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Simple Summary

African swine fever is a deadly viral disease of pigs and wild boar that causes major losses
for farmers and threatens food security. The disease does not affect people, but its rapid
spread and high fatality in pigs make it one of the most serious challenges for animal health
in Europe. Since 2019, the disease has been present in Serbia, and in 2023, it was first re-
ported in Bosnia and Herzegovina. In this study, we examined virus samples collected
from pigs and wild boar during outbreaks between 2023 and 2025 to better understand
how the virus is spreading in the region. By looking at several important parts of the virus
genome, we found that all the samples belonged to the same group, known as cluster 19.
This shows that the same type of virus has been circulating for several years without major
changes. The results suggest that the disease is being maintained locally, mainly through
contact between wild boar and pigs kept on small farms with little or no protection. The
discovery of the same virus type in Bosnia and Herzegovina highlights that the disease
crosses borders, making regional cooperation and continued monitoring essential for con-
trolling its spread.

Abstract

African swine fever (ASF) is a highly fatal viral disease of domestic pigs and wild boar
that continues to threaten pig production across Europe. Genotype II African swine fever
virus (ASFV) has been present in Serbia since 2019 and was first confirmed in Bosnia and
Herzegovina in 2023, yet recent genetic data from the region have been lacking. This study
aimed to update the genetic characterization of ASFV strains circulating in Serbia between
2023 and 2025 and to provide the first sequence data from Bosnia and Herzegovina. A
total of 110 isolates were analyzed by partial sequencing of seven genomic regions rec-
ommended by the European Union Reference Laboratory. Good-quality sequences were
obtained for at least two loci per isolate. All isolates belonged to genotype II and were
classified as CVR variant I, IGR-II, O174L-I, MGF I, K145R-], and ECO2-II, correspond-
ing to cluster 19. No novel genetic changes were identified in the sequenced fragments.
These findings indicate the stable, endemic circulation of cluster 19 in both domestic pigs
and wild boar, maintained through ecological and human-mediated transmission at the
wildlife-livestock interface. The detection of cluster 19 in Bosnia and Herzegovina under-
scores transboundary spread and highlights the need for continued molecular surveillance
and regional cooperation.

Vet. Sci. 2025, 12, 1086
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1. Introduction

African swine fever (ASF) is a highly fatal viral haemorrhagic disease affecting mem-
bers of the Sus scrofa species. The causative agent, African swine fever virus (ASFV), is
the sole member of the Asfarviridae family and the Asfivirus genus [1]. ASFV has a lin-
ear double-stranded DNA genome ranging from 170 to 190 kbp in length, depending on
the genotype, subgenotype, and the number of repeat sequences. The genome encodes
150-160 open reading frames, capable of producing over 150 structural and non-structural
viral proteins [2]. To date, 24 viral genotypes have been identified, all originating in
Africa [2]. However, a recent study showed that genotype XVIII, previously represented
by a single Namibian isolate, was a composite of genotypes I and VIII, and its retirement
has been recommended to avoid future confusion [3]. Only two genotypes have spread
beyond the African continent: genotype I, which caused outbreaks in Europe and the
Americas during the 20th century, and genotype I, responsible for the ongoing global pan-
demic [4]. Genotype I was eradicated from mainland Europe by 1995, but persisted on the
island of Sardinia, where it is now considered close to eradication, marking a significant
milestone in European ASF control efforts [4].

ASF was first confirmed in Serbia in 2019 in domestic pigs and in 2020 in wild
boar [5]. Since then, case numbers have steadily increased in both populations. The high-
est number of outbreaks was recorded in 2023, with 992 in domestic pigs and 213 in wild
boar [6]. In 2024, the numbers dropped to 310 outbreaks in domestic pigs and 101 in wild
boar [7]. Bosnia and Herzegovina reported its first case in 2023. That same year, it recorded
1511 outbreaks in domestic pigs and 29 cases in wild boar. In 2024, numbers fell to 33 out-
breaks in domestic pigs and 38 in wild boar [6,7]. In 2025, the trend continues downward.
Serbia has reported 20 outbreaks in domestic pigs and 28 in wild boar. Bosnia and Herze-
govina has reported 8 outbreaks in domestic pigs and 15 in wild boar [8]. In Serbia and
Bosnia and Herzegovina, pig farming is largely based on extensive systems [9]. Over 40%
of registered farms are smallholdings with low or no biosecurity [10]. Most are family-
owned and keep a sow with piglets for personal use. In some regions, pigs are seasonally
pastured, increasing contact with wild boar. In other areas, domestic pig-wild boar hy-
brids are kept and valued as a delicacy, allowing for bidirectional contact in the domestic
pig-wild boar interface [11,12]. Since the introduction of ASF, the domestic pig popula-
tion has decreased significantly. Between 2020 and 2024, the pig population in Serbia de-
clined by approximately 25%, while the European Union (EU-27) experienced a reduction
of about 10% over the same period, driven by ASF outbreaks, high production costs, and
reduced market demand [13-15].

Genotype II ASFV strains in Europe have been divided into over 24 genetic clusters
based on multi-gene sequencing, as recommended by the European Reference Laboratory
(EURL) [4,16]. Genotyping of ASFV is primarily based on partial sequencing of the B646L
gene, which distinguishes 23 known genotypes [3,17]. For deeper classification within
genotype II, additional markers are used. The CVR region of the B602L gene, based on
the amino acid tandem repeat sequences (TRS), defines 31 subgroups in Africa and two
major variants in Europe, with further diversity identified through single-nucleotide poly-
morphisms (SNPs). Intergenic regions (IGR) also contribute to sub-grouping, particularly
the ECO1 region (IGR between 173R and I329L), where four variants (IGR I-1V) are defined
by the TRS “TATATAGGAA”, with IGR II being the most common in Europe. The O174L
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gene allows the distinction of two variants based on the TRS “CAGTAGTGATTTTT”, while
TRS in the MGF 505 9R/10R IGR ("AGTAGTTCAGTTAAGAT”) define eight variants, with
variant I dominating in European strains. Further differentiation is possible through SNP
analysis in the K145R and 1215L (ECO2) genes, which define four and two variants, respec-
tively [4]. Based on the multi-gene approach, cluster 19—defined by the markers CVR-1,
IGR-II, O174L-1, K145R-I, MGEF-I, and ECO2-II—is the dominant variant in Bulgaria, Ser-
bia, Greece, and North Macedonia [4]. In Serbia, additional variations in the CVR and IGR
regions have been identified, suggesting the presence of other clusters [16]. In 2023, out-
breaks were also reported in Croatia and North Macedonia [6]. Previous spatio-temporal
analyses of ASF-infected wild boar showed clusters extending beyond national borders,
suggesting regional circulation of related strains [10].

Although ASF has been circulating in Serbia since 2019 and was first detected in
Bosnia and Herzegovina in 2023, almost no molecular data have been generated for either
country in the past three years. As a result, it is unclear whether the current outbreaks are
caused by the continued circulation of previously introduced strains or by new incursions
from neighbouring regions. This uncertainty limits veterinary services’ ability to trace
transmission routes, evaluate control measures, and detect emerging viral variants. The
need for updated genetic data is particularly relevant in the Balkans, where small-scale pig
farming, low biosecurity, and frequent cross-border movement of pigs and pork products
create favourable conditions for virus persistence. Molecular epidemiology helps deter-
mine whether ASFV outbreaks result from new introductions or continued local circula-
tion. Although genotype II ASFV shows minimal genetic variation, sequencing of several
genomic regions still allows classification into more than 24 clusters across Europe [4]. The
virus evolves slowly, and because cluster 19 predominates in Southeast Europe, tracing
transmission routes can be difficult using routine markers. Even so, regions such as the
CVRin B602L, the ECO1 and ECO2 intergenic regions, and O174L remain useful for detect-
ing minor differences and distinguishing between persistence and new incursions [4,18].
Beyond the structural gaps in surveillance and biosecurity, everyday human activities play
a major role in keeping ASF circulating in the Balkans [9]. The disease often spreads qui-
etly through informal trade of pigs and pork products, home slaughtering, and the delayed
reporting of sick or dead animals. This situation is not unique to Serbia and Bosnia and
Herzegovina; in Romania and Bulgaria, the highest number of outbreaks has also been
recorded in backyard farms with poor biosecurity [19]. In many rural areas, local cross-
border movements of pigs, carcasses or equipment take place with minimal control, allow-
ing the virus to move freely between communities and across national borders. Together,
these social and economic realities create conditions that allow the virus to persist, even
when official outbreak numbers begin to drop. Earlier studies from Serbia reported that
genotype Il strains belonged mainly to cluster 19, with occasional variation in the CVR and
intergenic regions, suggesting microevolution or multiple introductions. This study aims
to address the current gap by sequencing ASFV samples from domestic pigs and wild boar
collected during outbreaks in Serbia and Bosnia and Herzegovina between 2023 and 2025.

2. Materials and Methods

A total of 69 samples from Serbia and 40 samples from Bosnia and Herzegovina were
subjected to total nucleic acid extraction, RT-qPCR and subsequent sequencing. Samples
from Bosnia and Herzegovina included 34 spleen samples (19 from wild boar and 15 from
domestic pigs), three whole blood samples and three serum samples (domestic pigs), while
samples from Serbia included 67 blood swabs (domestic pigs) and two spleen samples
(wild boar). All samples were collected as part of official ASF surveillance and outbreak
control activities, in compliance with national veterinary legislation in Serbia and Bosnia
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and Herzegovina. As the material was obtained within these compulsory control measures
and not for experimental purposes, additional ethical approval was not required [20,21].
Spleen samples, cut into approximately 0.1 g pieces, were homogenized in 1000 pL PBS
using a metal bead, while each swab was placed in 1 mL of PBS and homogenized with
a TissueLyser II (Qiagen, Hilden, Germany) for 5 min at 30 Hz. The samples were then
briefly centrifuged, and the supernatant was used for further extraction steps using the
DNeasy Blood & Tissue (Qiagen, Hilden, Germany) according to the manufacturer’s in-
structions. Whole blood samples and serum samples were extracted using the Purifica-
tion of Total DNA from Animal Blood or Cells protocol of the DNeasy Blood & Tissue Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Any remaining
tissue samples were stored at —80 °C. Nucleic acid extraction from samples collected in
Serbia was performed using the IndiSpin Pathogen Kit (Indical Bioscience GmbH, Leipzig,
Germany), following the manufacturer’s protocol. To confirm the presence of the viral
RNA, an RT-qPCR protocol by King et al. [22] was used as described by Protocols and
Guidelines for Laboratory Diagnosis of ASFV by WOAH [23].

The samples were chosen for sequencing based on their Ct value (<27) to ensure suffi-
cient template quantity, origin (wild/domestic pig) and the time of sampling to ensure that
representative data for outbreaks 2023-2025 would be obtained. As per recommendation
by the EURL, targeted sequencing was performed using primers targeting seven regions
of ASFV genome: 487 bp region of the B646L locus [17], 491 bp region of the CVR of B602L
locus [24] 356 bp TRS present in the IGR between 173R and 1329L (ECO1) [25], 637 bp re-
gion of 0174 locus [26], 282 bp region of K145R locus [26], 551 bp TRS located in the IGR
between the MGF505 9R and 10R loci (MGF) [4] and 604 bp fragment containing segments
of I329L locus, 1215L locus and IGR between them (ECO2) [4].

PCR amplification conditions differed slightly between genomic regions. For the
B646L locus, the reaction began with an initial denaturation at 95 °C for 20 s, followed
by 40 cycles of 95 °C for 12 s (denaturation), 50 °C for 20 s (annealing), and 70 °C for 25 s
(extension). A final extension step was performed at 72 °C for 10 min. For the ECO1 locus,
amplification was carried out using 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C
for 1 min, with a final extension at 72 °C for 10 min. For the B602L, MGF, and ECO2 re-
gions, the cycling parameters were identical, except that the annealing temperatures were
55 °C for B602L and MGF, and 56 °C for ECO2. For the K145R and O174L loci, PCR con-
ditions followed previously published protocols and consisted of an initial denaturation
at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at
50 °C for 30 s, and extension at 72 °C for 30 s. A final elongation was performed at 72 °C
for 3 min [17,24-26]. The quantification of DNA was performed using a Qubit dsDNA HS
(High Sensitivity) Assay Kit on a Qubit 4 device (Thermo Fisher Scientific, Waltham, MA,
USA), following the manufacturers’ instructions. For samples from Bosnia and Herzegov-
ina sequencing of the obtained amplicons was performed using Native Barcoding Kit 24
V14 (SQK-NBD114.24, Oxford Nanopore Technologies, Oxford, UK) according to the man-
ufacturer’s instructions, on an R10.4.1 flow cell using the MinlON Mk1C instrument (Ox-
ford Nanopore Technologies, Oxford, UK). Sequences were basecalled in real time through
MinKNOW v.20.10.3 using the high accuracy setting and a quality score set to 9 during the
12 h runtime in order to obtain high-quality coverage of the sequences. Seqkit v.2.8.2 (ac-
cessed on the 22 September 2025 https://bioinf.shenwei.me/seqkit/) was used to addition-
ally check sequence quality, after which the reads were mapped to their respective loci on
the Georgia 2007/1 reference genome (GenBank No.: FR682468.2) with Minimap2 v2.29-
r1283 (accessed on the 22 September 2025 https://github.com/lh3/minimap2/releases). The
sequences were then checked and indexed using Samtools 1.21 (accessed on the 22 Septem-
ber 2025 https://github.com/samtools/samtools/releases/), mappings were visually ana-
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lyzed using UGENE v52.0 [27] and consensus sequences were created with iVar v1.4.3
(accessed on the 22 September 2025 https://github.com/andersen-lab/ivar). PCR products
obtained from Serbian samples were purified using the GeneJET PCR Purification Kit
(Thermo Fisher Scientific, Waltham, MA, USA) and subsequently sequenced by Sanger
sequencing at LGC, Biosearch Technologies (Berlin, Germany). The obtained sequences
were run against the NCBI database with the BLAST tool 2.17.0 (accessed on the 22 Septem-
ber 2025 https://blast.ncbi.nlm.nih.gov/Blast.cgi) to confirm genetic similarities with other
ASFV sequences and determine their genotype in accordance with EURL standards. All
sequences were deposited in GenBank (Table S1).

Finally, the epidemiological data of sequenced samples were used to generate the map
of the localities with ASF cases in domestic pigs and wild boar.

3. Results
Sequencing Success and Genetic Classification of ASFV Isolates

From the 69 ASFV isolates originating from Serbia and selected for sequencing, all
were successfully amplified on gel PCR; however, good-quality nucleotide sequences were
obtained for 67 isolates at the B646L locus (97.1%), 59 at the B602L locus (85.5%), 61 in the
ECO I region (88.4%), 68 in the ECO II region (98.6%), 54 at the O174L locus (78.3%), 65 at
the K145R locus (94.2%), and 64 in the MGF region (92.8%). Each isolate yielded at least two
genomic regions with reliable sequence data, allowing their inclusion in downstream com-
parative analyses (Table S1). All 40 ASFV isolates from Bosnia and Herzegovina yielded
good-quality sequences of all seven targeted regions, and as such, all were used for down-
stream analysis. Alignment of the B646L gene confirmed that all isolates belonged to geno-
type II. Further classification followed the EURL recommendations. Analysis of the CVR
amino acid TRS (BNDBNDBNAA) revealed 100% identity with the reference strain Geor-
gia 2007/1 (FR682468.1), classifying all isolates as CVR variant I. Examination of the TRS
“TATATAGGAA” in the ECO1 region classified all isolates as IGR-II, while analysis of the
O174L TRS placed them within O174L-I. Similarly, the TRS within the MGF 505 9R/10R
IGR ("AGTAGTTCAGTTAAGAT”) classified the isolates as MGF-I. SNP analysis in the
K145R and 1215L genes further grouped the isolates as K145R-I and ECO2-II, respectively.
According to the EURL guidelines, these combined markers place all strains sequenced
between 2023 and 2025 into cluster 19.

The spatial distribution of ASF-positive cases in domestic pigs and wild boar in Serbia
and Bosnia and Herzegovina over the 2023-2025 period is shown in Figure 1.

Legend

© ASFV positive samples from domestic pigs
© ASEV positive samples from wild boar

Figure 1. Geographic map of the Republic of Serbia and Bosnia and Herzegovina. Red dots indicate
domestic pig samples positive for ASFV, while green dots represent wild boar samples positive for ASFV.



Vet. Sci. 2025, 12, 1086

* This designation is without prejudice to positions on status and is in accordance with United Na-
tions Security Council Resolution 1244 (1999) and the advisory opinion of the International Court of
Justice on the Kosovo Declaration of Independence.

4. Discussion

This study provides the first updated genetic characterization of ASFV strains circu-
lating in Serbia during 2023-2025 and, importantly, presents the first sequence data from
Bosnia and Herzegovina.

The results confirm the continued dominance of cluster 19 in the Balkan region,
consistent with earlier reports, and underline the need for sustained molecular surveil-
lance to monitor ASFV dynamics [4]. Elsewhere in Europe, greater diversity has been
reported. Romania, for example, shows the highest level of genetic variability, with
Gallardo et al. (2023) identifying six distinct ASFV clusters, some apparently unique to
that country [4]. At a broader European scale, the highest variability has been associated
with the O174L-II variant, which is found in Romania, Poland, and Germany, allowing for
fine regional tracking of different strains [4,18]. This variant is associated with changes in
the PolX DNA polymerase, which may contribute to increased mutation rates, as well as
allowing for regional mapping of strains [18]. By contrast, our findings from Serbia and
Bosnia and Herzegovina revealed no such variability; all sequenced isolates were classi-
fied as cluster 19, suggesting a genetically stable viral population over the study period.
Previous investigations in Serbia had demonstrated a more complex scene. Both ECO2-I
and ECO2-II variants were detected, with ECO2-I linked to a secondary introduction of the
virus and ECO2-II to the initial incursion [28]. These results were interpreted as evidence
of at least two independent introductions, possibly from Romania (ECO2-I) and Bulgaria
(ECO2-1II). Other studies also identified variation in the ECO1 region and in the CVR of the
B602L gene, including the first detection of ECO1 IGR-III and several CVR-specific SNP
variants [16]. In the present dataset, none of these were observed. The most likely explana-
tion is that such variants either faded out without wider spread or represented restricted
circulation events that were only captured incidentally. Similar findings have been de-
scribed in the Baltic countries, where ASFV has persisted for more than a decade without
the emergence of the high number of clusters reported in neighbouring Poland [4].

No novel genetic changes were observed in this study, reinforcing the view that clus-
ter 19 remains the only strain circulating in Serbia and Bosnia and Herzegovina. It should
be noted that the statement “no new genetic changes were observed” refers exclusively to
the seven genomic regions analyzed. The study did not employ whole-genome sequenc-
ing; therefore, mutations outside these loci could not be assessed, and genome complete-
ness or viral infectivity cannot be inferred from the present data. ASFV has now been
established in both domestic pigs and wild boar in Serbia for more than five years and can
be considered endemic. Although case numbers have declined since 2023, sporadic out-
breaks continue to be reported in both countries, indicating that the virus remains present
inlocal populations. Transmission is most likely sustained through interactions at the wild
boar-human-domestic pig interface, particularly in backyard farms where biosecurity is
minimal or absent. Practices such as unregulated pig movements (e.g., unregulated trade)
and the illegal disposal of carcasses further maintain infection pressure in wild boar pop-
ulations. The persistence of a single stable cluster over several years suggests that once
established, ASFV can be maintained without repeated introductions, largely through eco-
logical and human-mediated cycles. Although our molecular findings confirm the contin-
ued circulation of a single ASFV cluster, they alone cannot explain how the virus spreads.
Considering the close cultural and trade connections between Serbia and Bosnia and Herze-
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govina, the movement of pigs and pig products across the border likely plays a role in
maintaining transmission.

In wild boar populations, ASFV can be maintained independently of domestic pigs,
primarily through carcass-mediated transmission. Infected carcasses act as long-term
sources of infection, and although their detection and removal are mandated, reporting
by hunters and foresters is often inconsistent or delayed, as it may not align with their
personal or economic interests [29]. Experimental and field data show that ASFV remains
viable in bone marrow and lymphatic tissues for weeks to months, especially in colder
weather or shaded forest environments. Field observations show that wild boar frequently
investigate and return to carcasses of conspecifics, which increases the likelihood of contact
with infected tissue or contaminated surroundings [30]. In stakeholder surveys, hunters
and foresters reported that carcass reporting and removal are sometimes delayed or incon-
sistently performed due to lack of incentives and practical constraints [29]. In combination
with practices such as supplementary feeding or aggregation, these factors contribute to
sustained circulation of ASFV within wild boar populations, even in the absence of do-
mestic pig involvement [30]. If carcasses are not located and removed, healthy wild boar
may become infected while scavenging or through contaminated soil and vegetation [30].
Practices such as supplementary feeding, delayed carcass disposal and uncontrolled move-
ment of wild boar across administrative borders further support this cycle of persistence.
These ecological conditions help explain why ASF continues to circulate even when ge-
netic analyses suggest a stable, unchanged viral population. Future studies that com-
bine molecular data with field investigations of farming practices and animal trade would
help clarify these dynamics more fully. As several analyzed loci, including ECO1 and the
MGEF 505 IGR, contain repetitive sequences that hinder reliable alignment, and given the
>99.9% sequence identity reported among genotype II ASFV isolates across Europe, phy-
logenetic analysis was not conducted, as it would not yield meaningful resolution beyond
cluster assignment.

The situation in Bosnia and Herzegovina illustrates the transboundary nature of ASFV
spread. The first case in domestic pigs was reported in 2023 in the Republic of Srpska, bor-
dering Serbia [6]. Even though the ASF outbreaks in domestic pigs in Bosnia and Herzegov-
ina remain focused around several localities, the affected wild boar are present throughout
the central and eastern parts of the country. This likely enables the spread of the virus be-
tween localities both in the country and between two countries (Figure 1). Additionally,
many cases likely remain unreported, and the number of positive cases is likely higher.
The detection of cluster 19 in both countries provides strong evidence of cross-border cir-
culation and emphasizes the importance of regional cooperation. In Serbia and Bosnia and
Herzegovina, ASF control is based on the immediate culling of affected backyard herds,
strict movement restrictions, and active carcass collection and disposal, together with ef-
forts to improve farm biosecurity. These measures largely explain the absence of patho-
logical findings and prevent any reliable estimation of natural mortality in the present
study [20,21]. Without coordinated surveillance and control, the virus will continue to
move across national borders, undermining individual countries” efforts. This study is
limited by the sequencing of only a subset of outbreaks and by the lower resolution of tar-
geted sequencing compared to whole-genome approaches. The cost-effectiveness of this
sequencing approach is questionable, as sequencing seven genome fragments per sample
is labour-intensive and often yields largely identical sequences that provide limited re-
gional resolution. Still, mutations in certain loci, such as the O174L segment noted earlier,
may offer valuable discriminatory power for more precise regional tracking of circulat-
ing strains. Identifying which genome segments are most informative for ASFV, however,
remains challenging. Whole-genome sequencing would, in principle, provide the most
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reliable insight, yet it is both costly and labour-intensive, and in practice, contributes little
additional information given that most genotype II ASFV genomes share over 99.9% iden-
tity [31]. Additionally, whole genome sequencing would enable tracking the evolution of
the entire genome of ASFV, and this may especially be of great importance in the context
of persistence of ASFV in the population of wild boar. This approach would also enable
the determination of the origin of outbreaks in domestic pigs. Future work should ex-
pand outbreak sampling and incorporate whole-genome sequencing to capture finer-scale
variation and to improve detection of potential introductions of novel strains. While both
Sanger and targeted sequencing lack the resolution of next-generation approaches, they re-
main useful for cluster assignment and for confirming the absence of new variants during
the study period. In our case, even though the same primers were used, Sanger sequenc-
ing yielded incomplete coverage across several regions, whereas the targeted MinION ap-
proach produced consistent results throughout, which may indicate a greater robustness of
nanopore sequencing to template quality and reaction variability. Occasional sequencing
failures in the Serbian set likely arose from reduced template quality or DNA degradation
during transport, rather than from genomic deletions, as the targeted ASFV loci are essen-
tial and highly conserved. Overall, our findings demonstrate the continued dominance of
cluster 19 in Serbia and Bosnia and Herzegovina during 2023-2025. Sustained molecular
surveillance, combined with cross-border epidemiological coordination, will be essential
for tracking ASFV evolution in the region and for informing effective control and eradica-
tion strategies.

5. Conclusions

This study provides updated genetic data on African swine fever virus from Serbia
and the first sequencing results from Bosnia and Herzegovina. All analyzed isolates be-
longed to cluster 19, confirming its continued dominance and stable circulation in the re-
gion between 2023 and 2025. The absence of new variants suggests limited introductions
from outside and points to endemic maintenance through the wild boar-domestic pig inter-
face. The detection of the same cluster in both countries highlights the cross-border nature
of the disease and the need for ongoing molecular surveillance and regional cooperation.
However, our results also show the limits of the seven-fragment sequencing approach: in
a genetically stable setting such as cluster 19, this method does not provide enough resolu-
tion to track individual isolates or local transmission routes. In these cases, whole-genome
sequencing or markers with greater variability are needed to gain more detailed epidemio-
logical insights. In addition, strengthening data sharing between laboratories in the region,
alongside harmonized sampling strategies for both domestic pigs and wild boar, would
improve the early detection of any emerging variants. A more systematic inclusion of wild
boar carcasses, particularly in areas with declining domestic outbreaks, may help clarify
whether virus circulation is decreasing or simply shifting further into wildlife reservoirs.
Such approaches would support earlier detection of virus reintroduction or silent persis-
tence and help guide more targeted control measures in domestic and wild populations
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Simple Summary

Feline parvovirus (FPV) is a dangerous virus that causes severe illness in cats, including
vomiting, diarrhea, and life-threatening infections. Recently, infection with this virus has
also been reported in giant pandas, leading to similar symptoms and even death, putting
these endangered animal species at risk. To understand how FPV spreads to pandas, we
studied a panda-derived strain of the virus and examined how it interacts with panda host
factors. The FPV virus uses a specific protein—namely the transferrin receptor 1—to enter
and multiply inside cells. By testing this interaction in human cells that normally resist
infection, we confirmed that the panda version of this receptor allows the virus to attach,
enter, and replicate efficiently. These findings help explain why giant pandas are vulnerable
to FPV and provide crucial insights for developing vaccines or treatments to protect them.
Our research not only advances the understanding of cross-species virus transmission but
also supports conservation efforts to safeguard giant pandas from deadly outbreaks.

Abstract

Feline parvovirus (FPV) causes feline panleukopenia, a highly contagious disease in cats,
marked by severe leukopenia, biphasic fever, diarrhea, vomiting, and hemorrhagic enteritis.
Recently, FPV infection in giant pandas has increased, causing diarrhea and ultimately
fatal outcomes, thereby threatening their survival and reproduction. Here, we investigated
the transmission of FPV in giant pandas and its interaction with cellular receptors using
an FPV strain (pFPV-sc) isolated from giant panda feces. Recombinant feline transferrin
receptor 1 (fTfR1) and the giant panda ortholog (gpTfR1) were expressed in non-susceptible
HEK293T and HelLa cells, while viral infection levels were measured to determine the effect
of gpTfR1 on pFPV-sc replication. The findings indicated that gpTfR1 overexpression in
non-susceptible cells significantly enhanced pFPV-sc replication, particularly influencing
the viral attachment and internalization stages. Our data further revealed early-stage
colocalization between gpTfR1 expression and virus infection, suggesting that gpTfR1
facilitates early viral infection and replication. Taken together, our study provides the first
evidence on the mechanism of FPV cross-species infection in giant pandas and elucidates
the interaction between gpTfR1 and FPV, which establishes a theoretical basis for the
development of preventive and therapeutic strategies, thereby safeguarding the health and
survival of giant panda populations from FPV.

