2F)
homologies were 98—100% and 97.5-100%, respectively.
Notably, ORF022 displayed homology to the vaccinia
virus E6R gene (Fig. S1H), with 48.5% nucleotide (Fig.
S1G) and 48.3% amino acid (Fig. 2F) homology, indicat-
ing potential functional similarity. These structural and
sequence variations likely contribute to viral attenuation,
though their precise mechanistic roles remain to be fully
characterized.

ORF022 impacts ORFV replication

The biological properties of ORF022 remain poorly char-
acterized. To gain initial insights, we first examined its
subcellular localization, demonstrating predominant
cytoplasmic distribution (Fig. 3A). Subsequently, fol-
lowing infection of GLF with an equal copy number of
FX0910 and aFX0910 viruses (Fig. S2A), we detected the
transcription level of ORF022 at 12, 24, 48, and 72 hpi.
We observed an increase in its expression starting at 48
hpi (Fig. 3B-C). In contrast, ORF019 and ORF027 exhib-
ited transcriptional activity at earlier time points, around
6-12 hpi (Fig. S2B-C).

In terms of viral function, we initially explored the rela-
tionship between ORF022 and virus replication, revealing
a consistent growth trend between ORF022 and ORFV
(Fig. 3D-@). Subsequent functional studies demonstrated
that ORF022 overexpression significantly increased the
relative expression, copy number, virus titer, and protein
expression of the virus (Fig. 4A-E). Conversely, inhibition
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of ORF022 substantially reduced these viral replication
markers (Fig. 5A-G). Interestingly, silencing aFX0910-
ORF022 did not affect viral transcription or amplification
(Fig. S2E-J). Considering the reported involvement of
E6R in virion assembly, we investigated the intracellular
virus composition following ORF022 inhibition. Electron
microscopic observations showed a decrease in mature
virions after ORF022 interference, although the virus
morphology remained unchanged (Fig. 5H-I). These
results suggest that ORF022 affects ORFV replication as
a late-expressed protein.

ORF022 inhibits host inflammation-related signaling
pathways

However, how ORF022 promotes viral replication and
its effects on the host remain unclear. To investigate
this, we performed RNA sequencing (RNA-Seq) to ana-
lyze host transcriptome changes under two experimen-
tal conditions: (i) cells transfected with either pcDNA3.1
or pcDNA3.1-022 for 48 h (pcDNA3.1-022 group),
and (ii) cells first transfected with either pcDNA3.1 or
pcDNA3.1-022 for 24 h followed by FX0910 infection
for an additional 24 h (pcDNA3.1-022 + FX0910 group).
Transcriptomic analysis revealed that pcDNA3.1-022
group induced more differentially expressed genes
(DEGs) than in the pcDNA3.1-022+FX0910 group,
with a predominance of downregulated genes (Fig. 6A-
C). KEGG pathway analysis of DEGs demonstrated sig-
nificant enrichment in viral infection-related pathways
in both groups, including: “Cytokine-cytokine recep-
tor interaction’, “TNF signaling pathway”, “Viral protein
interaction with cytokine and cytokine receptor”, and
“NEF-kappa B signaling pathway” (Fig. 6D-E). GSEA fur-
ther showed that nearly all these pathways were down-
regulated (Fig. 6F-G). Signaling pathways related to
innate immune response and inflammation, such as
“INF signaling pathway’, “IL-17 signaling pathway’,
“Toll-like receptor signaling pathway’, and “JAK-STAT
signaling pathway’, were significantly down-regulated
in pcDNA3.1-022 group. These transcriptomic findings
were validated by real-time PCR, confirming the down-
regulation of inflammation-related genes by ORF022
(Fig. 7A-C).

Subsequent analysis of viral gene expression in the
pcDNA3.1-022 + FX0910 group revealed that ORF022
overexpression significantly increased the overall
ORFV alignment rate (Fig. 7D). Notably, in addition
to ORF022, the expression of ORF112 was also signifi-
cantly enhanced (Fig. 7E). Correlation analysis of ORFV
genes expression (FPKM values) identified ORF123 and
ORF016 as showing the strongest co-expression pat-
terns with ORF022 (Fig. 7F). These results suggest that
ORFO022 suppresses host inflammatory pathways while
enhancing viral expression, suggesting its crucial role in
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creating a favorable intracellular environment for ORFV
replication.

Discussion

The live attenuated vaccine, a commonly used preven-
tive measure against CE, can effectively prevent ORFV
infection [29]. However, the potential risk of reverting to
virulence and low efficiency limit its development [9, 30,
31]. Previous studies [10] have indicated that the atten-
uating strains aFX0910 can suppress the host’s innate
immune and antiviral responses. Nevertheless, this study
focused solely on transcriptional-level effects of FX0910
and aFX0910 on the host, without conducting a com-
parative analysis of the two FX strains. Mutations in the
sequence of the aFX0910 compared with FX0910 may

be responsible for the suppression of the innate immune
response and the attenuation of FX0910.

This study reports the first complete genome sequence
of ORFV isolated in Shaanxi Province, China. Notably,
FX0910 (129,459 bp) and aFX0910 (127,372 bp) exhibited
shorter genome lengths but showed closest phylogenetic
relationship to the longest SC and SC1 strains, imply-
ing that successive passages may influence ORFV evolu-
tion. The absence of hairpin loops, ITRs and seven genes
(ORF001, 002, 005, 007, 008, 132, 134) in the assembled
ORFV genome may arise from multiple factors. For
instance, technical limitations of short-read sequencing
may hinder the accurate resolution of repetitive or GC-
rich hairpin loops and ITR regions, leading to incomplete
assembly [32, 33]. Additionally, sequencing coverage
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data indicated no or minimal reads aligning to the seven
genes, suggesting either strain-specific characteristics
or methodological constraints. Further validation using
third-generation sequencing is warranted.