Keywords: feline parvovirus; transferrin receptor 1; virus replication; giant panda
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1. Introduction

Feline parvovirus (FPV) causes a highly contagious acute infectious disease in cats
named feline panleukopenia, with clinical symptoms characterized by severe leukopenia,
biphasic fever, diarrhea, vomiting, and hemorrhagic enteritis [1]. FPV is characterized
by its rapid evolution and spread. In addition to cats, cases of FPV cross-species trans-
mission and infection in other animal species were frequent, such as deer, monkey, mink,
tiger, leopard, lion, and panda, with isolates that retain over 95% of sequence homology
across the viral genome, suggesting broad host adaptability despite conserved viral genetic
architecture. Such infection often results in severe gastroenteritis, acute leukopenia, dehy-
dration, lethargy, and high mortality, particularly in juveniles, due to the virus’s tropism for
rapidly dividing cells located in the intestinal epithelium and hematopoietic tissues [2-9].
In recent years, FPV infection in giant pandas has become increasingly common, leading to
diarrhea and, in severe cases, mortality. This poses a potential threat to the survival and
reproduction of giant pandas and a substantial challenge to the conservation of endangered
wildlife.

FPV belongs to the Parvoviridae family and Parvovirus genus. It is a non-enveloped,
single-stranded DNA virus whose capsid has icosahedral symmetry and a diameter of
approximately 25 nm. The full-length viral genome is approximately 5.1 kb and contains
two major open reading frames. Through alternative splicing, the nonstructural proteins
(NS1 and NS2) and capsid proteins (VP1 and VP2) are encoded by the same mRNA [10].
VP2 is the main capsid protein of FPV and contains many overlapping antigenic and
binding sites for the host transferrin type 1 receptor (TfR1) [11,12]. TfR1 plays a key role
in the immune responses and determines the viral ligand for host specificity and tissue
tropism [13]. Although the VP2 sequences of different parvoviruses are very similar, they
exhibit high host specificity, where even substitutions in one or two amino acids can
contribute to host tropism. Previously, we isolated an FPV strain, pFPV-sc, from a group of
infected giant pandas with mortality cases. Sequence analysis indicated 99.8% similarity
between pFPV-sc and the closest FPV sequence, but pFPV-sc contains unique characteristics
in its VP2 protein [8].

Virus-receptor interaction is the initiating step in the process of virus infection and
replication and plays a key regulatory role in the virus-host range, tissue tropism, and virus
pathogenesis. Studies have shown that FPV infection in feline kidney cells is mediated by
binding to the apical domain of feline transferrin receptor 1 (fTfR1) [14]. Notably, the TfR1
protein sequences of different hosts differ in their apical domains, which directly affect
the host range of parvoviruses. For instance, during canine adaptation, contemporary
canine parvovirus (CPV) variants evolved an enhanced binding affinity for canine TfR1,
increasing infectivity in dogs while concurrently exhibiting reduced binding efficiency to
feline TfR1 compared to ancestral CPV strains, reflecting host-specific adaptive selection
pressures [15]. To date, only a few studies have shown that FPV can infect giant pandas;
however, the mechanism by which FPV infects giant pandas and the transmission and
evolution processes in new hosts remain largely undetermined. Therefore, comprehensive
research into the mechanisms of infection is imperative. In this study, we analyzed the effect
of giant panda transferrin receptor 1 (gpTfR1) on pFPV-sc infection. Our data indicated that
specific binding occurs between FPV and the gpTfR1 located on the cell surface, thereby
promoting the virus to invade host cells and infect giant pandas. This discovery lays
the foundation for an in-depth understanding of the mechanisms underlying cross-host
infection by feline parvoviruses.
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2. Material and Methods
2.1. Cells, Virus, and Antibodies

The pFPV-sc strain of feline parvovirus from giant pandas was previously isolated,
identified, and preserved in our laboratory [8]. The feline kidney (F81), human embryonic
kidney (HEK293T), and human cervical cancer (HeLa) cell lines were originally purchased
from ATCC (American Type Culture Collection, Manassas, VA, USA) and preserved in
our laboratory.

The antibodies used in the study included Anti-V5 Tag mouse monoclonal antibody
(ABT2170, Abbkine, Wuhan, China), Anti-Myc Tag mouse monoclonal antibody (ABT2060,
Abbkine, Wuhan, China), DyLight 488, Goat anti-Mouse IgG (A23210, Abbkine, Wuhan,
China), fluorescein isothiocyanate (FITC) Goat anti-Rabbit IgG H&L (ab6717, Abcam,
Cambridge, UK), and Fluor647-conjugated goat anti-mouse IgG (A-21240, Life Technologies,
Frederick, MD, USA).

2.2. Sequence Analysis and Plasmid Construction

Primers were designed for the CD region of F81 TfR1 (GenBank accession number:
NMO001009312) (Table 1). Total RNA was extracted from the F81 cells. After reverse
transcription, the obtained cDNA was used as a template for polymerase chain reaction
(PCR) amplification and ligated into the pcDNA3.1-v5/myc vector. The PCR amplification
conditions were as follows: 95 °C for 3 min; 35 cycles of 95 °C for 15's, 58 °C for 30's, 72 °C
for 40 s; and 72 °C for 5 min; and storage at 4 °C. Concurrently, with reference to GenBank:
XM_034660038.1, the CD region of gpfR1 was synthesized by Sangon Biotech (Shanghai) Co.,
Ltd. and connected to the vector pcDNA3.1-v5/myc. The successfully constructed plasmids
were named pcDNA3.1-v5/myc-fTfR and pcDNA3.1-v5/myc-gpTfR1. The homology
between the fTfR1 and gpTfR1 sequences was analyzed using Clustal Omega software
(version 1.2.2).

Table 1. Amplification primers and target fragments.

Primer Sequence (5'-3') PCR Products/(bp)
F81-fTfR1-F 2aaaaGGATCCATGATGGATCAAGCCAGAT 2310
F81-fTfR1-R 22aaaCTCGAGAAACTCATTGTCAATATCCCA

TfR1-mRNA-F TGGCTGTATTCTGCTCGTGG 189
TfR1-mRNA-R GCCCCAAAAGATATGTCGG
F81-RPL17-F CTCTGGTCATTGAGCACATCC 123
F81-RPL17-R TCAATGTGGCAGGGAGAGC
293-Bactin-F CAAAAGGCGGGGTCGCAAT 108
293-Bactin-R CGACGATGGAAGGAAACACG
Hela-PPIA-F GAGGAAAACCGTGTACTATTAGC 86
Hela-PPIA-R GGGACCTTGTCTGCAAAC
VP2-qPCR-F ACGGGTACTTTCAATAATCAGAC 179
VP2-qPCR-R AATATCATCTAAAGCCATGTTTC

Note: Primers F81-fTfR1-F and F81-fTfR1-R were used to construct the expression vector. Primers TfR1-mRNA-F,
TfR1-mRNA-R, F81-RPL17-F, F81-RPL17-R, 293-Bactin-F, 293-Bactin-R, Hela-PPIA-F, and Hela-PPIA-R were
used to detect the mRNA transcription level of TfR1. VP2-qPCR-F and VP2-qPCR-R were used to detect FPV
copy number.

2.3. Indirect Immunofluorescence Detection of pFPV-sc Infection in Different Cells

When the F81, HEK293T, and HeLa cells in the 24-well plate grew to approximately
90% confluence, the cells were washed twice with phosphate-buffered saline (PBS), and the
pFPV-sc (multiplicity of infection [MOI] = 0.1) virus solution was inoculated. After 48 h of
infection, the cells were fixed with 4% paraformaldehyde, and an indirect immunofluores-
cence experiment was performed. First, the cells were washed twice with PBS, fixed with
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4% paraformaldehyde for 30 min, and washed twice with PBS, while the cell membrane
was permeabilized and then blocked with 2% bovine serum albumin for 2 h. Subsequently,
the cells were incubated with a rabbit anti-FPV immune serum (1:200 dilution) for 1 h, as
described previously [8]. After removing the primary antibody solution, the cells were
washed twice with PBS and incubated with FITC goat anti-rabbit IgG antibody diluted
1:200 for 1 h. The incubation solution was discarded and the cells were washed twice with
PBS. Next, 4 ,6-diamidino-2-phenylindole (DAPI) diluted 1:100 was added and incubated at
room temperature for 10 min. The cells were then washed twice with PBS. Finally, the cells
were mounted with Prolong Diamond (P36971, Life Technologies, MD, USA) according
to the manufacturer’s instructions. The cells were observed and photographed using a
fluorescence microscope.

2.4. gPCR Verification of TfR1 Overexpression and FPV Copy Number

HEK293T and HeLa cells were seeded in 12-well plates and incubated until 70%
confluence for transient transfection. Next, using the LipofectamineTM 3000 (Life Tech-
nologies, USA) transfection method, 1 ug of pcDNA3.1-v5/myc-fTfR1 and pcDNA3.1-
v5/myc-gpTfR1 plasmids was transfected. Concurrently, pcDNA3.1-v5/myc was used
as a negative control (pcDNA3.1) and the untransfected blank group was used as a blank
control (mock). Total RNA was extracted using the TRIzol reagent and reverse-transcribed.
The obtained cDNA was used to detect overexpression of the recombinant plasmids us-
ing quantitative PCR (qPCR). The reaction mixture consisted of 2 x TB Green Premix Ex
TaqTM II (RR820Q), Takara Biomedical Technology, Dalian, China) (10 pL); 0.5 pmol of
upstream and downstream primers; and 7 uL of ddH;O; and 1 uL of cDNA. The reac-
tion conditions were as follows: 95 °C for 30 s, 40 cycles of 95 °C for 5 s, and 60 °C for
30 s. The qPCR results were expressed using the 2~#A¢T method, with B-actin serving
as the endogenous control for normalization. The threshold cycle (CT) values of TfR1
were normalized to -actin (ACT = CTygrq — CTpg_actin), followed by calibration to a refer-
ence sample (AACT = ACTgample — ACTcalibrator)- Relative TfR1 expression was calculated
as 2—AACT.

After confirming that the overexpression was effective, and after infection with pFPV-
sc (MOI = 0.1) for 36 h, the DNA of the viral solution was extracted, and the FPV copy
number was determined by absolute quantification using a standard curve generated from
serial 10-fold dilutions (107-10! copies/uL) of a linearized plasmid containing the FPV
VP2 gene (Table 1). Cq values obtained from samples were interpolated from the standard
curve, with copy numbers calculated using the formula [6.022 x 10%® x (concentration in
ng/uL) x 10%]/(plasmid length x 660).

2.5. Indirect Immunofluorescence Verification of TfR1 Overexpression and pFPV-sc
Replication Levels

HEK?293T and HeLa cells were plated in 24-well plates containing circular coverslips.
Next, 0.5 ug of pcDNA3.1-v5/myc-fTfR1 and pcDNA3.1-v5/myc-gpTfR1 plasmids were
transfected. Concurrently, pcDNA3.1-v5/myc was used as a negative control (pcDNA3.1),
and the untransfected blank group was used as a blank control (mock). After 36 h of trans-
fection, the overexpression of fTfR1 and gpTfR1 was detected using an indirect fluorescence
immunoassay. V5 and Myc-tagged mouse monoclonal antibodies were used as the primary
antibodies, and DyLight 488 goat anti-mouse IgG was used as the secondary antibody.
Finally, fluorescence was observed using a fluorescence microscope, and the localization of
TfR1 was analyzed.

Concurrently, cells were inoculated with pFPV-sc (MOI = 0.1) for 36 h and fixed
with 4% paraformaldehyde. Rabbit anti-pFPV-sc immune serum was used as the primary
antibody, and FITC goat anti-rabbit IgG was used as the secondary antibody. Finally,
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fluorescence was observed using a fluorescence microscope to determine the number of
FPV-infected cells.

2.6. Effect of gpTfR1 Expression on pFPV-sc Adsorption and Internalization

HEK293T and HeLa cells were inoculated with pFPV-sc (MOI = 0.5), incubated at
4 °C for 1 h, and washed twice with cold PBS to remove unadsorbed viruses. Next, three
freeze-thaw treatments were performed to release the virus particles adsorbed on the
cell surface. The supernatant was collected, viral DNA was extracted, and the viral Cq
value in the adsorption stage was obtained using qPCR to calculate the FPV copy number.
Concurrently, in a 24-well plate with a circular coverslip, the above procedure was repeated,
the cells were fixed with 4% paraformaldehyde, and an indirect fluorescence immunoassay
was performed to detect the viral fluorescence signals during the adsorption stage.

HEK293T and HeLa cells were inoculated with pFPV-sc (MOI = 0.5), incubated at
4 °C for 1 h, and then transferred to 37 °C and incubated for 1 h. The virus solution was
removed and the unadsorbed viruses were removed by washing with pre-cooled PBS.
Proteinase K solution (400 pL, 1 mg/mL) was added to each well to remove viruses bound
to the cell surface. Three freeze-thaw treatments were performed to extract viral DNA
and obtain the viral Cq value in the internalization stage using qPCR to calculate the FPV
copy number. Concurrently, in a 24-well plate with a circular coverslip, after allowing
internalization at 37 °C, the cells were immediately fixed with 4% paraformaldehyde at
room temperature for 30 min. An indirect fluorescence immunoassay was performed
to detect viral fluorescence signals during internalization. This procedure required the
permeabilization of the cell membrane.

2.7. Colocalization Analysis of gpTfR1 Expression and pFPV-sc Infection

HEK293T and HeLa cells transfected with the recombinant plasmids were infected
with pFPV-sc (MOI = 0.1) at 37 °C for 1 h. The cells were then thoroughly washed with PBS
and fixed with 4% paraformaldehyde. Rabbit anti-FPV immune serum and the V5-tagged
mouse monoclonal antibody were used as primary antibodies, and FITC-conjugated goat
anti-rabbit IgG (green light) and Fluor647-conjugated goat anti-mouse IgG (red light) were
used as secondary antibodies. Finally, the fluorescence signals were observed using a
fluorescence microscope.

2.8. Examination of Cell Viability Detection by CCK8 Assay

The cell suspension was inoculated into a 96-well plate and incubated for 16 h. Plas-
mid transfection was performed for 36 h. After transfection, the cell supernatants were
discarded. Next, 10 puL of the CCKS8 solution and 90 uL of 10% Dulbecco’s modified
Eagle’s medium were added to each well. After culturing for 2 h, the absorbance was
measured at 450 nm using a microplate reader. The formula used is as follows: Cell
viability (%) = (As — Ab)/(Ac — Ab) x 100%, where As is the OD value of the transfection
experimental well, Ab is the OD value of the pcDNA3.1 empty vector-transfected well, and
Ac is the OD value of the normal cell control well.

2.9. Data Analysis

All experiments were repeated at least three times. In the indirect immunofluorescence
experiments, Image] software (version 1.52e) was used to count the infected cells. All
statistical analyses were performed using unpaired two-tailed tests in GraphPad Prism
version 9. Data are presented as the standard error of the mean of three independent
experiments or replicates. Significance levels are as follows: ns, not significant; * p < 0.05;
**p <0.01; and *** p < 0.001. Homology and amino acid site homology analyses of fTfR1
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(GenBank: NM001009312) and gpTfR1 (GenBank: XM044382865) were performed using
Clustal Omega software (version 1.2.2).

3. Results
3.1. Validation of Cell Tropism of the Giant Panda Derived FPV (pFPV-sc)

Building upon previous observations, F81, HEK293T, and HeLa cells were selected
for analysis of the cell tropism of pFPV-sc and the possibility of transducing exogenous
TfR1 expression that might support pFPV-sc infection. Cells were inoculated with pFPV-sc
at a multiplicity of infection [MOI] of 0.1, and indirect immunofluorescence was used to
evaluate infection levels at 48 h post-infection. As shown in Figure 1, fluorescence signals
were observed in F81 cells, whereas only a few fluorescence signals were observed in
HEK293T and HeLa cells. This result indicates that pFPV-sc showed high susceptibility in
F81 cells, whereas infectivity was relatively low in HEK293T and HeLa cells, which could
be applied for examination for the effect of foreign TfR1 expression on virus infection.
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Figure 1. pFPV-sc infection in F81, HEK293T, and HeLa cells. Green fluorescence represents successful
pFPV-sc infection.

3.2. Conformation of Expression of Recombinant fTfR1 and gpTfR1

HEK293T and HeLla cells were transfected with pcDNA3.1-v5/myc-fTfR1 and
pcDNA3.1-myc/v5-gpTfR1 recombinant plasmids, with pcDNA3.1-v5/myc empty plas-
mids as controls. The cell viability in each group was determined using the CCK8 method.
The results showed that although cell viability in the cells transfected with fIfR1 and gpTfR1
slightly decreased, no significant difference compared to that of the mock and empty vector
groups. Total RNA was extracted from each transfection group, and the TfR1 mRNA
content in each group of cells was measured. The results indicate that the TfR1 mRNA
content in the groups transfected with fTfR1 and gpTfR1 was significantly increased. In
addition, using an indirect immunofluorescence assay, obvious fluorescence signals were
observed in cells transfected with fTfR1 and gpTfR1, whereas no fluorescence signal was
observed in the control group (Figure 2). These results indicate that recombinant fTfR1 and
gpPTfR1 can be successfully induced in non-susceptible cells of pFPV-sc without altering
cell viability.
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Figure 2. Expression identification of the recombinant fTfR1 and gpTfR1 plasmids. (A,B) CCKS assay
to detect cell viability after transfection with recombinant plasmids. (C,D) qPCR to detect the mRNA
level of TfR1 in cells. (E,F) Indirect immunofluorescence assay against V5 or Myc tag to detect the
expression of the fTfR1 and gpTfR1 overexpression vectors. (Blue: nucleus; Green: V5 or Myc tag;
**p <0.001).

3.3. Giant Panda TfR1 Promotes pFPV-sc Replication

We next examined the probable effect of recombinant gpTfR1 on pFPV-sc infection
in non-susceptible cells. Recombinant gpTfR1 or fTfR1 were expressed in HEK293T and
HelLa cells prior to virus infection, and the results of qPCR analysis revealed that the viral
copy number in the gpTfR1 group increased significantly in both cell lines in comparison
with mock-transfected or empty vector-transfected cells (Figure 3A,B). Similar observations
were obtained with indirect immunofluorescence analysis, where a strong fluorescence
signal was observed in the gpTfR1 transfected group and the infection rate reached above
20% (Figure 3C-F). Differences were still observed in both the viral copy number and cell in-
fection rate in the gpTfR1 group in comparison with the fTfR1 group, indicating a relatively
lower viral replication (Figure 3). This may be due to the difference in amino acid sites
between the two TfR1 receptors, resulting in different levels of receptor—virus interaction,
where pFPV-sc still prefers fTfR1 over gpTfR1. Apparently, the expression of gpTfR1 is
already favored by pFPV-sc, resulting in constructive infection in FPV-unsusceptible cells.
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Figure 3. Overexpression of gpTfR1 promotes pFPV-sc replication. (A,B) qPCR to detect FPV copies.
(C,D) Indirect immunofluorescence assay to detect the number of infected cells (Blue: nucleus; Green:
FPV). (EF) Image] counts of the percentage of infected cells. (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.4. Overexpression of gpTfR1 Promotes pFPV-sc Adsorption and Internalization

After confirming the influence of gpTfR1 on viral replication, the effect of gpTfR1 on
the entry of pFPV-sc into cells was further studied. By measuring viral copy numbers and
performing indirect immunofluorescence experiments, we determined whether gpTfR1
expression affects specific stages of pFPV-sc binding or endocytosis. The results showed
that viral copy numbers in both fTfR1 and gpTfR1 groups increased significantly during
the virus adsorption stage. Concurrently, compared with the fTfR1 group, the viral copy
number in the gpTfR1 group was slightly lower (Figure 4A,C). In the meantime, obvious
fluorescence signals were observed in the fTfR1 and gpTfR1 groups via indirect fluores-
cence immunoassay, whereas no fluorescence signal was observed in the control groups
(Figure 4B,D). At the viral internalization stage, the viral copy numbers in the fTfR1 and
gpTfR1 groups increased significantly (Figure 4E,G), while no significant difference was
observed between the fTfR1 and gpTfR1 groups. Contemporarily, through the detection
of fluorescence signals via an indirect fluorescence immunoassay, obvious fluorescence
signals were observed in the fTfR1 and gpTfR1 groups, whereas minimal or no fluorescence
signal was observed in the control groups (Figure 4FEH). These results indicate that the
expression of fTfR1 and gpTfR1 enhances virus attachment and internalization, and that

gpTfR1 has a lower effect on increasing virus copy numbers at the virus adsorption stage
than fTfR1.
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Figure 4. Effect of gpTfR1 expression on the internalization stage of pFPV-sc adsorption.
(A,CE,G) FPV copy numbers detected using qPCR. (B,D,F,H) The number of infected cells detected
by indirect immunofluorescence assay. (Blue: nucleus; Green: FPV; ns: not significant; * p < 0.05,
**p <0.01, ** p <0.001).

3.5. pFPV-sc Infection in Unsusceptible Cells Requires gpTfR1 Expression

To further validate that pFPV-sc infection and gpTfR1 expression occur in the same
cell post-transfection, the subcellular localization of gpTfR1 and pFPV-sc was analyzed
during the early stages of pFPV-sc infection. The results showed that virus infection
(green) primarily colocalized with recombinant gpTfR1 (red), indicating that an early
virus infection stage correlates with gpTfR1 expression (Figure 5). A similar pattern was
also found with fTfR1 expression. Taken together, our observation demonstrated that the
gpTfR1 association plays an important role in the process of pFPV-sc infection, which
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could serve as an initial and necessary step for FPV cross-species transmission to the giant
panda population.
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Figure 5. Immunofluorescence colocalization of gpTfR1 with pFPV-sc. (A) Colocalization of gpTfR1
and FPV in HEK293 cells. (B) Colocalization of gpTfR1 and FPV in HeLa cells. (Blue: nucleus; Green:
FPV; Red: V5 tag).

4. Discussion

Most virus infections begin by binding to specific cell receptors and the uptake of
the virus into cells through receptor-mediated endocytosis [16]. This process is controlled
by multiple factors, including the characteristics of virus-binding receptors, signal trans-
duction, and endocytic properties, as well as the affinity of the virus for the receptor and
the structural characteristics of interactions under certain conditions. Parvoviruses bind
TfR1 to enter cells through clathrin-mediated endocytosis, which is then transported via
the endosomal pathway [17,18]. Studies have shown that certain viruses can bind to TfR1
with different binding levels and affinities within different hosts [19,20]. For example,
although the expression levels of TfR1 in feline and canine cells are similar, the binding
and endocytosis levels of feline cells to canine parvovirus (CPV)-2 and CPV-2b capsids are
3.5 times and 5 times higher than those of canine cells, respectively, which might be due to
the relatively lower binding affinity of CPV capsids for canine cells [17]. At 37 °C, there is a
difference in the binding levels of feline and canine TfR1 to CPV-2 capsids, and cells ex-
pressing fTfR1 show a higher level of binding and uptake. In the present study, we showed
that expression of fTfR1 and gpTfR1 had a significant promoting effect on viral infection at
both the virus adsorption and internalization stages. In addition, at the virus adsorption
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stage, compared to fTfR1, gpTfR1 exhibited a lower infection level, but the internalization
levels were similar. The difference in replication levels between fTfR1 and gpTfR1 is likely
due to the higher affinity of the virus against fTfR1, where the probable differences in
the apical domains between fTfR1 and gpTfR1 may play an essential role, as with the
host specificities of CPV and FPV [19,20]. Concurrently, the colocalization of gpTfR1 and
pFPV-sc infection was analyzed by immunofluorescence colocalization experiments in the
early stage of infection, and it was found that there was an aggregation of pFPV-sc at the
location of gpTfR1. In conclusion, gpTfR1 may first promote infection by virus association,
followed by promoting viral replication at the initial stage of viral infection.

Parvoviruses display restricted host specificity. For instance, studies have shown
that FPV cannot bind to canine TfR1, which is only 12% different from fTfR1, indicating
strong host specificity [12]. The amino acid homology between fTfR1 and gpTfR1 is
approximately 87.66% [8]. FPV should also have a host barrier against gpTfR1. However,
in natural ecosystems, the phenomenon of FPV cross-host infection of giant pandas has
been observed. Therefore, using fTfR1 as a positive control, we explored the receptor for
FPV infection in giant pandas. The results of this study showed that gpTfR1 expression in
non-susceptible cells has a function similar to that of fTfR1 and can significantly promote
the replication of pFPV-sc. This effect may have occurred at an early stage of viral infection,
indicating that gpTfR1 may play an important role in the life cycle of FPV, possibly by
promoting viral entry into cells. Although fTfR1 may be similar to gpTfR1 in some respects,
there are still differences between them, and further research is needed to verify the exact
role of gpTfR1 in FPV infection. FPV, which initially only infected felines, has evolved to
cause a CPV pandemic in canines as a host-range variant through several key amino acid
changes in the VP2 capsid protein [19]. Currently, they are no longer limited to felines and
canines but can infect a wider range of animal groups, including Ursidae and primates.
This trend has prompted consideration regarding the continuous evolution of FPV and
raised questions about its potential to infect humans through mutual adaptation to the host
TfR1. The present study found that pFPV-sc caused sporadic infections in human HEK293T
and HeLa cells, suggesting a potential risk of cross-species transmission of FPV. Future
research is required to further explore the evolutionary path of FPV and its interaction with
the host to comprehensively assess its potential impact on human health and implement
corresponding prevention and control measures.

In conclusion, gpTfR1 was used in the present study as a hypothetical surface receptor
for virus-host binding, and the mechanism of FPV cross-species infection in giant pandas
was investigated. These results showed that gpTfR1 is the cellular receptor for FPV infection
in giant pandas and can promote FPV replication. This discovery is expected to provide a
theoretical basis for the future development of antiviral intervention strategies and drugs
that can prevent FPV infection from giant pandas.
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Simple Summary: Porcine transmissible gastroenteritis virus (TGEV) is a major cause of
severe diarrhea in pigs, leading to high mortality and significant economic losses. Due to
the high genomic similarity between TGEV and porcine respiratory coronavirus (PRCV), it
is difficult to distinguish them serologically. In this study, we developed a specific, rapid,
and sensitive nucleic acid detection method for TGEV using a combination of recombinase—
aided amplification (RAA) and the CRISPR/Cas13a system. This one—pot assay, performed
at 37 °C, can detect TGEV within 40 min, with a sensitivity of 4.13 copies/pL. When tested
on 140 clinical samples, the method demonstrated 100% accuracy compared with RT-qPCR
and RT-PCR. Its simplicity and efficiency make it a promising tool for timely detection and
control of TGEV infection.

Abstract: Porcine transmissible gastroenteritis virus (TGEV) is a highly contagious
pathogen causing severe diarrhea in pigs, particularly piglets, leading to significant eco-
nomic losses. Distinguishing TGEV from the genetically similar porcine respiratory coro-
navirus (PRCV) remains challenging due to their high genomic homology. In this study,
we developed a one-pot assay combining recombinase-aided amplification (RAA) and
CRISPR/Cas13a technology, targeting the TGEV S gene. This method was optimized
for sensitivity and specificity, with orthogonal tests determining the optimal reagent con-
centrations. The assay achieved a detection limit of 4.13 copies/pL within 40 min at
37 °C, demonstrating no cross-reactivity with other porcine viruses. Clinical validation on
140 samples showed 100% concordance with RT-qPCR and RT-PCR results. Since the
established method is completed in a single reaction tube, it eliminates the need for step-
by-step operations, simplifying the process and reducing the risk of cross—contamination
and false positives in subsequent tests. Overall, this assay shows promising potential for
TGEV detection.

Keywords: TGEV; RAA; CRISPR/Cas13a; detection method

1. Introduction

Porcine transmissible gastroenteritis virus (TGEV) is a highly contagious coronavirus
that causes severe diarrhea, vomiting, and dehydration in pigs. In piglets under two
weeks of age, mortality rates can reach 100%, while surviving animals exhibit stunted
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growth, significantly reducing farm productivity and leading to significant economic
losses in the swine industry due to high mortality, reduced growth rates, and costly con-
tainment measures [1-3]. There are no specific drugs or effective treatments for TGE,
except for immunization. However, vaccines do not provide immune protection against
TGEV variants. Therefore, timely detection and accurate diagnosis of TGEV infection
are crucial for the scientific and effective prevention and control of the disease [4]. Tradi-
tional methods for TGEV diagnosis include virus isolation and identification, the ELISA,
and PCR, among others. However, virus isolation is time-consuming, typically taking
3-7 days, and requires specialized biosecurity facilities. ELISA offers moderate sensitivity,
with a detection limit of approximately 103 TCIDsy/mL; its utility is limited by the high
genetic and antigenic similarity between TGEV and PRCV [5-7], a TGEV S gene deletion
mutant strain that shares up to 96% nucleic acid identity at the genomic level [8,9]. This
makes it challenging to distinguish between the two viruses using serological methods.
Although PCR and real-time PCR provide high sensitivity, with detection limits as low
as 10'-10? copies/ L, these methods mainly target conserved regions such as the M or N
genes, making it difficult to distinguish between TGEV and PRCV in clinical settings.

In recent years, clustered regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated protein (Cas) systems have attracted significant scientific attention.
Among them, the CRISPR/Cas13a detection platform has emerged as a powerful tool for
molecular diagnostics, enabling the selective activation of Cas13a nuclease activity through
guide RNA-mediated targeting of specific nucleic acids [10-12]. This technology has been
successfully applied to detect various pathogens, including African swine fever virus
(ASFV) [13], porcine epidemic diarrhea virus (PEDV) [14], and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [15]. Meanwhile, recombinase—aided amplification
(RAA) has gained recognition as an advanced nucleic acid amplification technique. With
its remarkable temperature adaptability, rapid reaction time, and simple operation, RAA
is particularly suitable for diverse detection environments. Unlike conventional PCR
methods, which require thermal cycling (denaturation, annealing, and extension), RAA
achieves efficient amplification under isothermal conditions, making it highly valuable for
agricultural pathogen detection [16,17].

In this study, we designed specific RAA primers and ssRNA reporter probes and
developed a simple, specific, and sensitive novel detection system targeting the TGEV
S gene by combining CRISPR/Cas13a technology with RAA. This integrated approach
overcomes the limitations of traditional detection methods and is expected to provide
valuable technical support for the early detection of TGEV.

2. Materials and Methods
2.1. Viruses and Samples

Porcine delta coronavirus (PDCoV), porcine reproductive and respiratory syndrome
virus (PRRSV), porcine circovirus 2 type (PCV2), and porcine kobuvirus (PKoV) were
previously isolated and stored in the National Center of Technology Innovation for Pigs.
TGEV (strain SCJY-1), porcine epidemic diarrhea virus (PEDV) (strain SCSZ-1), and
classical swine fever virus (CSFV) were isolated from vaccines produced by Chongqing
Aolong Biological Products Co., Ltd. PRCV was kindly provided by the College of Animal
Medicine, Southwest University. A total of 140 samples (including feces, intestinal tissues,
and swabs) from porcine diarrhea cases were collected across different geographical loca-
tions, primarily from pig farms in the Luzhou, Dazhou, Longchang, Wulong, Changshou,
Wanzhou, Banan, and Rongchang districts. All samples were stored at the National Animal
Disease-Chongging Monitoring Station and the Chongqging Academy of Animal Sciences.
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2.2. Nucleic Acid Extraction

Viral RNA/DNA was extracted using the TaKaRa MiniBEST universal RNA/DNA
extraction kit (TaKaRa, Dalian, China), following the manufacturer’s instructions. The con-
centration of the extracted RNA was quantified using spectrophotometry, with A260/A280
ratios between 1.8 and 2.0 confirming RNA purity. The reverse—transcription reaction was
performed using the PrimeScript™ RT Reagent Kit (TaKaRa, Dalian, China) to synthesize
cDNA from the extracted RNA. The extracted nucleic acid and cDNA samples were stored
at —80 °C.

2.3. Construction of Standard Recombinant Plasmid Containing Target Sequence

Since PRCV is a variant of TGEV, the whole genome sequences of TGEV and PRCV
were downloaded from the GenBank database (http://www.ncbi.nlm.nih.gov/, accessed
on 27 May 2024). Sequence alignment was carried out using the bioinformatic analysis
software application MEGA 7.0, and DNA sequences present in the TGEV S gene but
absent in PRCV were selected for subsequent studies. One of the consensus sequences
with 100% alignment with the S gene was synthesized as the target sequence and cloned
into a pUC57 vector (Sangon Biotech, Shanghai, China) to construct recombinant plasmids,
named pUC57-TGEV. The plasmids were transformed into E. coli DH5« for cultivation.
Positive plasmids were extracted using the E.Z.N.A Plasmid Mini-Extraction Kit (Omega
Biotek Inc., Shanghai, China) and sequenced by Sangon Biotech Co., Ltd. The sequencing
results confirmed the presence of the TGEV sequence. The recombinant plasmid was used
as a standard positive control and stored at —20 °C for future use. The concentration of the
extracted recombinant plasmid was determined using an ultraviolet spectrophotometer
(OD260) (Thermo Fisher, Waltham, MA, USA), and the DNA copy number was computed

023

as follows: dsDNA copy number (copies/uL) = (6.02 x 10*° (copies/mol) x concentration

(ng/uL) x 107%)/(DNA length x 660) [18,19].

2.4. Quantitative Real-Time PCR (qPCR) Assay

According to the requirements of the qPCR assay, one set of primers (F:5'-AGTCGTT
AATGGATACCCA-3/, R: 5-TGCACTCACTACCCCAATT-3') and a probe (FAM-TCTGCT
GAAGGTGCTATTAT-TAMRA) were designed from the conserved nucleotide region of the
target sequence using Primer Premier 5.0 software (PREMIER Biosoft, San Francisco, CA,
USA). The reaction system was 25 pL in volume, which included 12.5 pL of 2 x probe qPCR
Mix with UNG (TaKaRa, Beijing, China), 0.5 puL of each F/R primer (10 uM), 1 uL of the
probe, 2 uL of sample DNA/cDNA, and 8.5 pL of ddH,O. All qPCR assays were carried
out using a CFX96 Real-Time System (Bio-Rad, Shanghai, China) according to the following
procedures: UNG action at 25 °C for 10 min, pre-denaturation at 95 °C for 30 s, 40 cycles
of denaturation at 95 °C for 5 s, and annealing at 54 °C for 30 s, with the FAM fluorescent
signal detected every 30 s. A series of 10—fold consecutive dilutions of the pUC57-TGEV
plasmid were used as a template for the qPCR assay to construct the standard curves,
which were generated based on the cycle threshold (Ct) values and the copy numbers
(Log values) of the template DNA. The coefficients of determination (R?) were calculated
using the software application GraphPad Prism, v.8.0.1 (https://www.graphpad.com/
scientific-software/prism/, accessed on 27 May 2024). The experiment was also performed
three times independently to verify its repeatability. We evaluated the method’s detection
capability by obtaining 10—fold serial consecutive dilutions of the pUC57-TGEV plasmid
as the template for the qPCR assay sensitivity test, and the detection limit of the latter
was used as a template to conduct three duplicate tests with three duplicate wells, each
for the determination of the repeatability of this method. Lastly, seven common porcine—
derived nucleic acids of viruses, including TGEV, PRCV, PCV2, PKoV, PEDV, PRRSV, and
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PDCoV, were selected as control templates for the assessment of the detection specificity of
our method.

2.5. RAA Primers, ssSRNA Reporter, and crRNA Preparation

Five RAA primers were designed online (https://ezassay.com/primer, accessed on
27 May 2024) based on the conserved nucleotide region of the TGEV S gene, according
to the design requirements for RAA primers, which were synthesized by Sangon Biotech
(Shanghai, China). A total of 2 forward primers and 3 reverse primers were paired, resulting
in 6 pairs of primers, to determine the optimal primer combinations (Table 1). Basal RAA
was performed with 10 copies/uL of the recombinant plasmid (pUC57-TGEV) as the
template, according to the instructions provided with the RAA Nucleic Acid Amplification
Kit (Zhuangbo, Guangxi, China). The best primer pair was identified by analyzing the
brightness of the gel electrophoresis bands of 7 uL. RAA products using the Image ] 1.54
analysis tool. ddH,O was used as a negative control.

Table 1. Information on recombinase-aided amplification (RAA) primers.

Number Primer Sequences Primer Pairing Product Size, bp
F1 5-GGTGTTAGGTGATTATTTTCCTACTGTACA-3’ F1/R1 308
F2 5'-ACGGTTAAACGTAGTCGTTAATGGATACCC-3' F2/R1 164
F3 5'-CGGTTAAACGTAGTCGTTAATGGATACCCA-3' F3/R1 163
R1 5'-ACCTGCACTCACTACCCCAATTGCAAGTCA-3 F1/R2 309
R2 5'-AACCTGCACTCACTACCCCAATTGCAAGTC-3 F2/R2 165
F3/ R2 164

The crRNA (5-GAUUUAGACUACCCCAAAAACGAAGGGGACUAAAACUC
AGCAGAAU UAAAAUUGCGGGUUGUUG-3') was designed and synthesized to target
the RAA amplification product, according to the instructions for the enzyme LwaCas13a
(Novoprotein, Suzhou, China) to ensure the proper functioning of the CRISPR/Cas13a
reactive system; the 3'-end of the crRNA was ligated with palindromic repeat sequences
(underlined) that bind to the Cas13a enzyme, forming a binary complex. Due to the cascade
shearing activity of the Cas13a enzyme on RNA, the 5'- and 3’-ends of the ssRNA reporter
were labeled with fluorescein FAM and quenching BHQ1 motifs, respectively, obtaining
the sequence 5'-FAM-rUrUrUrUrUrU-BHQ1-3'. The RAA primers and crRNA were evalu-
ated using a nucleotide BLAST + 2.15.0 search in the National Center for Biotechnology
Information (NCBI) database, revealing no matches with sequences from other species.

2.6. CRISPR/Cas13a Complex Cleavage System

A cleavage premix system was prepared according to the CRISPR/Cas13a manual to
verify the Casl3a cleavage activity and the accuracy of the crRNA. The 20.0 pL reaction
system was composed of 2.0 pL. of CRISPR/Cas13a 10 x buffer, 2.0 pL of LwaCas13a
(200 pM), 8.0 puL of ddH,O, 2.0 pL of crRNA (20 uM), 1.0 uL of the ssRNA reporter (20 mM),
and 5.0 uL of the RNA template. The master mix was quickly placed into a real-time PCR
instrument, where FAM channel fluorescence values were collected every 15 s at 37 °C for
40 min. Three replicates were set up for each cleavage reaction to obtain mean Ct values
and identify optimal amplification, and the TGEV RNA template was replaced with ddH,O
as a negative control.

2.7. Establishment of TGEV Assay Based on RAA-CRISPR/Cas13a System

Based on the instructions of the fluorescein RAA nucleic acid amplification kit and the
CRISPR /Cas13a manual, the RAA-CRISPR/Cas13a premix system for each reaction tube
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totaled 42.5 puL and consisted of 25.0 puL of A Buffer, 2.0 uL of the optimal forward primer
with the T7 promoter (5'-GAAATTAATACGAC TCACTATAGGG-3'), 2.0 uL of the optimal
reverse primer, 0.5 pL of LwaCas13a (5.0 pmol/uL), 0.25 uL of the crRNA (10.0 uM), 1.5 uL
of T7 polymerase (50 U/uL; TaKaRa, Beijing, China), 2.0 pL of ribonucleotide triphosphate
(rNTP) mix (50 mM, TaKaRa, Beijing, China), 2.0 uL of RNase inhibitor (40 U/uL; TaKaRa,
Beijing, China), 0.5 pL of MgCI2 (500 mM), 0.5 uL of fluorescent ssSRNA reporter (Bio—
LifeSci, Shanghai, China), and 6.25 pL of RNase—free ddH,O. After thorough mixing,
5.0 pL of standard plasmids at a concentration of 104 copies/uL was added to the reaction
tube as a template; then, 2.5 uL of B Buffer was added to the inner cap of the assay tube, the
cap was quickly closed, and the contents were mixed upside down and briefly centrifuged.
The master mix was then placed into a real-time PCR instrument, where FAM channel
fluorescence values were collected every 30 s at 37 °C for 40 min. Three replicates were set
up for each cleavage reaction to obtain the mean Ct values and verify optimal amplification.
ddH;0O was used as a negative control.

2.8. Optimization of TGEV Assay System Based on RAA-CRISPR/Cas13a

Given that RAA primer pairs, crRNA, and reporter RNA concentrations significantly
influence the RAA-CRISPR/Cas13a reaction system, each element was classified into three
levels, and the L9 (3%) orthogonal test scheme was designed for the reaction system (Table 2).
This optimized protocol uses the optimal primer pairs for fluorescence detection every 30 s
for a total of 80 cycles. Each trial was repeated three times to obtain the mean Ct values.

Table 2. 19 (3%) orthogonal analysis protocol design for the detection method based on RAA-

CRISPR/Cas13a.
Experimental Condition Parameters
Test No. A B C
(Reporter RNA (Primer (crRNA
Concentration, uM) Concentration, uM) Concentration, uM)
1 1 8 1 8 1 2.5
2 1 8 2 10 3 10
3 1 8 3 12 2 5
4 2 10 1 8 3 10
5 2 10 2 10 2 5
6 2 10 3 12 1 2.5
7 3 12 1 8 2 5
8 3 12 2 10 1 2.5
9 3 12 3 12 3 10

2.9. Specificity Analysis Test of RAA-CRISPR/Cas13a Assay

Nucleic acids from TGEV, PCV2, PDCoV, PKoV, PEDV, PRRSV, and PRCV were
used as templates to perform the specificity analysis of the TGEV assay based on RAA-
CRISPR/Cas13a, assessing cross—reactivity with other pig-derived viruses or genomes.
ddH,O was used as a negative control.

2.10. Sensitivity Analysis Test of RAA-CRISPR/Cas13a Assay

The recombinant plasmid standard was consecutively diluted 10—fold with ddH,O
until a concentration of 102 copies/uL was reached. The sensitivity of the RAA—
CRISPR/Cas13a assay was validated using the recombinant plasmid at 103~10~2 copies/pL
as the standard nucleic acid template, with three replicates per reaction for each concentra-
tion to obtain the mean Ct values.
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2.11. Stability Analysis Test of RAA-CRISPR/Cas13a Assay

Multiple replicates of the RAA-CRISPR/Cas13a assay were performed using the plas-
mid template at the detection limit for the evaluation of the stability of the
detection method.

2.12. Effectiveness Evaluation of Testing Clinical Samples

A total of 140 clinical samples from diarrheic pigs were tested simultaneously to ana-
lyze the coincidence rate between the RAA-CRISPR/Cas13a assay, the RT-qPCR assay, and
the RT-PCR assay for the further assessment of the reliability of the RAA-CRISPR/Cas13a
assay in clinical detection.

2.13. Statistical Analysis

The statistical significance of the differences was determined using SPSSAU
(https:/ /spssau.com/index.html, accessed on 27 May 2024) to perform ANOVA and calcu-
late the mean Ct values. Statistical analyses considered p-values < 0.05 as significant and
p-values < 0.01 as highly statistically significant.

3. Results
3.1. Standard Plasmid Containing Target Sequence

The results of genome sequence alignment revealed significant differences in the S gene
between TGEV and PRCV (Figure 1), consistent with previous reports [20,21]. A 362 bp
consensus nucleic acid sequence (highlighted in the box), present in the S gene of TGEV
but deleted in PRCV, was selected as the target for TGEV detection. This sequence was
synthesized and ligated into the pUC57 vector, successfully constructing the recombinant
plasmid pUC57-TGEV, whose sequencing results met expectations. The recombinant
plasmid, extracted from positive clone bacteria, was measured to have a concentration of
139 ng/uL, corresponding to 4.13 x 10 copies/uL.

3.2. Sensitivity and Specificity Validation of gPCR

A TagMan qPCR method for detecting porcine TGEV was developed based on
the screened target sequence of the S gene (sequence site: 20,517-20,879; GenBank ID:
DQ811785). The detection limit of the qPCR method for the standard plasmid was
41.3 copies/pL (Table 3). The construction of the standard curves demonstrated a strong
linear correlation (R? = 0.9972, y = —3.4035IgN + 39.429) between the Ct values and the cor-
responding copy numbers of the target sequence in the TGEV S gene (Figure 2). Specificity
evaluation revealed that the qPCR method produced an amplification curve exclusively for
TGEV (Figure 3), and the coefficient of variation (CV) values for the nine detection tests at
different concentrations of the standard plasmid were all below 1.5% (Table 3).

Table 3. Repeatability test results of qPCR.

Intra—Repetitive Assay Inter-Repetitive Assay
- Standard Coeffl‘cu.:nt of - Standard Coefﬁ.cu-::nt of
Average Value (x) Deviation (s) Variation Average Value (x) Deviation (s) Variation
(CV/%) (CV/%)
35.58 0.44 1.2
35.86 0.41 11 36.01 0.52 14
36.60 0.42 1.1
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Figure 1. Partial sequence alignment of the S genes in different TGEV and PRCV strains; the consensus

sequence within the box is the target sequence for detection. (Red mark) A 362 bp consensus nucleic

acid sequence used for constructing the TGEV-puc57 recombinant plasmid.

3.3. Optimal Primer Screening for RAA

Six primer pairs were tested using basal RAA with 4.13 x 10* copies/ uL of the pUC57~

TGEV plasmid as the template to identify the optimal primer pairs for the method to

ensure its specificity and effectiveness. The electrophoresis results showed that the sizes

of the main bands of all RAA products were close to the theoretical values (Figure 4A),

and the sequencing results met expectations. Only Lane 3 (F2/R1) and Lane 4 (F2/R2)

displayed single bands with no non—specific bands. Further analysis of the gray values of

the electrophoretic bands indicated that the band in Lane 3 was brighter than that in Lane 4

(Figure 4B). Based on these criteria, the optimal primer combination for RAA detection of

TGEV is F2/R1.
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Figure 2. Sensitivity validation of qPCR. (A) Ten—fold serial dilutions of the TGEV plasmid were
used as the template to construct the standard curve for qPCR. (B) Ten—fold serial dilutions of the
pUC57-TGEV plasmid were used as the template for sensitivity detection in gPCR.
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Figure 3. Specificity detection of gPCR.

3.4. Detection of CRISPR/Cas13a Complex Cleavage

For the CRISPR/Cas13a cleavage premix system, fluorescence signal values were
successfully detected using a real-time PCR instrument (Figure 5). The results indicated
that the template was TGEV RNA, and the fluorescence signal values gradually increased

over time, validating the Cas13a protein cleavage activity and accuracy of the crRNA.

This indicates that the Cas13a protein binds to the palindromic sequence attached to the
crRNA, forming a binary complex. Once the crRNA correctly pairs with the detected
target fragment of TGEV RNA, the Cas13a protein triggers its shearing activity, cleaving
the six-base ssRNA reporters in the system and releasing fluorescent signals that can
be captured.
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Figure 5. Detection results of the CRISPR/Cas13a complex cleavage system.

3.5. Orthogonal Test Optimization and Establishment of RAA-CRISPR/Cas13a Assay

The results of the L9 (3%) orthogonal tests, along with their analysis, are presented in
Tables 4 and 5. The k—values in Table 5 represent the average Ct values at different levels
for each element, with a smaller k—value indicating higher detection efficiency and stability.
Based on these reference conditions, the optimal combination is A3B2C3, suggesting that
the optimal reaction conditions for efficiently amplifying TGEV nucleic acids are 12 uM
ssRNA reporter, 10 uM crRNA, and 10 uM primer. The R values in Table 5 reflect the effect
of each element on the RAA-CRISPR/Cas13a test, with larger R values indicating a greater
influence of that element at its respective level. According to the R values from the L9 (3%)
results, the influence of the three elements is ordered as follows: A (ssRNA reporter) > C
(crRNA) > B (RAA primer). The results of the three—factor analysis of variance (ANOVA)
showed the value as R? = 0.962 (Table 6), indicating that the three factors—probe, primer,
and crRNA—explain 99.6% of the variation in the Ct value, which means that the data from
this experiment have statistical significance. Therefore, according to the above analysis,
the optimized reaction system was established for the TGEV nucleic acid assay using the
RAA-CRISPR/Cas13a method.
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Table 4. Results of L9 (3%) orthogonal tests.

Experimental Condition Parameters
A (Probe) B (Primer) C (crRNA) Ct Value

2.89
2.49
2.56
1.84
1.98
2.01
1.88
1.84
1.88

Test No.

—_
—_
—_

O XTI UlLk= WN -
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W R N R NWNDW

Table 5. Analysis of L9 (3% orthogonal test results.

Results of Orthogonal Test

A (Probe) B (Primer) C (crRNA)
K1 7.93325 6.60910 6.74525
K2 5.83047 6.31189 6.41953
K3 5.60377 6.44651 6.20272
k1 2.64442 2.20303 2.24842
k2 1.94349 2.10396 2.13984
k3 1.86792 2.14884 2.06757
R 0.77649 0.09907 0.18084
Optimal conditions A3 B2 C3

Table 6. Three—factor ANOVA results.

Source of Variation SS df MS F P
Intercept 41.689 1 41.689 1801.233  0.001 **
A (ssRNA reporter 1.109 2 0554 23957  0.040*
concentration, M)
B (primer concentration, pM) 0.015 2 0.008 0.325 0.755
C (crRNA concentration, uM) 0.047 2 0.024 1.026 0.494
Residual 0.046 2 0.023

Note: R =0.962. * p < 0.05; ** p < 0.01.

3.6. Results of Specificity Assessment of RAA-CRISPR/Cas13a Assay

cDNA/DNA from TGEV, PCV2, PKoV, PEDV, PRRSV, PDCoV, and PRCYV, all com-
mon pathogens that infect pigs, were used as nucleic acid templates for the assessment
of the specificity of the RAA-CRISPR/Cas13a assay. As shown in Figure 6, the RAA-
CRISPR/Casl3a assay did not produce a specific fluorescent signal for any pathogens other
than TGEYV, indicating that this method demonstrates high detection specificity for TGEV
(Figure 6).
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Figure 6. Results of the RAA-CRISPR/Cas13a specific test.

3.7. Results of Sensitivity Assessment of RAA—CRISPR/Cas13a Assay

A series of 10-fold dilutions of the pUC57-TGEV recombinant plasmid (ranging
from 4.13 x 10° to 4.13 x 1072 copies/uL) were tested as templates to investigate the
sensitivity of the RAA-CRISPR/Cas13a assay. As shown in Figure 7, the results indicated
that the minimum detectable copy number of pUC57-TGEV when using this method was
4.13 x 10° copies/ puL (95% CI: 29.47-32.11 Ct). In comparison, the detection limit of the
previously established qPCR method was 4.13 x 10! copies/plL, demonstrating that the
RAA-CRISPR/Cas13a assay has higher detection sensitivity for TGEV.
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Figure 7. Sensitivity test results of plasmid templates with concentrations ranging from 4.13 x 10 to
4.13 x 1072 copies/pL, detected with RAA-CRISPR/Cas13a.

3.8. Results of Stability Assessment of RAA-CRISPR/Cas13a Assay

For the plasmid templates with a detection limit of 4.13 x 100 copies/puL, results from
three replicate experiments consistently showed similar, specific fluorescent signal curves
and positive outcomes (Figure 8). This indicates that the RAA-CRISPR/Cas13a assay has
good detection stability for TGEV.
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Figure 8. Results of the reproducibility test at a plasmid concentration of 4.13 x 10° copies /L.

3.9. Clinical Sample Detection of RAA-CRISPR/Cas13a Assay

A total of 140 clinical samples were tested using both the RAA-CRISPR/Cas13a assay
and the RT-qPCR and RT-PCR assays to evaluate the clinical application of the method.
The comparative analysis of the test results is shown in Table 7. Both methods produced
the same results for all clinical samples, indicating a 100% coincidence rate. Among them,
a total of eight positive samples were detected with a positive rate of 5.7%, and the test
results were completely consistent between the two detection methods.

Table 7. Comparison of test results for clinical samples obtained using the RAA-CRISPR/Cas13a
assay, RT-qPCR method, and RT-PCR method.

Methods
No. Region Time Quantity RAA—CI.{ISPR/(.Za.sl3a RT=qPCR RT-PCR Detection
Detection Positive Detection Positive ire
Positive Results
Results Results

1 Wanzhou 19 February 2023 70 5/70 5/70 5/70

2 Luzhou 09 March 2023 4 1/4 1/4 1/4

3 Wulong 04 November 2023 20 2/20 2/20 2/20

4 Changshou 02 December 2023 8 0/8 0/8 0/8

5 Banan 17 December 2023 11 0/11 0/11 0/11

6 Rongchang 23 February 2024 16 0/16 0/16 0/16

7 Dazhou 21 November 2024 7 0/7 0/7 0/7

8 Longchang 24 December 2024 4 0/4 0/4 0/4

4. Discussion

TGE is a widely distributed, difficult-to-prevent, and difficult-to —control intestinal
infectious disease that causes severe diarrhea in swine. Many countries and regions have
reported outbreaks of TGE in swine herds, a condition that significantly impacts the
gastrointestinal health of pigs and the development of the pig industry. Additionally,
sick pigs are often co-infected and may harbor other diarrheal pathogens [22]. Notably,
infected pigs with PRCV can experience mild TGEV onset at any age, which may obscure
the presence of TGEV infection [6]. Early detection of TGEV is essential for implementing
effective prevention and control measures. Reliable viral nucleic acid detection methods
can offer accurate and efficient technical support for virus detection [23]. Therefore, in this
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study, we developed a novel TGEV nucleic acid assay based on RAA-CRISPR/Cas13a,
focusing on the TGEV S gene.