To compare the variation between wild-type and atten-
uated strains and explore the mechanisms underlying

FX0910 attenuation, we focused on the SNP events
observed between these two strains. The high-frequency
mutations of A>G and G>A in ORFV are consistent
with the previously reported ADAR- and APOBEC3-
driven mutagenesis [34—36]. Additionally, A>G con-
version has been observed in varicella vaccines and
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potentially linked to virulence attenuation [37, 38]. Com-
mon mechanisms of vaccine attenuation include single/
multiple nucleotide mutations and virulence gene dele-
tions [9]. Our study reveals that most SNPs events were
located near the genome termini (ORF001-ORF028,
ORF121-ORF134). Interestingly, none of the 24 mutated
genes were virulence genes, suggesting that aFX0910
attenuation does not rely on virulence gene alterations.
Instead, attenuation may occur through modulation of

the host immune response by these mutated genes, either
individually or synergistically.

The ORFV genome is large and undergoes base muta-
tions during attenuation [12]. Understanding the func-
tional roles of these mutated genes in viral infection,
particularly their impact on replication and host immune
responses, is critical for elucidating the mechanism
of live attenuated vaccines [39]. In studies of PRRSV,
specific mutations in four amino acids were shown to
enhance viral cellular adaptation, which may be related
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P<0.001, *** P<0.0001)

to virulence reversion during reverse passage of attenu-
ated strains [40]. In our study, ORF022 is the gene with
the most SNP events, suggesting its potential key role in
attenuation. Bioinformatics predictions indicated that
mutations at positions 276, 353, and 501 could impact

ORF022 function. Furthermore, while ORF022 from
FX0910 affected replication of wild-type ORFV, the
mutated ORF022 in aFX0910 had no such effect—a dis-
parity likely tied to its amino acid changes. The effect of
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amino acid mutations on viral attenuation warrants fur-
ther investigation.

Previous studies suggested that the ORF022 homolo-
gous gene E6R is associated with viral assembly [41, 42],
and our transmission electron microscope observations
support this finding. To further investigate the function
of ORF022, we repeatedly attempted to construct and
screen ORF022-knockout ORFV strains via homolo-
gous recombination, but the results were not satisfac-
tory. Selection pressure analysis of ORF022 revealed the
o value (dN/dS=0.0208), indicating negatively selected.
This evolutionary constraint suggests ORF022 maintains
critical, conserved functions in the viral life cycle [43].
However, the construction of ORF022-deficient recom-
binant viruses is necessary to investigate the function of
ORFO022 gene. An inducible system based on the Escheri-
cia coli lac operon may be used to construct recombinant
viruses [44, 45].

Limited research on ORF022 prompted us to perform
RNA-Seq-based gene function prediction. Transcrip-
tomic analysis revealed that ORF022 alone induced a
greater number of downregulated host genes compared
to its effects during ORFV infection. The Venn diagram
demonstrated only 34 overlapping DEGs between the
two conditions, indicating that ORF022’s function dif-
fers when acting alone versus within the viral context.
This disparity suggests potential synergistic interac-
tions between ORF022 and other ORFV genes. While
interactions among viral genes remain poorly under-
stood, and whether synergy or antagonism among them
affects viral infection requires further investigation [46,
47]. GSEA indicated that ORF022 downregulated key
innate immune and inflammatory pathways [48-51],
including TNE, IL-17, and Toll-like receptor signaling
pathway. The relationship between these pathways and
ORFV and its genes remains unclear. Notably, ORF022
exerted the most pronounced effect on the TNF signal-
ing pathway, which regulates critical biological processes
such as apoptosis, inflammation, and tumorigenesis [52].
The potential inhibition of downstream processes (e.g.,
NF-«xB, JNK, and autophagy) by ORF022 [53-56] may
create a favorable environment for viral replication [57],
possibly explaining how ORF022 facilitates ORFV accu-
mulation in host cells.

In summary, this study provides genetic information
of ORFV wild-type and attenuated strains isolated from
goats in Shaanxi province, China, while offering novel
insights into the functional role of ORF022 in viral patho-
genesis. Our findings reveal significant genomic features
of the attenuated aFX0910 strain, elucidate the potential
mechanisms underlying its attenuation, and offer insights
into the development of novel genetically engineered
vaccines.
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Conclusions

This study aimed to elucidate the molecular mechanisms
underlying attenuation of the ORFV aFX0910 strain.
Through comprehensive genomic analysis, we identi-
fied 103 distinct SNP events distributed across 24 intra-
genic and 5 intergenic regions. ORF022, the gene with
the highest number of SNPs, was found to modulate viral
replication and suppress host inflammatory pathways, as
evidenced by transcriptomic profiling. Functional study
significantly advances our understanding of how genetic
variations in ORF022 contribute to viral attenuation. In
summary, the identified SNP events represent a valuable
genomic resource for investigating attenuation mecha-
nisms in live attenuated ORFV vaccines. Future analyses
of these mutant loci and genes may facilitate the rational
design of safer and more effective ORFV vaccines in the
future.
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