Existing studies have shown that the CRISPR/Cas13a system can tolerate at most one
mismatch between crRNA and target RNA [11,24]. Cas13a nuclease alone requires several
hours to achieve amol sensitivity, necessitating a nucleic acid target pre-amplification
step to increase the concentration for the CRISPR/Casl3a assay. RAA, which departs
from traditional PCR techniques, can rapidly amplify nucleic acid targets in a short time.
However, previous studies have indicated that RAA primers and probes can tolerate
mismatches of up to nine bases with the target sequence [25], which significantly increases
the risk of non—specific amplification due to these tolerable multi-base mismatches [26].

In view of the respective shortcomings of the two methods described above, we
established the RAA-CRISPR/Cas13a assay. We began by designing and screening specific
RAA primers and corresponding crRNA based on the conserved sequence of the TGEV S
gene to avoid interference from PRCV nucleic acid. Given the limited number of Cas13a
proteins and the potential for abundant crRNA to compete with the ssSRNA reporter for
cleavage [27-29], we further optimized the RAA-CRISPR/Cas13a assay through orthogonal
experiments. This optimization focused on three factors: primer concentration, which can
affect the amplification efficiency of RAA, and crRNA concentration and ssRNA reporter
concentration, both of which can affect the cleavage efficiency of the Cas13a protease in the
reaction system.

The optimized RAA-CRISPR/Cas13a assay represents a significant advancement over
LAMP methods for TGEV detection. Although LAMP has been widely adopted for its field
adaptability and simple equipment requirements, the CRISPR-based system demonstrates
superior performance, with higher sensitivity (4.13 copies/uL vs. LAMP’s typical 10-100
copies/uL), specificity through RNA-guided target recognition, and a faster turnaround
time (40 min). The closed-tube design of the RAA-CRISPR/Cas13a assay additionally
minimizes contamination risks that can affect open—-tube LAMP reactions [30-32]. Current
CRISPR implementation faces challenges in field deployment due to fluorescence detection
requirements and higher reagent costs, while its exceptional detection capabilities make it
particularly valuable for laboratory—based confirmatory testing and settings where max-
imum accuracy is paramount. The field application of the RAA-CRISPR/Cas13a assay
is expected to be realized using portable fluorescence detectors or lateral flow chromato-
graphic test strips, offering more efficient and practical solutions for the clinical detection
of TGEV [33,34].
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Abbreviations

The following abbreviations are used in this manuscript:

ANOVA Analysis of variance

ASFV African swine fever virus

CRISPR Clustered regularly interspaced short palindromic repeat
Cas CRISPR-associated proteins

Ccv Coefficient of variation

CSFV Classical swine fever virus

PCV2 Porcine circovirus 2

PDCoV Porcine delta coronavirus

PEDV Porcine epidemic diarrhea virus

PKoV Porcine kobuvirus

PRCV Porcine respiratory coronavirus

PRRSV Porcine reproductive and respiratory syndrome virus
SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
TGEV Porcine transmissible gastroenteritis virus

RAA Recombinase-aided amplification
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Simple Summary: The cross-species transmission of influenza viruses is pivotal in zoonotic
pandemics, driven by viral genetic adaptability, host-receptor compatibility, and ecological
factors. Key mutations in hemagglutinin and neuraminidase enable host barrier breaches,
while intermediate hosts (e.g., pigs) act as viral “mixers” for strain diversification. Ad-
vances in sequencing and structural biology have identified critical molecular markers,
yet challenges persist in deciphering dynamic virus-host evolution, establishing real-time
surveillance, and designing broad-spectrum interventions. Integrating multidisciplinary
strategies—including One Health networks and artificial intelligence-driven prediction
models—is crucial for building a multi-layered defense system. This review synthesizes
current progress and challenges, offering a framework to optimize pandemic preparedness
against influenza spillover risks.

Abstract: The cross-species transmission of influenza viruses represents a critical link in the
pandemic of zoonotic diseases. This mechanism involves multi-level interactions, including
viral genetic adaptability, host-receptor compatibility, and ecological drivers. Recent stud-
ies have highlighted the essential role of mutations in hemagglutinin and neuraminidase
in overcoming host barriers, while elucidating the differences in the distribution of host
sialic acid receptors. Furthermore, the “mixer” function of intermediate hosts, such as pigs,
plays a significant role in viral redistribution. Advances in high-throughput sequencing
and structural biology technologies have gradually resolved key molecular markers and
host restriction factors associated with these viruses. However, challenges remain in under-
standing the dynamic evolutionary patterns of virus-host interaction networks, developing
real-time early warning capabilities for cross-species transmission, and formulating broad-
spectrum prevention and control strategies. Moving forward, it is essential to integrate
multidisciplinary approaches to establish a multi-level defense system, leveraging the ‘One
Health” monitoring network, artificial intelligence prediction models, and new vaccine
research and development to address the ongoing threat of cross-species transmission of
influenza viruses. This paper systematically reviews the research progress and discusses
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bottlenecks in this field, providing a theoretical foundation for optimizing future prevention
and control strategies.

Keywords: influenza virus; cross-species transmission; mechanisms; One Health

1. Introduction

Influenza viruses pose a significant threat to both human and animal health, charac-
terized by their ability to cross species barriers and cause epidemics and pandemics [1,2].
The global status of animal influenza has been documented through extensive surveil-
lance, revealing a rich diversity of influenza subtypes across various host species [3]. A
comprehensive database compiled up to 2016 identified over 70,000 records of animal
influenza events, highlighting the ongoing risk of new subtypes emerging from animal
reservoirs, particularly in regions like Asia, North America, and Europe, where the diver-
sity of influenza viruses is greatest [4]. This diversity is a critical factor in the potential for
reassortment, which can lead to the emergence of novel strains with pandemic potential [4].

In recent years, significant progress has been made in understanding the mechanisms
of cross-species transmission of influenza viruses. Studies have demonstrated that avian
influenza viruses (AIVs) possess the ability to adapt to mammalian hosts through specific
mutations that enhance their capacity to bind to human-type receptors [5,6]. For instance,
the H7N9 avian influenza virus has been identified as dual-receptor tropic, indicating
a limited potential for human-to-human transmission, although certain mutations may
augment this capability [7-9]. Similarly, by analyzing the changes in the receptor-binding
specificity of influenza viruses to host receptors, researchers can trace the adaptive evolution
of swine influenza viruses, as this specificity is critical for their efficient transmission among
pig populations. The mechanisms underlying the interspecies transmission of influenza
viruses are complex and involve various factors, including the host’s immune response and
the virus’s ability to evade these defenses [10]. Type I interferons (IFNs) play a crucial role
in the host’s defense against influenza virus infections, but influenza viruses have evolved
strategies to counteract these responses [11,12], complicating the dynamics of transmission.
Additionally, the polymerase basic protein 2 (PB2) has been implicated in the adaptation of
influenza viruses to new hosts, with specific mutations influencing the virus’s ability to
replicate and transmit effectively [13,14].

Among the diverse viral families with cross-species transmission potential, influenza
viruses are particularly concerning due to their ability to jump between hosts and gen-
erate novel, potentially pandemic strains. While influenza B and C viruses exhibit lim-
ited zoonotic potential due to their restricted host ranges—primarily affecting humans
and seals—and relatively stable genomic architectures [15,16], influenza A viruses (IAVs)
demonstrate unparalleled cross-species versatility. Genomic surveillance has identified
IAV infections across 12 mammalian orders, ranging from cetaceans to primates [17], as
well as in all major avian taxa [18]. This remarkable host breadth is driven by two primary
evolutionary features: first, the virus’s co-evolution with aquatic wild birds, which serve as
an ancient and genetically diverse reservoir [18,19]; and second, the capacity for adaptive
mutations in the viral hemagglutinin (HA) protein, which enable flexible receptor binding
and facilitate interspecies transmission [20]. These properties position IAV as a central
model for studying zoonotic emergence and pandemic risk. The pandemic potential of
IAVs is also influenced by their genetic diversity and the ability to undergo rapid evo-
lution [21]. Continuous surveillance and research are essential to identify viruses with
pandemic potential before they fully adapt to human populations. This includes under-
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standing the ecological factors that facilitate the emergence of new strains, such as the close
contact between humans and animals in agricultural settings [22]. Moreover, the role of
exposed swine in the transmission of influenza A viruses to humans has been highlighted,
with cases often occurring among individuals with close contact to swine [23]. This under-
scores the importance of biosecurity measures in preventing the spread of influenza viruses
across species [24]. In summary, the epidemic status of influenza viruses is marked by
their ongoing evolution and potential for cross-species transmission, necessitating robust
surveillance and research efforts to mitigate the risks associated with these viruses [25].
Understanding the mechanisms of transmission and adaptation is crucial for developing
effective prevention strategies and vaccines to combat future influenza pandemics. We aim
to summarize the current knowledge about influenza, including the classification, epidemic
status, cross-species dissemination mechanisms, public health importance, and prospects
and challenges of cross-species transmission of influenza viruses.

2. Classification of Influenza Viruses

The influenza virus is an enveloped negative-strand RNA virus that belongs to the
genus Influenza within the Orthomyxoviridae family. Based on differences in the nucleo-
protein (NP) and matrix protein (M), the virus can be categorized into four types: A, B, C,
and D [26-28].

Among these pathogens, the influenza A virus stands out as the most common threat
to both humans and animals, leading to what is commonly known as seasonal flu [16].
Additionally, the influenza A virus was responsible for four significant pandemics: the 1918
Spanish influenza, the 1957 Asian influenza, the 1968 Hong Kong influenza, and the 2009
swine-origin pandemic influenza (2009 pH1N1). It was also the cause of a comparatively
milder pandemic, known as the 1977 Russian influenza [29-31]. Regarding the origins,
development, and ecological aspects of influenza viruses, migratory birds, including
shorebirds and waterfowl, are considered major reservoir hosts, offering a diverse array of
viral gene segments that can lead to the emergence of new reassortant viruses [18,19,32].
Concurrently, pigs are widely regarded as optimal “mixing vessels” for influenza A viruses
due to their susceptibility to both avian- and human-origin strains. This is facilitated by
the co-expression of x2,3- and «2,6-linked sialic acid receptors in the porcine respiratory
epithelium [33], allowing for co-infection and genetic reassortment. A prominent example
is the 2009 HIN1 pandemic virus, which arose through triple reassortment involving avian,
human, and swine influenza lineages (Figure 1) [34].

Avian influenza
circulates within
. Speciesin nature

Seabirds

S Wild waterfowl

L < Humans

i\ o
|\ .

Marﬁmals(r;iéinly pigs)

Figure 1. Transmission routes of influenza epidemics.
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Influenza viruses that circulate among human populations include the influenza B
virus (IBV) in addition to IAV [35]. Both of these virus types are included in the for-
mulations of current seasonal influenza vaccines. Historically, IBV has been responsible
for approximately 20% of influenza-related hospitalizations each year and can dominate
specific influenza seasons, as observed in Europe during 2017/2018 [35]. The severity
of illness caused by IBV is similar to that caused by 1AV, particularly affecting children
and young adults who are most vulnerable to IBV [36,37]. In contrast to IAV, which is
typically found in aquatic bird populations, IBV infections are primarily confined to hu-
mans, with very few instances of infection reported in seals [15]. However, mice and
ferrets can be experimentally infected with IBV, making these animals valuable models for
studying human IBV infection and related diseases [38,39]. Due to its restricted host range
and a significantly slower mutation rate compared to AV, circulating IBV strains show
less antigenic diversity when compared to HIN1 and H3N2 IAV strains [40,41]. Despite
this, since the initial reports in the 1940s, IBV has gradually evolved into two separate
lineages—B/ Victoria/2/87-like and B/ Yamagata/16/88-like—henceforth referred to as
the B/Victoria and B/Yamagata lineages, respectively, which are further subdivided into
distinct antigenic clades [36,42].

Unlike influenza A and B viruses that infect humans and cause severe diseases in sea-
sonal epidemics, the influenza C virus (ICV) is a ubiquitous childhood pathogen typically
causing mild respiratory symptoms [43,44]. Additionally, ICVs can infect various animals,
including pigs, dogs, and cattle [45]. However, ICVs are less likely to present a significant
threat to human health [46,47]. Influenza D virus (IDV) is considerably rarer, with no
documented cases of human infection. IDVs primarily infect a limited range of animals,
including pigs and cattle, and have a minimal impact on public health [48]. Currently, there
are no recognized subtypes of influenza C and D viruses.

3. Epidemic Status of Influenza A Virus

Influenza viruses pose significant threats to both agricultural sectors and human
health, primarily due to their ability to infect a wide range of hosts, including birds, pigs,
and humans [21]. The epidemiology of these viruses is complex, characterized by frequent
interspecies transmission and reassortment, which can lead to the emergence of novel
strains with pandemic potential [49,50].

It is estimated that seasonal infections caused by the influenza virus lead to approx-
imately 250,000 to 500,000 deaths each year globally [51]. In healthy adults, seasonal
influenza infections are typically self-limiting and mainly confined to the upper respira-
tory system; however, these infections can be severe in children and the elderly, poten-
tially resulting in viral pneumonia. Besides humans, the A strains of the influenza virus
have the capability to infect a variety of host species, including waterfowl, pigs, domesti-
cated birds, and seals. Consequently, influenza A viruses present in zoonotic reservoirs
have sporadically led to widespread infection and even pandemics among humans [21].
The most recent four pandemics related to influenza—namely, the 1918 HIN1 Spanish
flu [52,53], the 1957 H2N2 Asian flu [54,55], the 1968 H3N2 Hong Kong flu [56], and the
2009 H1N1 [34,57]—were due to the transmission of influenza A virus from zoonotic reser-
voirs to humans (Figure 2). Additionally, strains of the influenza A virus, such as H5N1,
H7N7, and H7N9, have successfully crossed the species barrier from domestic poultry to
induce lethal infections in humans [58-60].

In agriculture, particularly in the poultry and swine industries, IAV has been re-
sponsible for severe economic losses [61,62]. Avian influenza viruses can be divided into
highly pathogenic avian influenza (HPAI) viruses and low pathogenic avian influenza
(LPAI) viruses [63]. Highly pathogenic avian influenza viruses are limited to the H5 and
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H7 subtypes, which cause severe illness and high mortality rates in gallinaceous species.
In contrast, low pathogenic avian influenza (LPAI) viruses are typically maintained in
wild aquatic birds and can be transmitted to domestic poultry species, often resulting in
subclinical infections or mild respiratory diseases [64].

1918 1957-1958
“Spanish flu” “Asian flu”

Origin IAV: H1N1
Unknown

IAV: H2N2

1-4million
people died

150-580
thousand dead

2009-2010
“2009 pandemic influenza A(H1N1)"

Figure 2. Four global flu pandemics recorded since the early twentieth century.

The H5N1, a highly pathogenic avian influenza (HPAI) subtype of influenza A virus,
was initially identified in domestic geese in Guangdong, China, in 1996 and has since
been responsible for numerous outbreaks among bird populations [65]. Starting in 2020, a
variant from the evolutionary lineage 2.3.4.4b of the H5 avian influenza virus has devastated
many regions across Africa, Asia, and Europe, resulting in unprecedented mortality rates
among wild birds and poultry. The virus reached North America in 2021 and spread to
Central and South America in 2022 [66]. In 2022, 67 nations across five continents reported
occurrences of H5N1 highly pathogenic avian influenza (HPAI) in both poultry and wild
bird populations to the World Organization for Animal Health. The death or culling of
over 131 million poultry was recorded on impacted farms and in communities. By 2023, as
the virus further propagated, outbreaks were noted in an additional 14 countries, primarily
in the Americas. In several instances of reported mass fatalities among wild birds, the
causative agent has been confirmed as the influenza A H5N1 clade 2.3.4.4b virus [67].

Avian influenza viruses are widely recognized for their transmission among birds;
however, there has been a notable increase in the detection of H5N1 avian influenza viruses
in mammals. In April 2024, a dairy farm worker in Texas was diagnosed with H5N1
virus infection after contact with infected cows. This case represents the first documented
instance of cattle transmission of the virus, with the primary symptom reported by the
patient being conjunctivitis. As of 17 January 2025, the United States has confirmed 67 cases
of highly pathogenic H5N1 virus infection, the majority of which are associated with contact
with cattle [68]. Outside the United States, more than 950 cases of H5N1 bird flu have been
reported to the World Health Organization. Notably, the Louisiana Department of Health
in the United States reported on 6 January 2025 the first U.S. death from a human infection
with the HSN1 HPAI virus (www.cdc.gov/media, accessed on 1 April 2025). Dr. James
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Lawler, director of the Center for Global Health Security at the University of Nebraska, said
the latest changes remind us that “the more widely a virus spreads, especially infecting
humans and other mammals, the higher the risk of the virus mutating and adapting to
human disease and transmission. That puts all of us at risk”.

4. Cross-Species Transmission Mechanism

As mentioned above, cross-species transmission of influenza viruses puts humans at
risk. Current research on the cross-species transmission of influenza viruses has highlighted
the complex dynamics involved in the adaptation and spread of these viruses among
different hosts. The mechanisms underlying this cross-species transmission are multifaceted
and involve both viral and host factors. One of the key findings in recent studies is the
crucial role of receptor binding specificity in the transmission of influenza A viruses (IAVs).
These viruses attach to sialic acid (SA) residues on the surface of host cells, and the type of
linkage—either «2,3 or «2,6—plays a pivotal role in determining host susceptibility [10,69].
Avian influenza viruses typically recognize «2,3-linked sialic acids, which are abundant in
the intestinal and respiratory tracts of birds, whereas human-adapted strains preferentially
bind to «2,6-linked sialic acids, predominantly expressed in the human upper respiratory
tract [70,71]. This difference in receptor binding preference represents a major barrier
to interspecies transmission. However, accumulating evidence indicates that specific
mutations in the viral hemagglutinin (HA) protein, particularly at residues 226 and 228
(H3 numbering), can shift binding specificity from «2,3- to «2,6-linked sialic acids. Notably,
substitutions such as Q226L and G228S enhance the virus’s ability to recognize and infect
human epithelial cells, thereby facilitating more efficient replication and increasing the
potential for human-to-human transmission [72-74]. These mutations have been identified
in multiple zoonotic strains, including the H2N2 and H3N2 subtypes responsible for
past influenza pandemics, highlighting their critical role in host adaptation and cross-
species transmission.

Furthermore, researchers conducted surface plasmon resonance (SPR) experiments to
detect the virus-encoded hemagglutinin (HA) protein. They discovered that the HA of the
bovine H5N1 influenza virus preferentially binds to avian «2-3 sialic acid receptors, while
also demonstrating a weak binding affinity to human «2-6 sialic acid receptors. Subsequent
immunohistochemical staining indicated that the H5SN1 HA protein exhibits strong binding
to bovine lung and breast tissues, correlating with the observed clinical symptoms. In
contrast, the HA proteins of common human seasonal influenza viruses (H1IN1 and H3N2)
do not effectively bind to the corresponding tissues in cattle [75]. Moreover, the bovine
H5N1 HA protein shows significant binding to human conjunctiva, trachea, lung, and
breast tissues, whereas the HA proteins of HIN1 and H3N2 viruses demonstrate significant
binding only to human tracheal tissue. This finding provides a comprehensive explanation
for the molecular mechanism underlying the association of the bovine H5N1 virus with
human conjunctivitis and underscores its distinct tissue tropism compared to seasonal
influenza viruses.

The evolutionary dynamics of influenza viruses also play a critical role in cross-species
transmission. Over the past century, the emergence of an influenza A virus featuring a
new NP gene segment has taken place on just two occasions, each resulting in pandemics:
the first in 1918 with the “Spanish” H1N1, which originated from an avian virus, and the
second in 2009 with pH1NT1, a reassortant virus made up of gene segments from two swine
influenza viruses that formed a stable lineage in the human population [34,76,77]. Studies
have demonstrated that the introduction of specific mutations, such as the NP-R351K
mutation, can significantly enhance the transmissibility of swine influenza viruses. This
particular mutation increases viral transmission through multiple mechanisms: enhanced
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polymerase activity, improved ribonucleoprotein (RNP) assembly, greater thermostability,
and more efficient nuclear import. Together, these effects elevate transmission efficiency by
35-40% in mammalian hosts, demonstrating how even minor genetic modifications can
substantially impact viral spread [13,78].

In addition to viral factors, host characteristics are also crucial in determining the
success of cross-species transmission [79]. The composition of the upper respiratory tract
(URT) flora, for example, can influence the susceptibility of hosts to IAV infection [80].
Recent research has utilized mouse models to explore how variations in the URT envi-
ronment affect viral transmission. It was found that infant mice, which exhibit different
sialic acid profiles compared to adults, support more efficient transmission of IAV among
littermates [80-83]. This suggests that age and the specific composition of the URT can
significantly impact the dynamics of viral spread. Additionally, host factors such as im-
mune status and underlying health conditions can alter the efficiency of influenza virus
transmission. For example, children and immunocompromised individuals often exhibit
higher viral loads and prolonged periods of viral shedding, thereby increasing the risk
of transmission [84,85]. Furthermore, host immune responses, including innate antiviral
defenses like interferon signaling, can either limit or facilitate viral propagation depending
on their timing and strength [86,87].

Moreover, environmental changes play a crucial role in shaping the transmission
dynamics of influenza viruses. Key factors such as temperature, humidity, and seasonal
variation directly influence viral stability and infectivity. In temperate regions, influenza
activity peaks during colder months, where low temperatures and reduced absolute humid-
ity enhance the stability of influenza virions in aerosols and on surfaces, thereby promoting
airborne transmission. Conversely, in tropical regions, transmission patterns are often
associated with the rainy season and increased indoor crowding [88,89]. Furthermore,
environmental conditions can indirectly affect human behavior, such as increased indoor
activity during cold or wet weather, which facilitates close contact and enhances the like-
lihood of person-to-person transmission [90,91]. Climate change may also alter these
patterns by shifting the seasonality of influenza or changing the geographical distribution
of outbreaks.

Additionally, environmental factors, such as close contact between hosts and the pres-
ence of contaminated surfaces, can facilitate transmission [92]. For instance, the housing
conditions of swine farms have been shown to enhance the likelihood of avian viruses
spilling over into swine populations, which can then serve as intermediaries for transmis-
sion to humans [93].

5. Human Activities and Cross-Species Transmission of Influenza Viruses

Human activities significantly influence the dynamics of cross-species transmission
of influenza viruses, primarily through alterations in animal populations, environmental
changes, and increased interactions between humans and wildlife [94-97]. The interplay
between these factors creates a complex landscape that facilitates the emergence and spread
of zoonotic influenza viruses (Figure 3).

One of the most critical aspects of human impact is the increase in livestock popula-
tions, particularly poultry and swine, which has been linked to a rise in zoonotic influenza
infections [92,98]. The industrialization of agriculture has led to higher densities of animals
in confined spaces, creating ideal conditions for the transmission of viruses among species.
For instance, the rise in poultry and swine populations since the industrial revolution
has been associated with an increased frequency of zoonotic influenza virus infections in
humans, highlighting the direct correlation between human agricultural practices and the
risk of influenza outbreaks [92,99,100]. Moreover, specific human activities, such as illegal
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trading of birds, live poultry markets, and practices like cockfighting [101,102], have been
identified as significant contributors to the spread of highly pathogenic avian influenza
(HPAI) viruses, such as H5N1 [80,103]. These activities not only increase the likelihood
of direct contact between infected animals and humans but also facilitate the mixing of
different virus strains, which can lead to the emergence of new variants capable of infecting
humans [50,103-105].

Large
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w e Live poultry
Relaxed ! markets and
biosafety (\ illegal
A Human§59tivities t’agi','l,% ol
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Figure 3. Human activities facilitate cross-species transmission of influenza viruses.

Environmental factors also play a crucial role in cross-species transmission. Human-
induced changes to ecosystems, such as deforestation, urbanization, and climate change,
can disrupt the natural habitats of wildlife, forcing animals into closer contact with hu-
man populations [96,106]. This increased interaction raises the risk of zoonotic spillover
events, where viruses jump from animals to humans. For example, the movement of mi-
gratory birds, which can carry influenza viruses, is influenced by environmental changes,
potentially leading to new transmission pathways [107,108].

Moreover, the exhibition swine industry exemplifies how human management prac-
tices can facilitate the rapid dissemination of influenza viruses. Close and prolonged
exposure to exhibition swine has led to variant influenza infections in humans, particularly
among swine exhibitors [24,49,109]. The concurrent detection of genetically identical in-
fluenza A viruses from exhibition swine across different states highlights the mobility of this
population and the potential for rapid virus spread [24,110,111]. The relaxed biosecurity in
these settings further exacerbates the risk of transmission, allowing for the movement of
pathogens across large geographic areas.

6. Strategies and Prospects for Human Response to Interspecies
Transmission of Influenza Virus

Cross-species transmission of influenza viruses poses significant challenges to public
health, particularly due to the potential for novel strains to emerge that can infect hu-
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mans and cause pandemics. Addressing this issue requires a multifaceted approach that
includes surveillance, biosecurity measures, vaccination strategies, and research into the
mechanisms of viral adaptation. One of the primary strategies for managing cross-species
transmission is the implementation of robust surveillance systems. Continuous monitoring
of influenza viruses in both human and animal populations is essential for the early de-
tection of emerging strains. This includes surveillance of wildlife, domestic animals, and
humans, especially in areas where interactions between humans and animals are common.
For example, monitoring pig populations is crucial, as pigs can act as mixing vessels for
avian and human influenza viruses. This interaction can lead to the emergence of reas-
sortant strains that may pose a risk of pandemics [112,113]. In addition to surveillance,
enhancing biosecurity practices in agricultural settings is crucial. This involves improving
the separation of different animal species, such as pigs and poultry, to reduce the risk
of interspecies transmission. Farmers should adopt better biosecurity measures, such as
controlling animal movement, maintaining clean facilities, and minimizing contact between
livestock and wild birds [112]. Furthermore, public health strategies should be developed
to educate farmers and traders about the risks associated with influenza transmission and
the importance of implementing these biosecurity measures.

Vaccination is another vital component in the fight against influenza viruses. Current
seasonal influenza vaccines are effective against strains that are closely related to those
included in the vaccine; however, the antigenic variability of influenza viruses necessitates
annual updates to the vaccine composition [114]. The development of a universal influenza
vaccine that can provide broad protection against multiple strains is a promising area
of research. Such a vaccine would target conserved viral epitopes, potentially offering
protection against a wide range of influenza viruses, including those that have not yet
emerged [114].

While human vaccination remains a cornerstone of influenza prevention, controlling
influenza viruses at the animal level is equally crucial, particularly in species that serve as
reservoirs or intermediate hosts, such as swine and poultry [49,115]. These animals often
act as “mixing vessels”, where avian, swine, and human influenza strains can reassort,
giving rise to novel variants with zoonotic or even pandemic potential [49,116]. Vaccination
in these animal populations not only reduces the burden of disease within the species
but also significantly decreases viral shedding and transmission risk to humans. For
instance, targeted immunization programs in swine have been shown to mitigate the risk
of variant influenza virus emergence at agricultural fairs [117,118]. Similarly, vaccination
in poultry is a critical control strategy in limiting the spread of highly pathogenic avian
influenza and preventing spillover to human populations. Therefore, integrating animal
vaccination into a One Health approach is essential for comprehensive influenza control
and pandemic preparedness.

Research into the molecular mechanisms of influenza virus adaptation is also essential
for understanding cross-species transmission. Studies have shown that specific mutations
in viral proteins, such as the polymerase basic protein 2 (PB2), play a significant role in the
virus’s ability to adapt to new hosts [119]. Understanding these mechanisms can inform
the development of targeted interventions to prevent the emergence of new strains. For
example, identifying mutations that confer increased transmissibility in mammals can help
prioritize surveillance efforts for specific viral variants [83,113,120].

Moreover, the role of environmental factors in facilitating cross-species transmission
should not be overlooked. Ecological changes, such as habitat destruction and climate
change, can alter the dynamics of host interactions and increase the likelihood of spillover
events. Addressing these environmental factors through conservation efforts and sustain-
able agricultural practices can help mitigate the risk of influenza virus transmission [121].
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Finally, international collaboration among public health officials, veterinarians, and re-
searchers is crucial for effectively managing the risks associated with cross-species transmis-
sion. Sharing data and resources can enhance the global response to influenza outbreaks
and improve preparedness for potential pandemics. Collaborative efforts can also facilitate
the development of comprehensive strategies that integrate animal and human health,
often referred to as a One Health approach [92]. In summary, addressing the cross-species
transmission of influenza viruses necessitates a multifaceted approach that includes surveil-
lance, biosecurity measures, vaccination strategies, research into viral adaptation, and
international collaboration (Figure 4). By employing these strategies, public health officials
can more effectively manage the risks associated with influenza viruses and diminish the
likelihood of future pandemics.

Vaccinations

9

gl
One Health
Great Wall
Biosecurity
measures

Figure 4. The Great Wall of One Health for all mankind.

7. Conclusions

Cross-species transmission of influenza viruses results from the intricate interplay
between viral evolution, host adaptability, and ecological environments. This phenomenon
poses significant challenges to global public health security. The essence of cross-species
transmission lies in the virus’s pursuit of survival advantages within dynamic interac-
tions. Despite notable advancements in understanding the underlying mechanisms and
developing intervention strategies, the unpredictability of viral mutations, the complexity
of ecosystems, and the impacts of human activities continue to elevate the risk of future
pandemics. To effectively address this issue, it is essential to foster continuous innovation
in basic research, promote global resource sharing for monitoring, and enhance public
health literacy. These efforts will empower us to take the initiative in the ongoing struggle
between “viral evolution” and “human defense”.

Recent technical advancements have enabled researchers to investigate influenza virus
infections across various biological levels, ranging from cellular interactions to whole
organisms. This progress has contributed to a deeper understanding of the virus’s biol-
ogy, disease severity, and the immune response. However, despite these advancements,
our knowledge remains incomplete regarding the viral properties that could potentially
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lead to pandemics. Future research should focus on comprehensive mutagenesis studies,
cataloging receptor binding, and expanding surveillance in poultry and pigs, particularly
in regions such as Africa and South America. These efforts aim to develop robust com-
putational tools and novel animal models to enhance our understanding of transmission
dynamics and inform vaccine development strategies [120,122]. It is important that we
strive to advance human research proactively in anticipation of viral mutations, rather than
relying solely on passive prevention and control measures after a pandemic has emerged.

In summary, the current research status on the cross-species transmission of influenza
viruses reveals a dynamic interplay between viral genetics, host factors, and environmental
conditions. Understanding these mechanisms is crucial for predicting and mitigating the
risks associated with influenza pandemics.
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Simple Summary: Globalization, climate change, and increasing human-driven environ-
mental changes have elevated the risk of zoonotic disease emergence—diseases that can
be transmitted from animals to humans. Bats, while playing vital ecological roles, are
recognized as natural reservoirs of numerous pathogens, including over 200 viruses, such
as lyssaviruses, filoviruses, coronaviruses, and henipaviruses, some of which are linked
to serious diseases like rabies, Ebola, and SARS-CoV. Although viral diversity in bats is
well-documented, bacterial pathogens remain underexplored, despite growing evidence of
their presence. This pilot study investigated 40 individuals from 12 bat species in Serbia’s
Kopaonik National Park using microbiological and molecular methods. While no high-risk
pathogens, such as SARS-CoV-2, lyssaviruses, or Salmonella spp., were found, alphacoron-
avirus genomes were confirmed in four bats. Additionally, genomes of Mycoplasma spp.
were present in 45% and Rickettsia spp. in 12.5% of individuals, although species-level
identification of these pathogens was not possible. These findings highlight the need
for continued surveillance of bat-associated microorganisms, particularly in areas where
human-wildlife interactions are increasing. Understanding the microbial diversity in bat
populations is essential for anticipating potential zoonotic threats and informing public
health strategies.

Abstract: This pilot study investigated the presence of potentially zoonotic microorgan-
isms in bat species from Kopaonik National Park, Serbia. A total of 40 individuals from
12 bat species were sampled and screened using microbiological and molecular meth-
ods. Salmonella spp., Chlamydia spp., Coxiella burnetii, Francisella tularensis, Leptospira spp.,
Lyssavirus, Filoviridae, henipaviruses, and SARS-CoV-2 were not detected in any bats. Coro-
navirus genomes were confirmed in four bats—one Myotis brandtii, two Myotis daubentonii,
and one Myotis cf. mystacinus. Sequence analysis identified the presence of alphacoron-
avirus genomes with high similarity to strains previously found in Europe. Mycoplasma
spp. genomes were found in 18 bats (45%), and Rickettsia spp. were detected in five bats
(12.5%), although species-level identification was not possible. The findings highlight the
presence of certain bacteria and viruses in bats that could have implications for public
health, especially in areas with close human-wildlife interaction. Although no direct evi-
dence of high-risk pathogens was found, the results support the importance of continued
surveillance and ecological studies on bats, given their role as potential reservoirs. Monitor-
ing bat-associated microorganisms is essential to better understand possible transmission
routes and improve the prevention of emerging zoonotic diseases.
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1. Introduction

Globalization and environmental, climate, and human-induced changes provide ample
opportunities for the spread and emergence of zoonoses—diseases that can be transmitted
between animals and humans. Today, it is known that about 75% of all infectious diseases
in humans are zoonoses, resulting from the transmission of pathogens from domestic or
wild animals to humans [1].

Bats (order Chiroptera) are the second most numerous group of mammals in the world,
right after rodents. More than 1480 species have been described so far [2], and bats account
for more than 20% of all mammalian species. They play an important role in ecosystems
worldwide, as suppressors of pest insect populations, seed dispersers, pollinators, etc.
However, alongside these ecological benefits, bats have also been increasingly recognized
for their role in the transmission of infectious diseases. Growing evidence suggests that bats
are significantly underestimated as natural reservoirs of a wide range of viruses, including
many of public health significance [3]. Nevertheless, they have a similar proportion of
viruses per host species as other orders of mammals [4,5].

To date, more than 200 viruses have been identified in bats, including species from both
suborders of Chiroptera: Yinpterochiroptera (including the superfamily Rhinolophoidea
and family Pteropodidae) and Yangochiroptera (which includes all other bat families).
These viruses belong to 27 different viral families, indicating an extraordinary diversity
in bats of virus species [6], some of which are highly pathogenic to humans. Adding to
the need for precaution is that bats serve as hosts for the recombination, transmission, and
spread of viral pathogens.

Perhaps the best-known example of viruses associated with bats is the rabies virus
(family Rhabdoviridae), with a link between bats and human infections recognized for over
a century—since the first identification of rabies in asymptomatic vampire bats [7]. Other
important groups of bat-associated viruses include henipaviruses (Nipah virus and Hendra
virus), filoviruses (Marburg virus, Ebola virus, and Mengla virus), bunyaviruses (e.g.,
Ahun virus), and coronaviruses, such as SARS-CoV and MERS-CoV. SARS-CoV emerged
in 2002-2003 in Guangdong Province, China, and bats were later identified as the natural
reservoir of this novel pathogen. A decade later, in 2012, MERS-CoV emerged in the
Middle East. Although dromedary camels were the direct source of human infections,
viruses closely related to MERS-CoV have also been detected in bats, suggesting a possible
ancestral origin in bat populations [8].

While global reviews have highlighted the roles of bats as carriers and potential
reservoir hosts of human-pathogenic viruses, much less is known about the public health
relevance of viruses found specifically in European bat populations. European bats have
been increasingly recognized as hosts of a wide diversity of viruses, some of which have
zoonotic potential. A comprehensive review by Kohl et al. [9] identified viruses from
21 different viral families in European bats, with Adenoviridae, Rhabdoviridae, and Coron-
aviridae being the most frequently detected and most intensively studied. Among these,
lyssaviruses—particularly European Bat Lyssavirus 1 (EBLV-1) and European Bat Lyssavirus
2 (EBLV-2)—remain the only bat viruses in Europe with clearly established zoonotic po-
tential, capable of causing fatal rabies-like disease in humans, although spillover events
are rare. Molecular surveillance has also revealed the presence of various coronaviruses
(mainly alpha- and betacoronaviruses) and novel paramyxoviruses, but none have been
linked to human disease so far [9].
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In contrast to viruses, bacterial pathogens in bats have been understudied despite
their ubiquity and diversity. However, in recent years, this trend has been changing,
with an increasing number of studies investigating bacteria (from vector-borne to enteric
pathogens), protozoa, parasites, and fungal agents present in bats. The most prevalent
pathogens are from the genera Leptospira, Mycoplasma, Brucella, Coxiella, Francisella, and
Rickettsia [10]. The dynamics of infection in bats is driven by a complex interaction of
environmental, immunological, behavioural, and anthropogenic factors [11]. In the future,
it will be crucial to conduct interdisciplinary studies to better understand the circumstances
that contribute to the emergence of disease in bat populations and to reduce threats to
humans and animals.

To date, 31 species of bats have been recorded in Serbia, indicating the great diversity
of this group of mammals in the country [12]. While in some parts of Serbia, bat surveys
have been systematically conducted over many years, data on bat fauna are sparse in other
areas (including many parts of Central Serbia), with little or no information available on the
pathogens associated with bats in Serbia. Remarkably, there is a lack of published studies
on bat pathogen investigations within the country.

Kopaonik National Park covers the highest and most well-preserved parts of the
Kopaonik mountain, which rises in the central part of southern Serbia. The park covers an
area of 11,810 hectares and begins at an altitude of about 800 m and ends with the highest
peak 2017 m above sea level. Due to its natural beauty and high level of biodiversity,
Kopaonik National Park is a popular tourist attraction, so it could be a hotspot of interaction
between bats and humans.

The aim of this pilot study was to detect and classify pathogenic microorganisms in
bat species inhabiting the Kopaonik National Park area in order to improve knowledge
about the pathogens’ distribution and to create control and surveillance measures for their
potential transmission to humans.

2. Materials and Methods
2.1. Study Area and Sample Collection

During the summer and autumn of 2024 (8-9 July 2024, 21-22 August 2024, and
10-11 October 2024), three field studies were conducted in Kopaonik National Park, Serbia.
Bats were trapped at several sites at the locations Metode (geo: 43.2694, 20.8247, altitude
1540 m) and Zaplanina (geo: 43.2651, 20.8598, altitude 1104 m). Before trapping, acoustic
monitoring across various sites within the park, covering different habitats and altitudes,
was conducted. Based on the areas with the highest bat activity and species diversity
revealed through acoustic surveys, specific trapping sites were selected. Trapping was
carried out at the entrances of mine shafts (where a higher number of bat passes were
recorded) as well as along forest trails where bat activity was also detected. For trapping,
standard vertical nets (mist-nets, Ecotone, Poland) 3-12 m in length were set up near
entrances to abandoned mine shafts and across forest trails. Nets were opened at sunset
and taken down 4 h later. Trapped bats were identified to the species level following
Dietz and Kiefer [13], sexed, and their age and reproductive status were assessed. Four
swabs (two oral and two anal) were collected from all individuals for bacteriological and
virological analysis. Bats were released immediately after processing and sample collection
at the trapping sites. Trapping and sample collection were carried out under permit no.
000493134 2023 14850 004 003 501 086 issued by the Ministry for Environmental Protection
of the Republic of Serbia.
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2.2. Bat Pathogen Analyses

Analyses of pathogens were carried out at the Veterinary Specialized Institute Kraljevo.
The examined pathogens were as follows:

(1) Viruses: lyssaviruses (family Rhabdoviridae); henipaviruses (Nipah virus and Hen-
dra virus); Lloviu virus (family Filoviridae); alpha-, beta-, gamma-, and deltacoronaviruses;
and SARS-CoV-2 (family Coronaviridae).

(2) Bacteria: Salmonella, Leptospira, Mycoplasma, Coxiella, Brucella, and Rickettsia.

Swabs were kept on dry ice until they were brought to the laboratory, where they were
stored at —80 °C until the beginning of the examination. For each bat, one oral and one
anal swab were pooled and used for Salmonella isolation, while the second oral and anal
swabs were pooled and then used for DNA /RNA extraction and molecular investigation.

Salmonella was isolated following the accredited method EN ISO 6579 (ISO 6579-1:2017,
“Microbiology of the food chain—Horizontal method for the detection, enumeration, and
serotyping of Salmonella”) [14]. Briefly, swabs were first cultured in pre-enrichment buffered
peptone water (BPW) for 18 £ 3 h at 37 °C. Incubated pre-enrichment medium (0.1 mL) was
transferred to modified semi-solid Rappaport—Vassiliadis (MSRV) agar and incubated at
40.5-42.5 °C. After 24 h incubation of selective enrichment, bacterial growth from the edge
of the growth zone was streaked onto plates, one containing xylose-lysine—deoxycholate
(XLD) agar and one brilliant green agar (BGA).

For genomic DNA and RNA extraction, oral and rectal swabs from each bat were
placed together in 1.5 mL tubes with the addition of 800 uL of phosphate-buffered saline.
After vortexing and brief centrifugation, 200 uL of supernatant was transferred to a fresh
tube and extracted using a Bioextract Superball extraction kit (Biosellal, Dardilly, France)
following the manufacturer’s instructions. A Luna universal probe One Step RT-PCR kit
(NEB, Ipswich, MA, USA) was used for real-time and RT-PCR reactions, Luna universal
RT-PCR mastermix (NEB, USA) was used for SYBR RT-PCR reactions, and Luna universal
probe qPCR master mix was used for real-time PCR reactions. Real-time PCR reactions
were performed in an AriaMx thermal cycler (Agilent, Penang, Malaysia), and RT-PCR
reactions were performed in a 2720 thermal cycler (Applied Biosystems, Singapore).

The presence of lyssaviruses was determined by using the Pan-lyssavirus Real Time
RT-PCR assay for Rabies Diagnosis [15]. Filoviruses were determined using two assays,
RT-PCR described by He et al. [16] and SYBR RT-PCR described by Coertse et al. [17].
Henipaviruses and Nipah and Hendra viruses were determined using RT-PCR assays
described in [18]. Coronaviruses were determined using two assays, i.e., a nested RT-PCR
assay [19] and a RT-PCR assay [20], and SARS-CoV-2 virus was determined using the real-
time RT-PCR assay developed by Corman et al. [21]. Mycoplasmas were determined using
the PCR assay described by Cultrera et al. [22]; Chlamydiaceae were determined using the
real-time PCR assay described by Ehricht et al. [23]; Coxiella burnetii was determined using
the real-time PCR assay described by Klee et al. [24]; and Rickettsiae were determined
using the real-time PCR assay described by Kato et al. [25]. Pathogenic Leptospira were
determined using the Real Time PCR assay described by Stoddard et al. [26]. Primers and
probes used in this study are listed in Table 1.

PCR products of coronaviruses and mycoplasmas were purified and sequenced with a
Sanger SeqStudio sequencer (ThermoFisher Scientific, Waltham, MA, USA) externally. The
obtained sequences were processed in Chromas lite 2.1 software and compared with other
coronavirus sequences in National Centre for Biotechnology Information (NCBI, Betesda,
ML, USA) database using free online Basic Local Alignment Search Tool (BLAST) software.
Mega 12 software was used for phylogenetic analysis.
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Table 1. Primers and probes used in this study.

Assay Primer/Probename Primer/Probe Sequences

Lyssavirus [15] JW12 ATG TAA CACCYCTAC AAT G

N165 GCA GGG TAY TTRTACTCA TA

Filoviruses [16] Filo-F TGATATATGATCATCTTCCAGG
Filo-in-F GCATTTCACCAATTAACACAGG
Filo-R TTTATATGAATCAGTGGAGGTG
FV-F1 GCMTTYCCIAGYAAYATGATGG
FV-R1 GTDATRCAYTGRTTRTCHCCCAT
FV-F2 TDCAYCARGCITCDTGGCAYC
FV-R2 GIGCACADGADATRCWIGTCC
Filoviruses [17] Filo-SYBR-F GRGARTAYGCICCITTYGC
Filo-SYBR-R AGYTGYTGRTAYTGYTCICC
Hendra [18] HeV M 5755F CTTCGACAAAGACGGAACCAA
HeV M 5823R CCAGCTCGTCGGACAAAATT
Nipah [18] NiV_N_1198F TCAGCAGGAAGGCAAGAGAGTAA
NiV_N_1297R CCCCTTCATCGATATCTTGATCA
Pan-corona [19] Pan_CoV_F1 GGTTGGGAYTAYCCHAARTGYGA
Pan_CoV_R1 CCRTCATCAGAHARWATCAT
Pan_CoV_R2 CCRTCATCACTHARWATCAT
Pan_CoV_F2 GAYTAYCCHAARTGTGAYAGA
Pan_CoV_F3 GAYTAYCCHAARTGTGAYMGH

Coronavirus [20] Watanabe conventional_F GGTTGGGACTATCCTAAGTGTGA

Watanabe conventional_R CCATCATCAGATAGAATCATCATA

SARS-CoV2 [21] SARS2-1P4-14059F GGT AAC TGG TAT GAT TTC G

SARS2-1P4-14146R CTG GTC AAG GTT AAT ATA GG

SARS2-1P4-14084FAM

FAM-TCA TAC AAA CCA CGC CAG G-BHQ1

Mycoplasma [22] GPO-1 ACTCCTACGGGAGGCAGCAGTA

MGSO TGCACCATCTGTCACTCTGTTAACCTC
Chlamydiae [23] Ch23S-F CTGAAACCAGTAGCTTATAAGCGGT

Ch235-R ACCTCGCCGTTTAACTTAACTCC

Ch23S-Pro FAM-CTCATCATGCAAAAGGCACGCCG-BHQ1
Coxiella burnetii [24] Cox-F GTCTTAAGGTGGGCTGCGTG

Cox-R CCCCGAATCTCATTGATCAGC

Cox-TM FAM-AGCGAACCATTGGTATCGGACGTT-TAMRA-TATGG
Rickettsia [25] PanR8_F AGCTTGCTTTTGGATCATTTGG

PanR8_R TTCCTTGCCTTTTCATACATCTAGT

PanR8_P FAM-CCTGCTTCTATTTGTCTTGCAGTAACACGCCA-BHQ1
Pathogenic Leptospira spp. [26] ~ LipL32-45F AAGCATTACCGCTTGTGGTG

LipL32-286R GAACTCCCATTTCAGCGATT

LipL32-189P

FAM-AAAGCCAGGACAAGCGCCG-BHQ1

3. Results

A total of 40 bats from 12 different species were captured and sampled: Rhinolophus
ferrumequinum, Rhinolophus hipposideros, Barbastella barbastellus, Myotis alcathoe, Myotis blythii,
Myotis brandtii, Myotis cf. mystacinus, Myotis daubentonii, Myotis emarginatus, Myotis myotis,

Myotis nattereri, and Plecotus auritus.

Salmonella was not isolated by the culture method from any of the bats. The genomes of

lyssaviruses, filoviruses, henipaviruses (Hendra and Nipah), and SARS-CoV-2 viruses were

not detected using molecular methods. Coronavirus genomes were detected in 4 of 40 bats,
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1 in the bat species Myotis brandtii (No. 4), 2 in Myotis daubentonii bats (No. 6 and No. 8),
and 1in a Myotis cf. mystacinus bat (No. 35) (Table 2). Coronaviruses in bats No. 4 and No. 6
were detected using the Holbrook nested RT-PCR assay [19], and coronaviruses in bats No.
8 and No. 35 were detected using Watanabe RT-PCR assay [20]. Sequencing of part of the
coronavirus genome from bat No. 4 (271 nucleotides) classified it as a bat alphacoronavirus,
with 98.56% similarity to a virus from Russia (Bat-CoV /M.brandtii/Russia/MOW15-27/1,
0Q725983.1) detected in M. brandtii. The same was true for the genome from bat No. 6
(337 nucleotides), which also showed 98.56% similarity to the same virus from Russia.
The genomes of the viruses from bats No. 4 and No. 6 differed by only one nucleotide
(99.6% similarity). Bat coronavirus from bat No. 8 had 99.20% similarity with a bat coron-
avirus isolate from Denmark, BtCoV/13585-58 /M.dau/DK /2014 (MN535732.1), detected
in M. daubentonii, while bat coronavirus from bat No. 35 had 93.92% similarity with a
bat coronavirus isolated from Russia, BtCoV/631/RUS/2020 (MZ322309.1), detected in
M. daubentonii.

Table 2. Pathogen genome presence in bats from Kopaonik National Park, Serbia.

Bat No. Bat Species Coronaviruses Mycoplasma sp. Rickettsia sp.
1 Rhinolophus ferrumequinum - + -
2 Rhinolophus ferrumequinum — + -
3 Rhinolophus hipposideros - - -
4 Myotis brandtii + + +
5 Myotis brandtii - - -
6 Myotis daubentonii + + -
7 Myotis cf. mystacinus - - +
8 Myotis daubentonii + - -
9 Barbastella barbastellus - - +
10 Myotis blythii — + —
11 Myotis myotis — + —
12 Rhinolophus ferrumequinum - + —
13 Myotis daubentonii — — —
14 Myotis nattereri — — —
15 Myotis alcathoe - - -
16 Myotis cf. mystacinus - - -
17 Myotis brandtii - - +
18 Myotis daubentonii — — —
19 Rhinolophus ferrumequinum — + —
20 Myotis myotis - + -
21 Plecotus auritus — — +
22 Plecotus auritus - - -
23 Plecotus auritus - - -
24 Myotis emarginatus - + —
25 Myotis emarginatus — + —
26 Myotis daubentonii — — —
27 Myotis cf. mystacinus - + -
28 Myotis daubentonii - - -
29 Plecotus auritus - + -
30 Myotis myotis — — —
31 Rhinolophus ferrumequinum - + -
32 Plecotus auritus — + —
33 Plecotus auritus — + —
34 Rhinolophus ferrumequinum - + -
35 Myotis cf. mystacinus + — —
36 Myotis myotis — + —
37 Plecotus auritus - - -
38 Barbastella barbastellus — — —
39 Myotis daubentonii - - -

40 Rhinolophus hipposideros — — —

59



Vet. Sci. 2025, 12,401

Phylogenetic analysis (Figure 1) of part of the RdRp gene showed that the alphacoron-
aviruses detected in bats No. 8 and No. 35 were classified in the subgenus Pedacovirus, while
the viruses detected in bats No. 4 and No. 6 were classified in the subgenus Myotacovirus.
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Figure 1. Evolutionary relationships of 48 taxa based on partial RARp gene.

The evolutionary history was inferred using the Neighbor-Joining method. The
optimal tree with the sum of branch length = 0.656 is shown. The percentages of replicate
trees in which the associated taxa clustered together in the bootstrap test (1000 replicates)
are shown next to the branches. The tree is drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed using the Maximum Composite Likelihood method
and are in units of the number of base substitutions per site. The analytical procedure
encompassed 48 coding nucleotide sequences using the first, second, third, and non-coding
positions. The pairwise deletion option was applied to all ambiguous positions for each
sequence pair, resulting in a final data set comprising 304 positions. Evolutionary analyses
were conducted in MEGA12 [27]. Sequences of alphacoronaviruses from Serbia are labelled
with red diamond.

Mycoplasma genomes were detected in 18 of 40 bats (45%), the species being R. ferrume-
quinum, M. brandtii, M. daubentonii, M. blythii, M. myotis, M. emarginatus, M. cf. mystacinus,
and P. auritus. Nucleotide sequencing of PCR products could not reveal the species of
Mycoplasma but only the genera. Rickettsia species genomes were detected in 5 of 40 bats
(12.5%), with the species being M. brandtii, M. cf. mystacinus, B. barbastellus, and P. auritus.
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The genomes of other pathogenic bacteria, i.e., Chlamydia spp., Coxiella burnetii, pathogenic
Leptospira spp., and Francisella tularensis, were not detected in the examined bats. An
overview of the microorganism genomes confirmed in the analysed bats is given in Table 2.

4. Discussion

Coronaviruses

Coronaviruses (order Nidovirales, family Coronaviridae) include four genera: alpha-
coronavirus and betacoronavirus, which infect a wide range of mammals, and gamma-
coronavirus and deltacoronavirus, which primarily infect birds. Coronaviruses have been
identified in 238 species of bats worldwide. Alphacoronaviruses and betacoronaviruses
have been identified in bats from 14 of the 21 bat families, in at least 69 countries on
six continents [28]. In Europe, coronaviruses have been recorded in the bat families Rhi-
nolophidae, Vespertilionidae, and Miniopteridae, in nine genera (Rhinolophus, Myotis,
Pipistrellus, Plecotus, Tadarida, Nyctalus, Hypsugo, Eptesicus, and Miniopterus) and, in total, in
26 species [29], including Myotis brandtii and Myotis daubentonii. Phylogenetic analysis of
alphacoronaviruses detected in Kopaonik National Park classified them as belonging to two
subgenera of alphacoronaviruses, Myotacovirus, detected in M. brandtii and M. daubentonii,
and Pedacovirus, detected in M. daubentonii and M. cf. mystacinus. Our literature review
did not reveal any previous studies confirming the presence of alphacoronaviruses in M.
mystacinus bats. These results are in accordance with the results published previously
by researchers from the Scientific Institute of Veterinary Medicine Novi Sad, Serbia, who
determined the presence of alpha and betacoronaviruses in 35 out of 142 samples in the
territory of Vojvodina province (Serbia) [30].

Alphacoronaviruses mainly infect bats, but they have the potential to transfer to
humans or other animals and cause disease. Although these viruses have not yet caused
significant outbreaks among humans, they are considered a potential organism for future
zoonotic transmission [31], particularly in areas where there is close contact between
humans and bats (e.g., caves) or habitats with a high abundance of bats. Recent research
shows that all currently known human coronaviruses have an animal origin, with bat or
rodent coronaviruses being the most probable ancestors. In most cases, it was suggested
that other mammals served as intermediate hosts prior to final adaptation to humans [32].

Analysis of the genome sequence identity and geographic distribution of the homolo-
gous alphacoronaviruses examined in this pilot study in Kopaonik National Park provides
valuable information into the broad geographic distribution and evolutionary dynamics of
these viruses. Alphacoronaviruses from bats in Kopaonik National Park had high sequence
identity (up to 99%) with bat alphacoronaviruses from Russia, Denmark, Finland, and Ger-
many; this is in agreement with results obtained by other researchers [33,34]. This extensive
geographic distribution highlights the ecological adaptability of alphacoronaviruses and
their potential to spread across large and diverse regions, most likely via the short- and
long-distance movements of bats [34]. Bats are capable of flight, enabling them to maintain
and spread the pathogens they carry. These pathogens include vector-borne parasites and
bacteria, which can also be transmitted through ectoparasites such as bat flies and ticks [35].

The investigation and monitoring of coronaviruses is crucial in order to detect in time
possible mutations that could increase their transmissibility or pathogenicity from bats
to humans.

Lyssaviruses, Filoviruses

Neither lyssavirus nor filovirus genomes were detected in the 40 bats from Kopaonik
National Park. The results of this study are in accordance with earlier research on
lyssaviruses in bats in Serbia, where these viruses were not detected. The only reported
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case of lyssavirus in bats in Serbia was in 1954 [36], but since then, there have been no
reported cases. In 2006, a two-year study of bats did not reveal any positive case [37]. Else-
where in Europe, lyssaviruses have been detected in several countries, including the United
Kingdom, the Netherlands, Finland, Germany, Spain, Italy, Slovenia, Croatia, Hungary,
Bulgaria, Ukraine, and Russia. As expected, filovirus genomes, such as Ebola virus and
Marburg virus, were not found in any bat from Kopaonik National Park, as these viruses are
associated with bats from the family Pteropodidae that is not present in Serbia. Lloviu virus
genome was also not detected in the Kopaonik bats, although it was previously detected in
Miniopterus schreibersii bats in other locations in Serbia, neighbouring Bosnia and Herze-
govina, and Hungary [38]. M. schreibersii is the main host of this filovirus [39], but during
the current research, no bats of this species were captured in Kopaonik National Park.

Mycoplasma spp.

The occurrence of mycoplasmas in bats has potential ecological and epidemiological
significance for both human and domestic animal health. Mycoplasmas are distributed
worldwide and are present in various species of bats, although a higher prevalence of
mycoplasmas has been observed in vampire bats (Desmodontinae) compared to other
species [40]. Some Mycoplasma species are zoonotic, meaning they can be transmitted from
bats to humans or domestic animals. Given that mycoplasmas frequently colonize the
respiratory and urogenital tracts, their role in causing disease in domestic animals, such as
cattle, pigs, horses, or poultry, is possible. Mycoplasmas have already been recognized as
causative agents of diseases such as swine enzootic pneumonia (Mycoplasma hyopneumoniae)
or bovine infectious pneumonia (Mycoplasma bovis). Contact between bats and domestic
animals, especially in rural areas, increases the risk of transmission. In some studies,
the prevalence of Mycoplasma in bats ranged from 3.2% [41] up to 47% [42]. Although
mycoplasmas generally cause mild or opportunistic infections in humans, certain species,
such as Mycoplasma pneumoniae, the cause of atypical pneumonia, can cause more serious
problems [35].

Among the 40 bats from Kopaonik National Park studied, 18 (45%) harboured my-
coplasma genomes: Rhinolophus ferrumequinum (6x), Plecotus auritus (3 <), Myotis myotis
(3 %), Myotis emarginatus (2x), Myotis blythii (1), Myotis brandtii (1), Myotis cf. mystacinus
(1x), Myotis daubentonii (1 x). Findings of mycoplasmas and their genomes in bats indicate
their potential importance as reservoirs for these bacteria, requiring further research to
understand the risks to humans and domestic animals. Monitoring and studying these
microorganisms can contribute to better prevention of zoonotic infections and preservation
of human and animal health.

Rickettsia spp.

Bacteria of the genus Rickettsia are intracellular pathogens transmitted by vectors, such
as ticks, fleas, and lice, and are known to cause a variety of diseases in humans and animals,
including rickettsioses (such as typhus and spotted fever). The presence of Rickettsia in
bats is of potential importance to human and domestic animal health due to the possibility
of zoonotic transmission, although this area is not yet sufficiently investigated. If bats
serve as reservoirs for Rickettsia bacteria, there is a potential risk that the bacteria could
be transmitted to humans by ectoparasites living on bats. Given that bats are common
in urban and rural areas, contact with their habitats or ectoparasites may increase the
possibility of outbreaks of zoonotic diseases. The presence of Rickettsia in bats could also
pose a risk to domestic and wild animals, especially those that share a habitat with bats or
are in contact with the same vectors. There are currently not many data on the prevalence
and species of Rickettsia in bats, and even though these potentially zoonotic bacterial
pathogens are frequently detected in bat-associated ectoparasites, their role in pathogen
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transmission remains poorly understood [40]. Rickettsia genomes were detected in five of
40 bats (12.5%) from Kopaonik National Park: Plecotus auritus (1x), Myotis brandtii (2x),
Muyotis cf. mystacinus (1x), and Barbastella barbastellus (1x). Our findings are in agreement
with the findings of researchers from Slovenia who reported the presence of rickettsiae in
17% of bats [43] but, unlike their study, where the highest prevalence of Rickettsia was found
in the genus Rhinolophus, our study did not detect Rickettsia in this genus but rather in the
genus Myotis. Since the aforementioned study employed NGS metagenomic analysis of
faecal samples, the authors concluded that caution should be exercised when interpreting
the results, as identification was achieved at the Rickettsia genus level rather than the species
level. They recommended species-specific PCR for further identification of Rickettsia [41].
A similar study was conducted in Romania [44], where tissue samples from dead bats
were used. Species-specific PCR was performed and 17 sequenced samples had 99.7-100%
genetic identity to Rickettsia monacensis strains from Ixodes ricinus ticks in Romania, Italy,
and Serbia. Of the 17 sequenced samples, 5 were from Pipistrellus pipistrellus and 12 from
Nyctalus noctula. That study [44] reported the first detection of R. monacensis in European
bat tissues and the first global record in these two bat species. While Spotted Fever Group
(SFG) rickettsiae have previously been found in ectoparasites associated with bats, their
presence in bat tissues suggests that bats may play a role in the transmission or maintenance
of Rickettsia [44]. The presence of Rickettsia genomes in bats in Kopaonik National Park
highlights the need for further research. The first step would be to sequence the genomes
obtained in order to identify the exact species, followed by attempts to determine the role
of bats as a reservoir and the possibility of zoonotic transmission of Rickettsia. A better
understanding of transmission dynamics, as well as vector identification, is essential for
risk assessment and the development of preventive measures. This includes monitoring
bat habitats, vector control, and education about potential risks in communities that come
into close contact with bats.

Other potentially pathogenic bacteria in bats

Salmonella was not isolated from the 40 bats from Kopaonik National Park. However,
several members of the Enterobacteriaceae family, including Salmonella, have previously
been isolated from bats. Studies have shown that Salmonella serotypes isolated from bats
have similar characteristics to those found in domestic animals and humans, suggesting
that bats may be locally important in the epidemiology of salmonellosis in humans and
domestic animals [45]. Some of the serotypes isolated from bats, i.e., S. Typhimurium, S.
Enteritidis, and S. Virchow, are common causes of disease in humans and animals [46].

Coxiella, Leptospira, and Chlamydia genomes were not detected in the 40 Kopaonik
bats. Coxiella burnetti has previously been reported in bats, but the role of these animals
in the spread of Coxiella has not yet been fully investigated [47]. Bats have recently been
identified worldwide as an important reservoir of various Leptospira species (L. interrogans,
L. borgpetersenii, L. kirschneri, L. fainei, and L. noguchii). Currently, more than 107 species of
bats have been reported to harbour these bacteria [48], but as prevalences range from 0%
to 85.7% [40], the absence of signals from Leptospira in the Kopaonik bats is unsurprising.
Chlamydiae have not been studied in bats in Serbia to date, so this report on the absence of
their signals in the Kopaonik bats is new to the scientific record.

This study presents the first results of microbiological research on bats in Kopaonik
National Park, contributing to a broader understanding of the presence of pathogenic
microorganisms in the region. However, some limitations of this study must be considered.
The sample size was relatively small, primarily due to the high altitude of the National
Park. Previous knowledge about bat distribution within Kopaonik National Park was
scarce prior to this research, and no data on known bat roosts were available. To survey
bat presence, potential roost sites (such as abandoned buildings and mine shafts) were
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searched, since there are no natural caves in the area. Given the high altitude of the study
area, nursery colonies were not expected to be found, even though sampling was during
the summer and autumn (females of some bat species form large nursery colonies during
the reproductive period). This assumption was confirmed, as only adult individuals were
trapped during the summer and autumn of 2024. It is likely that bats use the mine shafts
as transitional and/or swarming roosts. There are some bat records from Serbia at the
altitude of Kopaonik, but very few bat roosts are known at this elevation [12]. Therefore,
since the presence of numerous colonies was not anticipated, we did not expect to capture
a large number of individuals. However, despite the relatively low number of trapped bats
(n = 40), species diversity was greater than expected (n = 12). This large species diversity,
revealed for the first time in our pilot study, should stimulate further much-needed research
into the bat populations in Kopaonik National Park.

Live animals were captured and not euthanized in our pilot study. No carcasses of
dead bats were found during the sampling from which internal organs could have been
collected, potentially containing pathogens that are not present in oral or rectal swabs.
PCR-based screening, although highly sensitive, allows only known or closely related
pathogens to be detected, potentially failing to capture more divergent or novel viruses.

This pilot study focused on targeted pathogenic microorganisms previously doc-
umented in the literature as animal or zoonotic pathogens. However, confirming and
expanding these findings requires a larger number of samplings throughout the year to
obtain a larger sample size, including ectoparasites such as bat flies and ticks. Future
research should also include next-generation sequencing (NGS) metagenomic analysis to
comprehensively characterize the microbial communities present in bats. Metagenomic
approaches would enable unbiased detection of both known and novel pathogens.

5. Conclusions

Bats are of great importance in the preservation of the entire ecosystem, but at the
same time, they can be reservoirs of various pathogens, including viruses and bacteria with
zoonotic potential, which pose a potential threat to human and animal health. Bats from
Kopaonik National Park harboured the genomes of some potentially zoonotic microorgan-
isms, such as alphacoronaviruses, mycoplasmas, and rickettsiae, while genomes of other,
more dangerous pathogens, such as coronaviruses related to SARS-CoV-2, lyssaviruses,
filoviruses, and paramyxoviruses, were not found in the animals.

The results of the virological tests were expected, because so far, lyssaviruses and
paramyxoviruses have not been detected in Serbia, primarily due to the absence of bat
species that are their carriers. The finding of alphacoronaviruses were also expected, given
their well-documented presence in Serbian and European bat populations.

Although this pilot study was conducted on a small number of bats from a relatively
small geographical area, it is the first systematic pathogen surveillance in bats conducted in
Kopaonik National Park and provides a good starting point for further research. The results
highlight the need for continuous monitoring and longitudinal study of bats as reservoirs
of pathogens. Implementing regular monitoring programs would significantly improve
the country’s capacity for early detection of pathogens, which is crucial for improving the
prevention of animal diseases and zoonoses and for supporting One Health initiatives
aimed at protecting human and animal health.
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Simple Summary: Influenza A virus is a pathogen of significant global concern for public
health and wildlife conservation. A deeper understanding of its mutational/glycosylation
profile is essential, given its broad host range capabilities. This study provides the compar-
ative variations found in all segmented proteins of the H5N1 viruses analyzed, some of the
findings must be highlighted within the One Health framework.

Abstract: (1) Background: The ongoing panzootic of highly pathogenic avian influenza
virus (HPAIV) of subtype H5N1, clade 2.3.4.4b, has decimated wild /domestic birds and
mammals’ populations worldwide with reports of sporadic cases in humans. (2) Methods:
This study aimed to compare the mutational profile of H5N1 avian Influenza virus isolated
from a Peruvian natural reserve, with recent data from other related international studies
made in human and different species of domestic and wild birds and mammals. Briefly,
the near complete protein sequences of the Influenza virus coming from a Calidris alba were
analyzed at a multisegmented level, together with 55 samples collected between 2022 and
2024 in different countries. Moreover, the glycosylation patterns were also predicted in
silico. (3) Results: A total of 603 amino acid changes were found among H5N1 viruses
analyzed, underscoring the detection of critical mutations HA:111, HA:2111, HA:336T,
HA:492D, HA:5271, NA:10T, NA:269L, NA:405T, NP:377N, PA:57R, PA:68S, PA:322V /L,
PA:4321, PB2:539V, PB1:207R, PB1:375N, PB1:264D, PB1:429R, PA-X:250Q, PB1-F2:65R, and
PB1-F2:42Y, as well as PA:13V, PA-X:13V, PA20T, PA-X:20T, PA:36T PA-X:36T, PA:45S, PA-
X:45S, PA:57Q), PA-X:57Q, PA:611, PA-X:611, PA:68S, PA-X:68S, PA:70V, PA-X:70V, PA:75Q,
PA-X:75Q, PA:85T, PA-X:85T, PA:861, PA-X:861, PA:1001, PA-X:1001, PA:142F, PA-X:142E,
PA:160E, PA-X:160E, PA:2111, PA-X:211Y, among others, considered of importance under
the One Health perspective. Similarly, changes in the N-linked glycosylation sites (NLGs)
predicted in both HA and NA proteins were found, highlighting the loss/acquisition
or changes in some NLGs, such as 209NNTN, 100 NPTT, 302NSSM (HA) and 70NNTN,
68NISS, and 50NGSV (NA). (4) Conclusions: This study provides our understanding
about the evolution of current Influenza A viruses H5SN1 HPAIV circulating globally.
These findings outline the importance of surveillance updating mutational profiles and
glycosylation patterns of these highly evolved viruses.

Keywords: One Health; Influenza A viruses; H5N1; mutational analysis; N-linked glycosy-
lations (NLGs) profile
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1. Introduction

Influenza A virus (IAV) is an enveloped, negative-sense, single stranded, and eight
segmented RNA virus, belonging to the genus Alphainfluenza, family Orthomyxoviridae,
which is a major threat within a One Health framework of global concern for public
health and wildlife conservation due to its highly contagious spread and the devastating
impact it has caused in breeding colonies of different species of domestic and wild birds
and mammals globally [1,2]. The ultimate record of these viruses across the Americas,
spreading from Canada to the Antarctic and sub-Antarctic regions of South Georgia, the
Sandwich Islands, and the Falkland Islands, has decimated animal populations, including
places where high pathogenicity avian Influenza virus (HPAIV) had never previously been
detected [3,4]; in regions of Peru, Chile, Argentina, Uruguay, and Brazil, the spreading of
the virus has particularly affected marine mammal populations with increasing evidence of
mammal-mammal transmission, and comprises mutations that were not reported in H5N1
viruses in other regions [5-7]. Likewise, the emerging infections of H5N1 avian origin
virus reported in cattle [8,9], wild carnivores [10,11], domestic mammals [12,13], as well
as reports of human infections [14] highlighted the characteristics of these exceptionally
evolved viruses and the risk of possible spillover events.

Furthermore, the continuous outbreaks of Influenza H5N1 HPAIV clade 2.3.3.4b
viruses never seen before worldwide represents a serious threat, given the ideal conditions
to share key mutations between different species, including hosts with the potential to act
as mixing vessels because they carry both avian and human-type receptors. The genetic
variations acquired by antigenic drift (minor mutational changes over time) or shift (abrupt
major change in the virus where genome segments may be rearranged to another subtypes),
have increased the opportunities of viral evolution, and the emergence /reemergence of new
virus strains. Nowadays, the risk of H5N1 host tropism broadening with the possibility of a
panzootic/pandemic is looming; therefore, a primordial concern centers around the virus’s
capabilities for genetic changes or reassortment events [15]. Hence, active surveillance
of influenza mutational profiles is required, providing the opportunity to assess the risk
posed by the different subtypes/clades/genotypes, that may enhance the mammalian
adaptation, spillover events, and the likelihood of reassortment events, particularly H5N1
clade 2.3.4.4.b virus, quantifying their zoonotic potential.

A risk assessment framework was recently made to characterize the variations re-
lated to phenotypic traits for the adaptation to new hosts based in epidemiological and
spatio-temporal data analysis of several Influenza viruses. A total of 592 mutations where
identified, where 34 of them were associated with an increase in zoonotic potential, and
five phenotypic traits (haemagglutinin stability, neuraminidase specificity, major receptor
specificity, improved polymerase activity, and immune evasion). It was featured that
HS5 viruses of clade 2.3.4.4.b have acquired the highest number of zoonotic traits (up to
four), in the European Union, during the last three years; emphasizing that there is still
limited evidence, poor information available or not investigated for further mutations [16].
In addition, though the information related to certain mutations, and these biological
properties, is scarce, it has been observed that some adaptational variations to new hosts
can be provided through mutations [17,18]; such as NA:L204M, which enhanced viral
replication, receptor binding, and virulence; PB2-E627K, which increased viral replication
in mammals or HA:156A /V, which increased affinity for x2—6 the human type receptor.
These are only examples of the high plasticity of these segmented viruses. Likewise, it
is well known that the lofty variability of Influenza viruses presented over time during
outbreaks, such in the case of two Influenza A/H1IN1 pandemic viruses from 1918, that
compared to the reference genome A/Brevig Mission/1/1918 (HIN1), a total of 76 SNPs
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from formalin-fixed, paraffin-embedded lung tissues were identified, of which 46 encode
non-synonymous (NS) changes [19].

Additionally, key mutations that occurred in HA and NA proteins can vary the
biophysical properties of Influenza viruses when N-linked glycosylation motifs are intro-
duced/removed, which can facilitate immune evasion or increase the receptor binding
affinity to maintain viral fitness [20]. It is well known that variable degrees of glycosy-
lation confer capabilities to the globular head and stem of the HA ectodomain to bind
host-derived glycans and hide or expose the functional region, a process required to initiate
the cell viral entry [21]; moreover, glycosylation of NA protein has been related to changes
in protein folding, stability, solubility, and viral budding, as well as being related to the
neurovirulence of Influenza viruses [22,23]. In addition, the glycosylation dynamics in the
current H5N1 Influenza viruses are not yet fully understood at all.

Given the critical role of mutations and glycosylation patterns in the dynamics of
Influenza virus and its adaptive evolution, this study describes the comparative results
obtained between several H5N1 Influenza virus genomes, mammal and non-mammal,
within One Health approach.

2. Materials and Methods
2.1. Sample Collection

One duplicate sample oropharyngeal swab was collected from a Calidris alba with
slowness fly and stagnation from Pantanos of Villa a Peruvian National Reserve during
the period of time from March-April 2023. The material was transported and preserved
in a triple packaging system to perform the molecular detection of Influenza A viruses
following the standard diagnostic procedures by amplification [24].

2.2. Molecular Detection

Viral RNA was extracted using the Viral Nucleic acid extraction kit II (Geneaid, New
Taipei, Taiwan) according to the manufacturer’s instructions in a class 2A biological safety
cabinet (Biobase, Jinan, China). The extracted RNA was subjected to purity measurement
using a spectrophotometer DS11 instrument (Denovix, Wilmington, USA) and Influenza
virus detection was performed using a high-resolution melting analysis (HRM) procedure
to target the M and HA gene following the standard procedures of World Organization of
Health [25].

2.3. Whole-Genome Sequencing

Whole-genome sequencing (WGS) of amplicons per each genome segment of the
isolate H5N1 virus were obtained using Mytaq® Red DNA Polymerase kit (Meridian
Bioscience, Cincinnati, OH, USA) and the sequencing was performed using Illumina next
generation sequencing (NGS) technology (Miseq system with a 250-cycle paired-end). The
reads were analyzed according to the tools described in our previous publication [26].

2.4. Data Sets

Full-length or near full-length protein sequences of 55 highly pathogenic avian In-
fluenza A viruses (HPAIV) H5N1 were downloaded from the National Center for Biotech-
nology Information (NCBI), together with data from the Peruvian isolate H5N1.A /Calidris
alba/Lima/Villa01/2023, within One Health perspective. The sample list included avail-
able data from outbreaks in 2022 and 2024, in the Americas region mainly and considered
of importance to be included in the analysis. The criteria for data selection were geographic;
host diversity (representative species of mammals/birds, some without a previous report of
infection with H5N1 virus of avian origin); availability of complete /near complete protein
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sequences; data quality reports, and related recent publications. All sequences obtained
from GenBank are listed in Supplementary S1, Table S1. All Influenza virus proteins were
included in the perusal: PB2, PB1, PA, HA, NP, NA, M, and NEP (NS2), and the accessible
information of Influenza virus accessory proteins were taken into special consideration.

2.5. Mutational Analysis and Genotype Identification

The data obtained at a multispecies level were analyzed in the search of amino acid
changes, segment by segment manually and in silico, using Clustal Omega v12.4 [27],
along with the command-line tool FluMut [28] and the web application Flusurver [29].
All available sequences of PB2, PB1, PA, HA, M, NP, NA, and NEP (NS2) were compared,
including the accessory proteins PA-X, PB2-F1, and NS1. Genotype was determined using
GenoFLU (https://github.com/USDA-VS/GenoFLU (accessed on 26 January 2025)) [30].

2.6. Prediction of Potential N-Glycosylation Sites in HA and NA Influenza A H5N1 Viruses

Potential N-linked glycosylation sites (NLG) of the sequences HA and NA pro-
teins of the analyzed H5N1 viruses were predicted and compared with the reference
genome (A/goose/Guandong/1996(H5N1) using the high prediction accuracy NetN-Glyc
1.0 server [31], detecting the Asn-X-Ser/Thr sequons (where X is any amino acid except
proline) [32], and measures of prediction confidence >0.5 were taken into consideration as
a threshold.

3. Results
3.1. Mutational Manual Analysis

Through mutational manual analysis of the selected 55 samples of H5N1 Influenza
viruses, coming from both birds and mammals, a total of 603 amino acid changes were
identified, distributed throughout the 8 protein segments PB1, PB2, PA, HA, M, NA, NP,
NEP, and the 4 accessory proteins M2, NS1, PB1-F2, and PA-X; where 76 mutations have
been detected in the HA protein; 72 mutations in the NA protein; 22 mutations in M1;
11 mutations in M2; 22 mutations in NP protein; 94 mutations in NS1 protein; 39 mutations
in NEP (NS2) protein; 56 mutations of PB2 protein; 64 mutations in PB1 protein; 48
mutations PB1-F2; 30 mutations in PA-X; and 75 mutations in PA protein (Figure 1). The
complete mutational details can be observed in Supplementary S1 and S2.

It is noteworthy that the proportion of individual/group mutations detected per each
protein segment, varied notoriously as follows: individual mutations (those found only
in 1-3 of the samples evaluated) were observed more in PA, PB1, PB2, NP, NA, and PA-X
proteins; while group mutations (those identified in more than 4 samples), were detected in
larger quantities in PB1-F2 and PB1 proteins. In addition, more mutations in “all” samples
analyzed, were found in M1 and NS1 proteins (S1 (Table S2)).

Furthermore, considering the size of each virus protein segment, the detection of
more quantity of amino acid variations in the accessory proteins PB1-F2, NS1, and NEP,
particularly in the “PB1-F2 protein” was conspicuous. Viruses such as A/LOU/WT, polar
bear/ALK, and harbor-seal/ME, along with certain birds species shared 23 variations in
PB1-F2 protein; likewise, they also had in common 7 mutations in PB1, 4 mutations in HA,
2 mutations in NS1, 1 mutation in PA-X, as well as group mutations PB1:375N, HA:492D,
PB1-F2:22E, PB1-F2:90N, N51:83P, and PA-X:215N. Similarly, a considerable number of in-
dividual mutations were found in proteins, NA (19 variations detected in A/LOU/WT, 3 in
polar-bear/ALK), and PA (13 variations detected in A/LOU/WT, 6 in polar-bear/ALK). Ad-
ditionally, the individual mutations NA:44N, NA:45H, NA:48T, NA:53V, NA:62I, NA:81D,
NA:82P, NA:84A, NA:2341, NA:286S, NA:288V, NA:399L, and PA:2011/T, PA:2111, PA:322L,
PA:399V, PA:626R were also found in these isolates. Keeping in mind that these specimens
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are the most recent isolates and considering the host species, it should be considered under
the One Health perspective (Tables 1 and 2).

Mutational distribution found in H5N1 viruses analyzed
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Figure 1. Mutational distribution found in the H5N1 viruses analyzed. The mutations were classified
into 4 categories: unique mutations (mutations found only 1-3 samples), group mutations (mutations
found in more of 4 samples), mutations present in all samples, and mutations found in almost all
samples with some exceptions.

Table 1. Unique mutations (only detected in 1-3 samples) are considered of interest in H5N1 viruses
identified per each protein segment.

Mutation

Mutation to Highlighting

HA:9V, HA:87T, HA:99S/D, HA:225M,
HA:248L, HA:259C, HA:277Y, HA:285E,
HA:316E, HA:324T, HA:473K, HA:493K,

HA:531L

HA:10T, HA:170D, HA:104G, HA:147M,
HA:152S, HA:226T, HA:304N, HA:310V,
HA:336N/R,

HA:520R/N

NA:20A/1, NA:216V, NA:217R, NA:223T,
NA:284N, NA:308R /K, NA:340Y/F,

NA:23V, NA:44N, NA:45H, NA:48T,
NA:53V, NA:62I NA:671, NA:74L, NA:75],
NA:81D; NA:82P, NA:84A, NA:90D,
NA:155H, NA:221S, NA:2341, NA:237F,

NA:364N, NA:442] NA:2411, NA:254R, NA:257R, NA:286S,
NA:288V, NA:329S, NA:374V, NA:399L,
NA:432R, NA:436V
M1:55M, M1:125T, M1:191H, M1:218A,
M1:236K
M2:12R, M2:21G, M2:28T, M2:525 M2:27A
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Table 1. Cont.

Mutation

Mutation to Highlighting

PA:42V, PA:59K /G, PA:118U, PA:184S,
PA:190F, PA:207V, PA:213K, PA:272N,
PA:269K, PA:3231, PA:330V, PA:382G,
PA:423T, PA:425F, PA:523L, PA:561V,
PA:5811, PA:621V, PA:664R, PA:688G

PA:13V, PA:36T, PA:45S, PA:68S, PA:75Q),
PA:861, PA:1001, PA:142E, PA:2011/T,
PA:2111, PA:322L/V, PA:336M, PA:348L,
PA:351G, PA:354F, PA:388G, PA:399V,
PA:404S, PA:459V, PA:465M /T,
PA:486M /L, PA:489S, PA:538G, PA:545V,
PA:614D/S, PA:626R, PA:655F

PA-X:42V, PA-X:52D, PA-X:62T, PA-X:118V,
PA-X:1221, PA-X:184N, PA-X:190F,
PA-X:207L,

PA-X:20T, PA-X:36D /T, PA-X:68S,
PA-X:70V, PA-X:75Q, PA-X:861, PA-X:142E,
PA-X:160E, PA-X:195K, PA-X:211Y,
PA-X:250P,

PB2:191G, PB2:199T, PB2:292V, PB2:339R,
PB2:444G, PB2:451V, PB2:452V, PB2:453S,
PB2:472D, PB2:560M, PB2:575V, PB2:639S,
PB2:660R, PB2:679S, PB2:683A, PB2:684S,
PB2:697M, PB2:711S

PB2:9N, PB2:79G, PB2:152V, PB2:190R,
PB2:251K, PB2:255A, PB2:274V, PB2:346A,
PB2:353R, PB2:532L, PB2:539V, PB2:596A,

PB2:663R, PB2:6661, PB2:6671, PB2:670R,
PB2:677K, PB2:680G, PB2:715S

PBI1:11R, PB1:14V, PB1:51E, PB1:53E,
PB1:121N, PB1:147V, PB1:176T, PB1:3211,
PB1:339V, PB1:348V, PB1:371D, PB1:383G,
PB1:455D, PB1:394S, PB1:431H, PB1:512L,

PB1:401, PB1:171A, PB1:211K, PB1:291A,
PB1:3721, PB1:384P /T /A, PB1:390G,

PB1:576M, PB1:584H, PB1:657LL, PB1:7191, PB1:533S, PB1:621K, PB1:6601, PB1:738G

PB1:739D

NS1:66D, NS1:81V, NS1:88H, NS1:129T,
NSI:210R, NSI:202T, NS1:217T, NSI:213L,
NSI:219E

NEP:27G, NEP:52V, NEP:56Y, NEP:61K,
NEP:64T, NSI:76M, NEP:77K, NEP:85Q
NEP:81G, NEP:82E

PB1-F2:11R/L, PB1-F2:29R, PB1-F2:35L,
PB1-F2:41L, PB1-F2:69L, PB1-F2:78R,
PB1-F2:79Q, PB1-F2:901

NP:41V, NP:190A, NP:221K, NP:234S, NP:48R, NP:63T, NP:119T/V,
NP:253V, NP:323S, NP:3631 NP:230L, NP:318L, NP:411A, NP:425V

The complete list of mutations per each segment with details of the host can be seen in Supplementary S1.
Mutations highlighted in blue were observed in both bird and mammal species or by the host which was found.

NSIL:36l, NS1:67G/Q, NS1:75G, NS1:76A,
NS1:77R, NS1:136M, NS1:193Q, NSI:201Y

NEP:36V, NEP:60N, NEP:63E, NEP:89T /V

PB1-F2:39T, PB1-F2:57Y,
PB1-F2:73E

Moreover, unique and/or group mutations stands out among other North/South
America specimens, highlighting that many of them have also been found in both mam-
mals and birds, such in case of individual variations shared found in North American
isolates: A/CA, emu/CA (HA:104G, HA:336N, PA:68S, PA:486M, PA:655F, PA-X:68S,
PB2:670R, NS1:67G, NP:119V); cattle/TX (M2:27A, PA:36T, PA:404S, PA-X:36T, PB1:384T,
NEP:60S); South American Chilean-dolphin, elephant-seal /ARG, and terns/ ARG (NS1:26K,
NSI:226T, NP:119T, PA:57Q, PA-X:57Q, PA:861, PA-X:86I, PA:336M, PA-X:20T, PB2:152V,
PB1:401, PB1:548F, PB1:515A, PB1:621K. Similarly, other specimens also had their own
particular mutations, such as in South America: Panthera-leo/PER (HA:310V, PA:45S,
PB2:190R, NEP:89V, NP:425V), Calidris-alba/LIM (HA:201R, NA:4421, M2:52S, PB2:679S,
NS1:213L, NEP:56Y, NP:190A); black-necked-swan/UGY (PA:425F, PB2:199T, NP:323S,
PB1-F2:90I); Andean-guayata/ ARG (HA:9V); and in North America: peregrine-falcon/NY
(NA:223T, NA:237F, M2:19Y, PA-X:118V, PA-X:207L, PA-X:250P, PB2:472D), vulture/FL
(HA:87T, HA:102T, PA:59G, PA:272N, PA-X:59K, PB2:453S, PB1:431H, NEP:82E, PB1-
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F2:41L, PB1-F2:69L); harbor-seal/ME (HA10T, HA:152S, HA:226T, PA:465T, PA-X:70V,
PB2:79G, PB2:715S, PB1:176T, PB1:3721, PB1:6601, NS1:67Q, PB1-F2:73E), goat/MI (HA:520R,
PA:614S, PB2:274V, PB2:346A, PB2:353R, PB2:663R, PB2:6671, PB1:211K, NS1:36I, NS1:136M,
NS1:201Y); raccoon/IA (M2:28T, PA:100I, PB2:539V); house-mouse/NM (NA:254R, PA:13V,
PB1:384P, NS1:77R); alpaca (PA:142E, PA-X:142E), and red-fox/MI (PB2:596A). Additionally,
the group mutations PB1:515A, NS1:26K, PA-X:86I and PA-X:57Q were detected in the
South American mammals and birds analyzed.

Table 2. Mutations identified in H5N1 viruses per samples group (4 or more isolates).

Mutation Mutation to Highlighting
HA2421, HA:504Y HA:11], HA.SZP?AZI%fllI, HA:492D,
NA:71S, NA:3211 NA:6R, NA:10T, NA:70N, NA:405T
M1:82S, M1:227T
M2:88N/D
NP:52H, NP:105M, NP:293K, NP:482N NP:377N

PB2:154F, PB2:362G, PB2:441N, PB2:495I,

PB2:631L, PB2:6491, PB2:676A PB2:58A, PB2:1091, PB2:1391,

PB1:16D, PB1:154S, PB1:172D, PB1:207R,
PB1:215K, PB1:264D, PB1:375N, PB1:378M,,
PB1:399D, PB1:429R, PB1:430K/E,
PB1:515A, PB1:548F, PB1:614D, PB1:694S

PB1-F2:4G, PB1-F2:71/T/M, PB1-F2:8Q,
PB1-F2:12S PB1-F2:17S, PB1-F2:18T,
PB1-F2:20R, PB1-F2:21R, PB1-F2:22E,
PB1:36T, PB1-F2:40G, PB1-F2:42Y,
PB1-F2:49A, PB1-F2:56A, PB1-F2:57C/F,
PB1-F2:58W, PB1-F2:65R, PB1-F2:75L,
PB1-F2:82S, PB1-F2:84S, PB1-F2:90N

NSI:21R, NS1:26K, NSI:53G, NS51:83P,
NS1:87S, NS1:116C/S/N, NS1:1471,
NS1:226T

PB1:1791, PB1:587P, PB1:6461

PB1-F2:30L, PB1-F2:31E, PB1-F2:44R,
PB1-F2:46T, PB1-F2:47S, PB1-F2:48R,
PB1-F2:50G, PB1-F2:54K, PB1-F2:551,
PB1-F2:66S, PB1-F2:681, PB1-F2:70G

NS1:7S/L, NS1:21Q, NS1:88C,
NS1:189N

NEP:7V /S, NEP:31V, NEP:67G/E

PA:113R, PA:237K/ A, PA:272E, PA:277P,
PA:479E, PA:558L

PA:57R, PA:2191, PA:4321, PA:497R,

PA-X:57Q), PA-X:611, PA-X:85T, PA-X:193S,
PA-X:245N

Mutations highlighted in blue were observed in both bird and mammal species or by the host which was found.

PA-X:113R, PA-X:215L,

Further, certain samples accumulated a greater quantity of individual/group amino
acid changes in different protein segments such as in case of birds coming from Brazil
(Numida/BR, Procellaria/BR mainly) and the specimens coming from Bangladesh, Japan,
Egypt, and Germany included within the present study. (Tables 2 and 3).

In addition, a number of mutations were found in “all” specimens, (concerning the
reference genome) (Table 3), and in other cases some specimens had mutations shared in
almost all samples with little exceptions detected (Table 4). Be aware that several of these
mutational changes could have been transmitted over time at a multispecies level, bringing
them with/without a specific trait, effect, or significance; nonetheless, these were common
findings even in specimens far away from our geographical region.
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Table 3. Mutations detected in all HSN1 viruses analyzed.

Protein Mutation
HA 110S, 139F, 142E, 143T, 154Q, 157P, 171D, 208K
234Q, 239R
NA 46D, 76A, 78Q, 991, 100Y, 2581, 289M, 366S, 382E, 418M, 434N
M1 140A, 144L, 1651,
M2 18N
NP 136L
PB2 699K, 741S
PB1 177E, 478S, 490F, 5351, 536N, 558T, 598P, 609Y, 610C
PB1-F2 No PB1-F2 sequence in the reference genome
61, 18V, 22F, 23S, 24D, 25Q, 27L, 28C, 541, 60A, 73S, 84V, 94T, 95L, 112A,
NS1 114G, 1171, 127R, 137L, 140Q), 146L, 153E, 158G, 1615, 163L, 170T, 180V,

191T, 194V, 197T, 198L, 2055, 206S, 211R, 221K, 224R, 225T
NEP (NS2) 6V, 14M, 22G, 26E, 375, 40L, 48A, 49V, 68Q, 83V, 86R, 88K, 100M, 111Q

PA 63V, 1291, 212C, 228N, 361K, 536K, 544E, 585L, 586L, 716R
PA-X no PA-X sequence in the reference genome
PB2 355R, 699K

The comparisons were performed with the reference genome A/goose/Guandong/1996(H5N1), which no have
sequences available to the accessory proteins PB1-F2 and PA-X. Mutations highlighted in blue were observed in
both bird and mammal species or by the host which was found.

Table 4. Mutations found in almost all H5SN1 viruses with some exceptions.

Protein Mutation
PB1 59S, 75D
PB2 334S, 340R, 463V, 464M, 471T, 4781, 590G, 616V
NP 450N
M2 281, 51V, 61G
M1 85S, 87T, 101R, 200V, 230R, 232D
HA 120M, 131L, 199N, 201E, 205N, 226A /T, 3365 /N, 527V /1, 549M
NA 8T, 20V/A, 44Y/N, 81T/D, 155Y, 1881, 269M, 287D, 340S, 336S, 338M,
339P, 340S, 395E, 460G
NEP 63A, 64K, 81E, 85H, 891
PA-x 252R/K
PB1-F2 11Q, 12L./S
NS1 44R, B5E, 56T, 59R, 63Q, 70E /G, 71E, 74D, 90L, 111V /A, 118R, 139D,

1451, 166L, 171D, 192V, 204R, 207N, 209D, 213P, 226T

Mutations highlighted in blue were observed in both bird and mammal species or by the host which was found.

In general, during the mutational scanning, certain mutations were acquired in all sam-
ples tested, whilst others were only detected in certain groups of them. But, evidently, there
was an existing “different” mutations distribution between the North American/South
American isolates. Also, among the North American samples, two large groups with similar
amino acid changes were distinguishable: a first large group with certain homogeneity in
the mutations found, and the second smaller that included the most recent specimens that
shared new mutations, of which there are no still studies on the possible biological func-
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tion, such as PB1-F2:4G, PB1-F2:71/T/M, PB1-F2:8Q, and PB1:12S among others (complete
mutational scanning can be seen in Supplementary S2.

3.2. FluMut Mutational Analysis

Our mutational analysis, were compared with the results obtained with FluMut
program, and a match in the detection of the next mutations/molecular markers was
found as follows: HA:154N, HA:156A, M2:271; NA:155H, NA:223T, NA:364N; NS1:53D,
NS1:55E, NS1:66E, NS1:74N, NS1:205S, NS1:210R; NS2:48A; NP:41V, NP:105V; PA:63],
PA:142E, PA:190S, PA:497R; PB1:207R, PB1:375S, PB1:598L; PB1-F2:56 A, PB1-F2:66S; PB2:9N,
PB2:292V, PB2:339K, PB2:4951, PB2:590S, PB2:631L, PB2:676T, PB2:699R, PB2:715N; empha-
sizing that some of the mutations presented amino acid changes in the mutation designated,
such as in the case of HA:154N (HA:154Q)), or NA:53D (NA:53G), and taking into account,
as previously mentioned, that certain mutations were found in all samples whilst others
were only detected in individual samples. (Complete FluMut mutational analysis can be
seen in Supplementary S3.

3.3. Genotype Identification

Four genotypes were found in the H5N1 viruses analyzed: B3.13(30.5%), B3.2(37.3%),
B1.3(3.4%), A3(3.4%), A2(1.7%), B1.1(1.7%); and in (22%) of specimens the genotype was
not assigned because not all the segments matched the total of segments in input file.
(Complete Genoflu genotype determination can be seen in Supplementary S4.

3.4. Glycosylation Patterns
3.4.1. N-Linked Glycosylations (NLG) in the HA of Influenza H5N1 Viruses

A total of 7 N-linked glycosylations were found in HA protein of the reference genome
(A/goose/Guandong/1996(H5N1) at positions 27 NSTE, 39 NVTV, 181 NNTN, 209 NPTT,
302 NSSM, 500 NGTY, and 559 NGSL, respectively, taking into consideration that 209 NPTT
position had included a warning (Pro-X1), due the presence of a proline in the sequon. The
complete list of glycosylation predictions is Supplementary S5. Particularly, the specimens
that had an absent 209 NPTT NLG, had a change in the amino acid position 211 from T in
the HA protein.

For instance, the isolates coming from North America had two characteristics (presence
or absence of 209 NPTT NLG): first, 4 mammal specimens (2 A/LOU/WA, 1 harbor-
seal/ME/ME, 1 polar bear/AK), and 6 birds ones (peregrine-falcon/NY, goose/AK,
Northern-pintail /USA, chicken/JPN, duck/BD, white-tailed-eagle/JPN, turkey/GER and
pintail/EG) had the predicted 209 NPTT glycosylation site, and showed 7 NLGs; second,
16 mammal samples (4 A/CA/MT/CO, 1 alpaca/ID, 3 bovine/TX/ID, 2 feline/TX/ID, 1
red-fox/MI, 2 goat/MI, 1 raccoon/USA, 1 house-mouse/NM, 1 domestic cat/TX), and 3
bird samples (Emu, chicken/Idaho and grackle/Texas) only had 6 NLGs predicted and
had lost 209 NPTT. A comparison between the glycosylation sites predicted (HA protein)
to the reference genome and the specimen cattle/ TX can be observed in Figure 2.

In the case of mammal isolates coming from South America (elephant-seal/ARG,
Panthera-leo/PE and dolphin/CHIL), as well as the 19 bird isolates (Andean-guayata/ARG,
Sterna-hirundo/BR, Humboldt-penguin/CHIL, Procellaria-aequinoctialis/BR, Numida-
meleagris/BR, cormorant/CHIL, belcher-gull/PE, wild-duck/CO, 2 pelecanus/PE,
backyard-duck/UY, Fregata-magnificens/BR, chimango-caracara/CHIL, black-necked-
swam/UY, royal-tern/ AR, Calidris-alba/PE, gallus-gallus/PE, Thalasseus-acuflavidus/BR
and South America-tern/ARG) all of these had 7 NLG, including 209 NPTT.
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Influenza virus (A/goose/Guangdong/1/1996(H5N1)

Influenza virus A/cattle/Texas/56283/2024(H5N1)
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Figure 2. Comparison of glycosylation sites for HA protein of H5N1 viruses: (A). Reference genome
Influenza A virus (A/goose/Guangdong/1/1996(H5N1) had 7 NLGs predicted; (B). Influenza A
virus/cattle/Texas /56283 /2024, had 6 predicted NLGs, with substitution of 2 NLGs (499 NGTV and
558 NGSL) and is highlighthed the loss of the 209 NPTT site (bold in orange).

Likewise, the glycosylation predictor showed a substitution in the NLG site to
499 NGTY and 558 NGSL (from 500 NGTY and 559 NGSL of the reference genome) in all
specimens analyzed. This ultimate characteristic coincided with the presence of a mutation
in the amino acid sequence prior to the NGTY sequon, from K to R in position 499. In
addition, a slight increase in the glycosylation potential was seen as 0.5263 (reference
genome) versus 0.58 found in all samples analyzed.

Furthermore, 2 North American avian isolates (chicken/JPN and vulture/FL) had
8 predicted NLGs, with an extra NLG site as 100 NPTN, which also concurred with a
mutation in the HA protein, 102 site from A to T amino acid; the feature was only shown in
these two isolates. It should be noted that a 100 NPTN glycosylation prediction was found
between samples very far away geographically.

In addition, two South American avian samples (Sterna-hirundo/BR and Humboldt-
penguin/CHL) showed 6 NLGs with a loss of glycosylation site 302 NSSM. In both cases, a
substitution was observed in the amino acid 304, where S was replaced by N. A comparison
between the North American specimen (A /Vulture/Florida/2022(H5N1) with 8 NLGs
glycosylation sites predicted (HA protein) versus the South American (A/Humboldt-
penguin/CHI/2023(H5N1) with 6 NLGs is shown in Figure 3.
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Influenza virus (A/Vulture/Florida/2022(H5N1) Influenza virus (A/'Humboldt—penganCHIHO23(H5N 1)
Position Potential Jury N-Glyc Position Potential IJury N-Glyc
agreement result agreement result
26 NNST  0.3687 BEE > 00000 | T e e e T
27 NSTE  ©.7796 (9/9) +es 26 NNST 0.3686 (9/9) --
- 0.7179  (3/9) 27 NSTE  0.7796  (9/9) +++
(100 NPTRD ©.5848 (7/9) +  WARNING: PRO-X1. 39 WIV - 0.7181 (9/9) ++
181 WNIN  0.6099 (7/9) 181 NNTN  0.6100 (72/9) +
T 0.6337 (8/9) + WARNING: PRO-X1. 209 NPTT  0.6378 (8/9) + WARNING: PRO-X1.
% 0.5448 (6/9) + 499 NGTY 0.5824 (6/9) +
a 0.5824 (6/9) + 558 NGSL  0.6826 (9/9) ++
558 NGSL 0.6827 (9/9) A NetNGlyc 1.0: predicted N-glycosylation sites in WPSESESS.1
NethGlyc 1.0! predicted N-glycosylation sites In WEI4X.Y Threshold ——
R i '
3 £
i g 0.79
™ -
%, P
i $ o
f 0.3
o i ° 100 200 00 0 200
L] 100 200 00 00 00 Savmmers poailinn
(A) (B)

Figure 3. Comparison of glycosylation sites for HA protein of H5N1 viruses: (A). Left. North
American Influenza A virus (A/Vulture/Florida/2022(H5N1) had 8 predicted NLGs, with a
gain of 100 NPTN site (green bold); (B). Right. South American Influenza A virus/Humboldt-
penguin/CHI/56283/2023(H5N1) had 6 NGLs predicted with loss of 302 NSSM site (blue bold).

3.4.2. N-Linked Glycosylations in the NA of Influenza H5N1 Viruses

The predicted NLGs in NA protein of the reference genome (A /goose/Guandong/
1996(H5N1) found 7 sites of glycosylation at 50 NQSI, 58 NNTW, 63 NQYT, 68 NISN,
88 NSSL, 146 NGTV, and 253 NGSC positions, and differences in the predicted glycosylation
positions were found in both mammal and bird specimens.

First, the 3 South American mammals’ isolates (elephant-seal/ ARG, Panthera-leo/PE
and dolphin/CHIL), as well as 17 South America avian isolates (Andean-guayata/ARG,
Sterna-hirundo/BR, Humboldt-penguin/CHIL (Figure 3), Procellaria-aequinoctialis/BR,
Numida-meleagris/BR, cormorant/CHIL, belcher-gull/PE, pelecanus/PE, backyard-
duck/UY, Fregata-magnificens/BR, chimango-caracara/CHIL, black-necked-swam/UY,
royal-tern/AR, Calidris-alba/PE, gallus-gallus/PE, thalasseus-acuflavidus/BR and South
America-tern/ ARG) presented the same 7 NLGs positions described for the reference
genome. Nevertheless, the wild-duck/CO specimen had a substitution from 68 NISN to
70 NNTN. This same feature was also seen in the 2 avian isolates (duck/BD, white-tailed-
eagle/JPN), and (polar-bear/ALK) a sample of mammal origin.

In the case of North American isolates, 2 avian samples (vulture/FL and Goose/AK,
shared the same patron of glycosylation with NA reference genome, while 3 specimens
(Emu/CA, grackle/TX, chicken/ID) had the amino acid change from N to S in position 68
(68NISN to 68NISS) of NA protein. It is worth highlighting that this characteristic was also
observed in 11 North American mammal isolates (2 A/CA,and 1 A/CO, 1 domestic-cat/TX,
1 alpaca/ID, 3 bovine/TX/ID, 2 feline/TX and 1 racoon/USA), along with a substitution in
the amino acid of the 67 position from V to I, just prior to the sequon location. Additionally,
the potential of glycosylation predicted in this particular site was quite variable: from
0.73 in the reference genome, 0.67-0.68 in samples 68 NISN, such as (A/LOU/WT/MO,
red-fox/MI and cat/TX isolates) or 0.71 in samples that presented the variation 68 NISS.

Furthermore, two recent North American mammal isolates (2 A/LOU/WT) had the
unique characteristic 50 NQSV predicted, with a slight increase in glycosylation potential
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from 0.50 to 0.60 compared with other samples (50 NQSI), for instance the reference genome
had a potential of 0.55 in this NLG predicted site. A comparative scheme of the predicted
NLGs glycosylation sites (NA protein) of 4 representative isolates can be seen in Figure 4.
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Figure 4. Comparison of glycosylation sites predicted for NA protein of H5N1 viruses: (A). Left/up:
Influenza virus (A/Alpaca/ID/2024(H5N1) had 7 NLGs, with a 68 NISS site (green bold); left/down:
Influenza virus (A/polar-bear/ALK/2023) had 7 NLGs, with a 70 NNTN site (yellow bold) (B).
Right/up: Influenza virus (A /Louisiana/2024(H5N1) had 7 NGLs with the substitution 50 NQSV
(purple bold); right/down: Influenza virus (A /Calidris-alba/LIM(H5N1) had 7 predicted NGLs with
68 NISN (orange bold).

Conversely, 1 North American avian sample (peregrine-falcon/NY) had a change
from 235 NGSC to 221 NNTL, with a notable reduction in the glycosylation potential from
0.73 to 0.47. In contrast, a decrease in the glycosylation potential was also observed in
the avian sample (Northern-pintail/USA) and mammal samples (A/LOU/WT) to 0.67.
Likewise, these 3 samples (Northern-pintail/USA and 2 A/LOU/WT) had a mutation
detected in position 234 where V was replaced by I.

On the other hand, the sample (turkey/GER) had 6 NGLs, due to the loss of 88 NSSL
glycosylation site predicted, and it matches with a substitution in the amino acid of 90 po-
sition from S to P. In addition, the isolate (chicken/JPN) showed a slight increase in the
glycosylation potential at the 146 NGTYV site of 0.68 to 0.7377, accompanied by a substitution
in the amino acid position 150 from K to E.

4. Discussion

Noteworthy, the threat of Influenza H5N1 viruses globally within the One Health
framework is undeniable, and one of the significant challenges of our era is to focus on
limiting exposure and preventing the virus spread. Considering animal welfare, and the
protection of threatened species is a breaking point, in order to maintain a sustainable
connection between nature and people. Current facts such as the overexploitation of wild
and domestic animals, unsustainable production systems [33], as well as poor water quality,
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with high loads of ubiquitous environmental pollutants, such as heavy metals (with im-
munosuppressive effects) [34,35], strongly impact aquatic habitats, altering water/sediment
quality, and it directly affects microorganisms and birds/marine mammals, the principal
reservoirs, and victims of Influenza viruses. Therefore, thinking about ecology facts and
holistic perspectives to mitigate the transmission risk (including zoonosis reverse) between
mammals and humans is so crucial. Likewise, the understanding of Influenza evolution
plays a vital role in the mutations analysis and enhances viral fitness over time, and what
better example than the amino acid change HA:190D in the pandemic Influenza virus of
the 1918 HIN1 that switched its binding preference from SA«2,3Gal to SA«2,6Gal [36].

In the extended listing of amino acid variations in the present study, it was ob-
served that some of them have already been described or studied, but the majority
of recent mutations found still have unknown biological functions. Certain variations
were detected in both bird and mammal species highlighted in spite of these having
been classified previously as a warning level 1 [8] or having been detected with a dif-
ferent amino acid combination have been considered of importance: HA:11L, HA:52A,
HA:104G, HA:152S, HA:2111, HA:336N /R, HA:492D, HA:5271, NA:6R, NA:10T, NA:70N,
NA:405T, NA:2341, NA:329S, NA:436V, NP:377N, PA:354F, PA:545V, PA:614D /S, PA-X:250Q,
PB2:9N, NS1:67G/Q, NP:119V /T, PA:322V /L, PB2:532L, PB2:539V, PB2:666I, PB2:670R,
PB1:211K, PB1:384P/T/A, PB1:621K, PB1:738G, PB1:16D, PB1:154S, PB1:172D, PB1:207R,
PB1:215K, PB1:264D, PB1:375N, PB1:548F, PB1:694S, PB1-F2:4G, PB1-F2:71/T/M, PB1-F2:8Q),
PB1-F2:12S PB1-F2:17S, PB1-F2:18T, PB1-F2:20R, PB1-F2:21R, PB1-F2:22E, PB1:36T, PB1-
F2:40G, PB1-F2:42Y, PB1-F2:49A, PB1-F2:56A, PB1-F2:57C/F, PB1-F2:58W, PB1-F2:65R,
PB1-F2:75L, PB1-F2:82S, PB1-F2:84S, PB1-F2:90N, PA-X:193S, PA-X:245N. Moreover, mu-
tations found in only 1 animal (mammal): HA:226T [37], HA:310V; HA:520R, HA:432R,
PA:336M, PA:351G, PA:399V, PA:404S, PA:459V, PA:486M, PA:489S, PA:538G, PA:655F,
PA:655F, PB2:79G, PB2:152V, PB2:190R, PB1:251K, PB2:190R, PB2:251K, PB2:255A, PB2:274V,
PB2:346A, PB2:353R, PB2:596A, PB2:663R, PB2:6671, PB2:670R, PB2:677K, PB2:715S, PB1:401,
PB1:171A, PB1:291A, PB1:390G, PB1:533S, PB1:6601, may also be considered for future
analysis based on the limited information associated. In general, a greater number of
mutations were detected in North America isolates, particularly in the most recent ones
coming from mammals.

Likewise, a striking fact was observed in certain mammal isolates: the presentation
of the same amino acid variation in both PA and PA-X proteins simultaneously, such
as case of mutations PA:13V, PA-X:13V, PA:36T PA-X:36T, PA:45S, PA-X:45S, PA:70V, PA-
X:70V, PA:75Q, PA-X:75Q), PA:142E, PA-X:142E, PA:160E, PA-X:160E, PA:211I, PA-X:211Y.
In addition, the following group mutations are noteworthy and warrant further research
considering the key role of the PA protein in the emergence of pandemic viruses: PA20T,
PA-X:20T, PA:57Q, PA-X:57Q, PA:85T, PA-X:85T, PA:86I, PA-X:86l, (South America mam-
mals/birds) and PA:611, PA-X:611, PA:68S, PA-X:68S, PA:100I, PA-X:100I (North America
mammals /birds). The 2009 HIN1 (H1IN1pdm09) virus gained multiple mutations in the
PA gene through activation polymerase activity in mammalian cells, even in the absence of
previously identified host adaptive mutations in others polymerase genes. In the same way,
the activity of the accessory protein PA-X varies between different hosts and could play
a role in host adaptation [38]. Now, studies of H5N1 viruses have found that mutations
PA:343T and PA:383D could activate polymerase activity in human cells in the “absence”
of key mutations in PB2, such as E627K or D701N [39,40]. Additionally, considering the
most recent mammal isolates of H5SN1 viruses have accumulated too many new muta-
tions mainly in NA and PB1-F2 proteins (NA:23V, NA:44N, NA:45H, NA:48T, NA:53V,
NA:62I, NA:671, NA:74L, NA:751, NA:81D, NA:82P, NA:84A, NA:221S, NA:2411, NA:257R,
NA:286S, NA:288V, NA:329S, PB1-F2:4G, PB1-F2:71/T/M, PB1-F2:8Q, PB1-F2:12S, PB1-
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F2:18T, PB1-F2:20R, PB1-F2:21R, PB1-F2:22E, PB1:36T, PB1-F2:40G, PB1-F2:42Y, PB1-F2:49A,
PB1-F2:58W, PB1-F2:65R, PB1-F2:75L, PB1-F2:82S, PB1-F2:84S), as well as PA:201V, PA:322V,
PA:348L, PA:626R, PA-X:195K)), it is recommended to analyze these variations carefully, in
particular PB1-F2 due to the high number of changes found in a protein of only 87-90 amino
acids, for which data from the reference genome (A/goose/Guandong/1996(H5NT1) is
not available. A study carried out in highly pathogenic H5N1 avian influenza viruses
and the HIN1 pandemic strain of 1918 found that a single point mutation from N to S
at position 66 of the PB1-F2 protein dramatically increased the virulence, and identified
the antagonism to interferon [41,42]. Also, it is well-known that PB1-F2 had proapoptotic
functions in immune cells and a pathogenicity potential increased through of dysregulation
of the inflammatory response [43].

In addition, some key mutations associated with changes in glycosylation patterns
have previously been observed such as HA:304N, NA:70N, NA:90P, NA:237F, NA:364N [44],
and NA:329S [45]. Our specimens analyzed had included to the list: HA:211A, HA:499R,
HA:102T, NA:671, NA:234I, NA:150E and NA:50V. Its variations were found between
mammals and non-mammals” species, hence future analysis is required. Glycosylation
process is an indispensable factor for the infectivity, survival and transmissibility of the
Influenza virions and NLG are an essential component in the adaptation of Influenza
viruses to new hosts [23]. In the case of HA protein, the addition of oligosaccharides
has been associated with changes in the ability to bind to cellular receptors, interaction
with neutralizing antibodies (immune evasion), properly protein fold, fusion process,
efficient transport, stability, fit budding, and virulence [22,46]; nonetheless, the exact
function acquired through of a glycosylation is related with the “specific” area of HA is
being strengthened: HA stem region is paramount for the membrane fusion, and correct
protein folding; while the head region is related to mislead the immune system (masking
antigenic sites of the receptor binding domain) [32], as well as the receptor-binding site
(RBS), that influence viral receptor binding preferences [47]. Studies of the HIN1 virus
have shown first that different antibody responses when HA protein was glycosylated [48]
and second the appearance of a new glycosylation site (179) in HA protein, observed
exclusively during the specific evolutionary phases of the seasonal virus strain, and it was
suggested that the association of the emergence of this new glycosylation site with the
increased incidence of Influenza A cases in 2023 [49]. On the other hand, the functions
of glycosylation’s in NA protein remains still unclear, there is relatively little research on
this protein [22,50], but due to the opposing roles of HA and NA, it is recommended that
both proteins should be studied jointly: the stability between HA binding and NA cleavage
action is “essential” for overcoming host barriers and adaptation to new host species; so
any important change observed in glycosylation patterns of any of these proteins, should
be considered in detail since it could be a predicting feature of future pandemic/panzootia
of Influenza viruses [47]. Our understanding of how glycosylation affects viral fitness
is still limited; thus, it is recommended to carry out complementary analysis such as
protein modeling and mass spectrophotometry based on comparative proteomics [51] to
discern more about all the NLGs differences found in H5N1 viruses, especially when new
glycosylation forms might appear and occur suddenly in a near future [32].

Otherwise, an important point to stand out under One Health approach is the finding
of mutations associated with possible mild/strong antiviral resistance such as case of aman-
tadine in mutation M2:27A /1 (2 mammals, 1 bird) [52], as well as, NA:436V (1 mammal,
1 bird) [53] and NA:432R (1 mammal) [54]. Although, they have only been detected in
a few animals, this fact is particularly important because there are mutations related to
antiviral resistance to amantadine or oseltamivir. Furthermore, other variations detected,
NA:103D, NA:106I, NA:107R, NA:141N/D, NA:142D, NA:144H, NA:153S, NA:188I/F,
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NA:248N, NA:354G, NA:400S, NA429G, NA:438T, have shown different sensitive grades
to oseltamivir, zanamivir, peramivir, and laninamivir [29]. The antiviral resistance has been
more widely studied in HIN1 and H3N2 viruses, reporting the sporadic emergence of drug-
resistant strains through compensatory mutations, underscoring the need to strengthen
global surveillance and the urgency of new antiviral strategies to different strains of In-
fluenza viruses [55,56]. A recent study of H5N1 viruses found a reassortant virus derived
from a lineage of low pathogenicity avian Influenza virus, circulating in poultry with
NA:275H, a marker of resistance to the oseltamivir. It is well known that antiviral resis-
tance mutations favor high fatality cases and may necessitate a reevaluation of Influenza
treatment strategies [57].

Finally, in general terms, we found some interesting facts related to Influenza virus
mutational studies: (1) limited global database to keep up to date mutational and glycosy-
lation profiles, in both the ancient Influenza viruses as the emerging/reemerging subtypes
(not only H5N1). The bioinformatics servers upload all the information available, but
are still required to have more analytical tools and data, for example, about the highly
variable influenza accessory proteins in different numbering; (2) Influenza mutations have
different nomenclature (numbering H1, H3, H5. . .), which makes it difficult to follow-up:
for instance the mutation HA:5149A (H5 numbering) or S137A in (H3 numbering) [58,59],
assigned warning level 3, (the most significant) [8], has been detected only by one of the
tools used (in any numbering). So, it is a classic example of how mutational information of
Influenza viruses does not have a consensus at all; (3) not all bioinformatics tools offer the
option of selecting the “specific” virus variant with which you want to compare a mutation,
and it is essential. The results differ greatly, for example, if you compare with a different
variant, a vaccine candidate, a reference genome or one of the most recent H5SN1 isolates
now circulating. For instance, the mutation NA:329S has been recently related with changes
in glycosylation patterns in viruses H3N2 [45], and there may be uncertainty, if it is similar
to viruses of different numbering such as H5N1, H7N7, HIN1, HON2; (4) a lack of data
to reference genome (A /goose/Guandong/1996(H5N1) of accessory proteins PA-X and
PB1-F2. As has been shown in the findings, there are many key mutations in these two
proteins, which warrant further research.

5. Conclusions

Our study identified several key mutations between the 55 highly pathogenic avian In-
fluenza A viruses (HPAIV) H5N1 isolates in outbreaks that occurred in 2022 and 2024, in the
Americas region at a multi segment level such as HA:2111, NA:10T, NP:377N, PA:322V /L,
PB2:539V, PB1:207R, PA-X:250Q, and PB1-F2:42Y, among others for which there is still little
evidence of their possible biological function; it emphasizes the importance of carrying
out meticulous surveillance in humans and animals to track crucial mutations. Addition-
ally, the most relevant finding was the identification of a patron of cognate mutations:
PA:13V, PA-X:13V, PA20T, PA-X:20T, PA:36T, PA-X:36T, PA:45S, PA-X:45S, PA:57Q), PA-
X:57Q, PA:68S, PA-X:68S, PA:70V, PA-X:70V, PA:75Q, PA-X:75Q, PA:85T, PA-X:85T, PA:86I,
PA-X:86I, PA:1001, PA-X:1001, PA:611, PA-X:611, PA:142E, PA-X:142E, PA:160E, PA-X:160E,
PA:2111, PA-X:211Y, which highlight the role of the PA protein in the evolution of In-
fluenza viruses through the activation of polymerase activity in the mammalian host,
even in the absence of recognized host adaptive mutations in other polymerases such as
PB2 [39]. In addition, the scanning of glycosylation profiles of H5N1 viruses highlights
the loss/acquisition of NLG active sites 209NNTN, 100 NPTT, 302NSSM in HA protein
and 70ONNTN, 68NISS, 50NGSV in NA, providing valuable insights into viral evolution,
notwithstanding, the limitations of the own study, and that the knowledge in this subject
is still limited. The emergence of extra mutations and new glycosylation forms detected
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in H5N1 viruses underscore the necessity for further analysis and fosters science-based
consensus to enhance our understanding of the evolution of these changeable viruses. Thus,
reinforcing public databases is recommended, as is updating the H5N1 virus mutational
profiles and including NLGs relevant sites.
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Simple Summary: We developed a scalable insect cell-baculovirus system to produce
rAAV vectors expressing dual soluble viral receptors (Sn4D-Fc/SRCR59-Fc) against PRRSV.
By systematically optimizing baculovirus co-infection ratio (0.5:1.0), initial cell density
(2.0 x 10° cells/mL), fetal bovine serum concentration (2%), and temperature (30 °C),
we achieved a scalable production of rAAV-SRCR59-Fc/Sn4D-Fc vectors with a titer
of 5.4 + 0.9 x 10° infectious viral particles (IVPs)/mL in a 2 L bioreactor, representing
a 170-fold increase compared with conventional flask-based methods. In vitro tests showed
these SVRs reduced viral titers of diverse PRRSV strains by ~4.3 log, demonstrating broad-
spectrum antiviral activity. This platform offers a durable, scalable solution to combat
PRRSV, addressing vaccine limitations for swine health management.

Abstract: Porcine reproductive and respiratory syndrome virus (PRRSV) continues to be a major
threat to the global swine industry, causing significant economic losses. To address this, we
developed a scalable recombinant adeno-associated virus (rAAV)-based strategy for the delivery
of soluble viral receptors (SVRs) to treat and potentially eliminate PRRSV infections. This
strategy involves fusing the virus-binding domains of two key cellular receptors, sialoadhesin
(Sn4D) and CD163 (SRCR5-9), with an Fc fragment. We then used an insect cell-baculovirus
expression vector system to produce the rAAV-SRCR59-Fc/Sn4D-Fc vector. Through a series
of optimizations, we determined the best conditions for rAAV production, including a bac-
ulovirus co-infection ratio of 0.5:1.0, an initial insect cell density of 2.0 x 10° cells/mL, a fetal
bovine serum concentration of 2%, and a culture temperature of 30 °C. Under these optimized
conditions, we achieved a high titer of rAAV-SRCR59-Fc/Sn4D-Fc in a 2 L bioreactor, reach-
ing 5.4 & 0.9 x 10” infectious viral particles (IVPs)/mL. Notably, in vitro neutralization assays
using a Transwell co-culture system demonstrated a 4.3 log reduction in viral titers across genet-
ically diverse PRRSV-2 strains, including VR2332, JXAl, JS07, and SH1705. Collectively, this
study provides a robust platform for large-scale rAAV production and highlights the potential
of SVR-based gene therapy to address the antigenic diversity of PRRSV-2.

Keywords: PRRSV; soluble viral receptor fusions; adeno-associated virus vector; insect cell
bioreactor; broad-spectrum antiviral activity
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1. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is a highly contagious swine
infectious disease caused by porcine reproductive and respiratory syndrome virus (PRRSV),
which is characterized by late-term maternal reproductive failure, increased mortality of
newborn piglets, and respiratory disease in growing pigs [1,2]. PRRSV is classified into
two major genotypes: European (Type 1) and North American (Type 2), which exhibit
~60% nucleotide identity [3,4]. Currently, the North American genotype remains the dominant
circulating strain in China. At present, PRRS is mainly controlled by immunization with
attenuated live vaccines [5]. Although the vaccine could induce relative immune protection
against homologous strain infection, the immune protection against heterologous strains is
debatable due to the risk of virulence conversion and virion spread [6,7]. In addition, PRRSV
is a highly variable RNA virus with complex infection and immune evasion mechanisms [8,9].
Therefore, the improvement of new PRRS vaccines faces serious challenges, and a new
anti-PRRSV strategy is urgently needed.

Porcine alveolar macrophages (PAMs) serve as the primary target cells for PRRSV-2
infection, with sialoadhesin (Sn) and CD163 acting as critical entry receptors [10,11]. Sn,
a PAM-restricted immunoglobulin superfamily receptor containing 17 Ig-like domains,
mediates viral attachment via its N-terminal Sn4D domains in a sialic acid-dependent
manner, interacting specifically with the M/GP5 glycoprotein complex of PRRSV-2 [12].
CD163, a PAM-specific scavenger receptor cysteine-rich (SRCR) superfamily protein, has
been identified as the cellular receptor for PRRSV-2 glycoprotein 2/4 (GP2/GP4). This
interaction occurs through its fifth SRCR domain to facilitate viral entry, while domains
6-9 (SRCR5Y) are essential for maintaining structural integrity and enabling efficient virus-
receptor interaction [11]. These findings highlight the potential of soluble viral-binding
domains Sn4D and SRCR5-9 as novel antiviral agents. Previous studies using recombinant
adenovirus vectors demonstrated that these soluble viral receptors (SVRs) effectively
blocked PRRSV-2 infection both in vitro and in vivo; however, their therapeutic utility was
limited by short-term transgene expression [13,14]. To address this, we recently developed
a recombinant adeno-associated virus (rAAV) vector expressing dual SVRs (Sn4D-SRCR59-
Fc and SRCR59-Fc/Sn4D-Fc) fused with porcine IgG1 Fc, achieving prolonged transgene
expression in murine models [15].

rAAV is generally considered a promising gene transfer vector with low immuno-
genicity and long-term expression in animal models or clinical therapy [16,17]. Some
investigators have demonstrated that some rAAV serotypes show high efficiency for gene
transfer in specific tissues [18,19]. However, the classic low-titer production mode of
rAAV cannot meet the requirements for large animal studies or human clinical trials. The
insect cell-baculovirus expression vector system has been discovered as a reproducible,
facile, and adaptable process to produce rAAV, with high biological interest [20,21]. In
this study, we developed an optimized insect cell-baculovirus system to achieve scalable
production of rAAV-SRCR59-Fc/Sn4D-Fc vectors, yielding high titers of 5.4 + 0.9 x 10°
infectious viral particles (IVPs)/mL in a 2 L bioreactor. In vitro assays demonstrated that
these vectors potently blocked infection by diverse PRRSV-2 strains (VR2332, JXA1, JS07,
and SH1705) with a ~4.3 log reduction in viral titers, highlighting their broad-spectrum
antiviral potential.

2. Materials and Methods
2.1. Cells

Spodoptera frugiperda (Sf9) cells (Invitrogen, Carlsbad, CA, USA) were seeded at
27 °C in ExpiSf™ CD medium (Gibco, Billings, MT, USA) augmented with 1% peni-
cillin/streptomycin. The monkey kidney cell line Marc-145 (ATCC, Manassas, VA, USA)
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and the human embryonic kidney cell line HEK-293A (Agilent Technologies, Santa Clara,
CA, USA) were seeded in Dulbecco’s modified Eagle medium (DMEM, Gibco) containing
10% fetal bovine serum (FBS). Primary PAM cells were isolated from Landrace pigs [22],
and the SV40-transformed PAM cell line 3D4/21 (ATCC, Manassas, VA, USA) was cultured
in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 1% non-essential
amino acids, and 1 mM sodium pyruvate (Invitrogen, Carlsbad, CA, USA).

2.2. Virus

Recombinant Bac-RC (encoding AAV-2 rep and cap genes) and recombinant Bac-
SRCR59-Fc/Sn4D-Fc (encoding the SRCR59-Fc/Sn4D-Fc transgene) were propagated and
titrated in Sf9 cells [15]. PRRSV strain VR2332 (ATCC VR2332) is a prototype strain of
genotype 2 [13]. PRRSV strains JXA1 [23], JS07 [24], and SH1705 [14] are highly pathogenic
strains isolated in China. The four PRRSV-2 strains were propagated and titrated on
MARC-145 cells.

2.3. Optimization of the Conditions for rAAV Production

rAAV-SRCR59-Fc¢/Sn4D-Fc was generated via co-infection of Sf9 cells with two re-
combinant baculoviruses: rBac-SRCR59-Fc/Sn4D-Fc and rBac-RC. Prior to optimization,
rBac-RC and rBac-SRCR59-Fc/Sn4D-Fc were titrated on Sf9 cells by real-time fluores-
cence quantitative PCR (RTFQ PCR) using TB Green® Premix ExTag™ II Kit (Invitro-
gen) and the primer pairs listed in Table 1. For optimization, Sf9 cells were cultured in
125 mL shake flasks (CORNING, Corning, NY, USA) with 20 mL medium. Initially, cells
(1.0 x 10° cells/mL) were co-infected with rBac-SRCR59-Fc/Sn4D-Fc at different multiplic-
ities of infection (MOI: 0.1, 0.5, 1.0, 5.0, or 10) and rBac-RC (MOI 1.0) to evaluate the effect
of baculovirus concentration ratios on rAAV production. Subsequent experiments varied
the initial insect cell density (0.5, 1.0, 2.0, or 3.0 x 10° cells/mL), fetal bovine serum concen-
tration (0%, 2%, 5%, 10%), and incubation temperature (24 °C, 27 °C, 30 °C, or 33 °C). Viral
titers were quantified using a standardized AAV-293 cell-based immunofluorescence assay
with FITC-conjugated goat anti-pig IgG (KPL, Gaithersburg, MD, USA) at a 1:200 dilution,
followed by automated image analysis (ImageXpress Micro XLS, Molecular Devices, San
Jose, CA, USA) to count fluorescence-forming units (FFUs). Statistical significance was
determined via two-tailed Student’s t-test or Kruskal-Wallis test using SPSS 22.0.

Table 1. The PCR primers used in this study.

Gene Primer Pair Sequence (5'—3') Amplicon (bp) Reference
AAV-Rep (of rBac-RC) Sense TGGTGGACGAGTGCTACA 113 [15]
Antisense CTCCGTGAGATTCAAACAGG
Pcemy (of Bac-SRCR59-Fc/Sn4D-Fc) Sense ATGGTGATGCGGTTTTGGC 123 [15]
Antisense AGTCCCGTTGATTTTGGTG

2.4. Preparation of Baculovirus-Infected Insect Cells (BIICs)

Under the optimized conditions, Sf9 cells were grown in 125 mL shake flasks with
20 mL of medium and co-infected with rBac-SRCR59-Fc/Sn4D-Fc and rBac-RC. When the
cell diameter became larger and the cell viability remained >90%, the baculovirus-infected
insect cells (BIICs) were recovered by low-speed centrifugation (300 x g, for 10 min) and
resuspended in serum-free cell cryopreservation culture medium (NCM Biotech, Suzhou,
China). One-milliliter aliquots containing 1.0 x 107 cells were dispensed into cryotubes
(CORNING, Corning, NY, USA) and placed at a temperature of —80 °C.
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2.5. Large-Scale rAAV Production

The two-liter bioreactor (BioFlo 320, Eppendorf, Hamburg, Germany) was filled
with the minimum working volume of insect serum-free growth medium. Sf9 cells
(7.5 x 10°/mL) were inoculated into the rocking platform bioreactor after the temper-
ature was maintained at 27 °C, and 30% O; in an air mixture was provided as previously
described [25]. Detect the cell number in a timely manner and perform fed-batch with
fresh 2% FBS medium to maintain a cell density of 1.6~1.8 x 10°/mL [26]. Once the final
working volume and a cell density of 2.0 x 10° cells/mL were reached, thawed BIICs
aliquots (BIICs:Sf9 cells = 10~%) were added to the culture with the temperature adjusted
to 30 °C. Cell density or viability was measured using trypan blue dye exclusion and an
automated cell counter (Countess™ 3 FL, Invitrogen, Carlsbad, CA, USA), and the same
volume of cell medium was collected and rAAV was titrated every 24 h until t = 216 h
post-infection (hpi). After the cell diameter became larger and the proportion of infected
cells exceeded 90%, the cells were centrifuged for 15 min at 2500x g and suspended in lysis
buffer (50 mM HEPES, 2 mM MgCl,, pH 7.5) for rAAV purification.

2.6. Purification of Recombinant Adeno-Associated Viruses

After three cycles of freeze-thawing in lysis buffer, the cells were treated with ben-
zonase nuclease (50 U/mL) and MgSOy (37.5 mM) and disrupted two times at 1200 bar
using a High-Pressure Cell Disruptor (JNBIO, Guangzhou, China). The supernatants were
extracted with 10% chloroform following centrifugation for 15 min at 4 °C at 10,000 x g as
previously described [15]. Next, the upper aqueous phases were incubated with 25 mM
CaCl; for 1 h on ice. After 15 min of centrifugation at 10,000x g at 4 °C, the super-
natants were incubated with 0.62 M NaCl and 8% PEGS8000 for 3 h on ice as previously
described [27]. Following 30 min of centrifugation at 3000x g at 4 °C, the purified rAAV
was suspended in PBS buffer and titrated on AAV-293 cells.

2.7. Transmission Electron Microscopy

The purified rAAV was absorbed onto copper grids (400-mesh) at room temperature
for 2.5 min and dried with filter paper. The grids were stained with 3% phosphotungstic
acid for 2.5 min and observed under a transmission electron microscope (Tecnai 12, Philips,
Eindhoven, Netherlands) at an acceleration voltage of 75 kV.

2.8. Immunofluorescence

AAV-293 or 3D4/21 cells were seeded onto 6-well plates and transduced individually
with the rAAV-SRCR59-Fc/Sn4D-Fc. At 48 h post-transduction (HPT), the cells were
fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and blocked in
PBSM (5% defatted milk powder in PBS, pH 7.4). Immunofluorescence was performed as
previously described [28] using anti-pig IgG.

2.9. Western Blotting

The purified rAAV was separated by 12% SDS-PAGE and transferred onto a nitrocellu-
lose membrane (Merk, Darmstadt, Germany) using a Trans-Blot Turbo instrument (Bio-Rad,
Hercules, CA, USA). After blocking with 5% skim milk powder in PBST (0.1% Tween
20 in PBS), Western blotting was performed using homemade mouse anti-AAV serum
(1:200) as the first antibody and DyLight 800-labelled goat anti-mouse IgG (1:10,000; KPL,
Gaithersburg, MD, USA) as the second antibody. The hybridization signals were scanned
using an Infrared Imaging System (Odyssey DLX, LI-COR, Lincoln, NE, USA) at 800 nm
as previously described [15]. The SVR fusions SRCR59-Fc and Sn4D-Fc were purified
using Protein A Sefinose Columns (Sangon, Shanghai, China) following the manufacturer’s
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instructions, as previously described [13]. The purified proteins (200 ng) were separated by
12% SDS-PAGE and analyzed by Western blotting using DyLight 800-labelled goat anti-pig
IgG (1:10,000), as previously described [15].

2.10. Viral Infection Blocking Assay

To evaluate the anti-PRRSV activity of the two SVR fusion proteins (SRCR59-Fc and
Sn4D-Fc) against diverse PRRSV strains (VR2332, JXA1, JS07, and SH1705), 3D4/21 cells
were cultured in the upper chambers of 24-well Transwell plates (CORNING, Corning,
NY, USA) and transduced with rAAV-SRCR59-Fc/Sn4D-Fc at a fixed MOI of 100, with
empty AAV serving as the negative control. At 48 h post-transduction, PAM cells in
the lower chambers were infected with the indicated PRRSV strains at an MOI of 0.5.
After 24 h of co-cultivation, PAM cells were lysed by three cycles of freeze-thawing
(=80 °C for 10 min/37 °C for 5 min) to release viral particles for PRRSV titration on
MARC-145 cells using the 50% tissue culture infective dose (TCID50) assay as previously
described [29]. All experiments were performed in triplicate, and data were analyzed
using Student’s t-test.

2.11. Statistical Analysis

Statistical analysis was performed using SPSS Statistics 22. The results were considered
to be statistically significant at p < 0.05 or extremely significant at p < 0.01. Three indepen-
dent assays were performed for each separate data point, and the results are presented as
the mean + standard deviation (SD).

3. Results
3.1. Determination of the Optimal Packaging Conditions for rAAV

Considering that an excessively high viral titer can induce rapid cell death and subse-
quently compromise the packaging efficiency of rAAV, this study primarily investigated the
influence of the baculovirus co-infection ratio on AAV production. Sf9 cells were seeded
at an initial density of 1.0 x 10° cells/mL into 125 mL shake flasks filled with 20 mL of
medium supplemented with 10% FBS. The cultures were maintained at 27 °C with a shaking
speed of 100 rpm. Subsequently, Sf9 cells were co-infected with rBac-SRCR59-Fc/Sn4D-Fc
at different multiplicities of infection (MOlIs: 0.1, 0.5, 1.0, 5.0, or 10) and rBac-RC at an MOI
of 1.0. After 72 h of co-infection, rAAVs were collected and titrated on AAV-293 cells by
immunofluorescence using FITC-labeled goat anti-pig IgG and expressed as FFUs/mL. The
results demonstrated that when the co-infection was carried out at an MOI ratio of 0.5:1.0
(rBac-SRCR59-Fc/Sn4D-Fc:rBac-RC), the rAAV achieved the highest titer of 4.0 + 0.5 x
106 IVPs/mL. This titer was highly significantly greater than those at MOI ratios of 5.0:1.0
(1.7 £ 0.4 x 10° IVPs/mL) and 10:1.0 (0.6 & 0.2 x 10° IVPs/mL). Moreover, it was signifi-
cantly higher than those at 1.0:1.0 (2.4 + 0.1 x 10° IVPs/mL) and 0.1:1.0 (2.6 + 0.1 x 10°
IVPs/mL).

Testing initial insect cell densities demonstrated that the rAAV packaging yield was maxi-
mized at densities of 2.0 x 10° cells/mL (6.1 = 0.1 x 10° IVPs/mL), which was highly signifi-
cantly higher than yields observed at densities of 0.5 x 10° cells/mL (0.5 & 0.1 x 10° IVPs/mL)
or 3.0 x 10° cells/mL (2.1 + 0.3 x 10° IVPs/mL), and significantly higher than densities
of 1.0 x 10° cells/mL (4.0 + 0.1 x 10° IVPs/mL) (Figure 1B). The concentration of FBS in
insect cell growth medium also affected the production of rAAV. The highest rAAV pack-
aging yields was observed in insect media containing 2% (6.1 4- 0.1 x 10° IVPs/mL), 5%
(62 £ 0.3 x 10° IVPs/mL), or 10% (6.0 4 0.3 x 10° IVPs/mL) FBS, compared to serum-free
medium (2.5 4 0.1 x 10° IVPs/mL) (Figure 1C). In addition, when considering the culture
temperature, the number of rAAVs at 30 °C (1.9 + 0.3 x 107 IVPs/mL) was highly significantly
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higher than that at 27 °C (6.1 4= 0.1 x 10° IVPs/mL) or 24 °C (1.0 4- 0.1 x 10° IVPs/mL), and
no viral infectivity was detected at 33 °C (Figure 1D).

In conclusion, based on the experimental findings, the optimal conditions for rAAV
production are as follows: co-infect Sf9 cells with rBac-SRCR59-Fc/Sn4D-Fc and rBac-RC
at a MOI ratio of 0.5:1.0, an initial insect cell density of 2.0 x 10° cells/mL, 2% FBS in the
insect cell growth medium, and a culture temperature of 30 °C. These optimized conditions
will be applied to the subsequent large-scale production of rAAV.
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Figure 1. Optimization of rAAV production parameters. (A) Effect of baculovirus co-infection ratio
(rBac-SRCR59-Fc/Sn4D-Fc:rBac-RC) on rAAV packaging efficiency. Sf9 cells (1.0 x 10° cells/mL)
were co-infected at MOI ratios of 0.1:1.0, 0.5:1.0, 1.0:1.0, 5.0:1.0, or 10:1.0. The highest rAAV titer
(4.0 + 0.5 x 10° IVPs/mL) was achieved at an MOI ratio of 0.5:1.0, which was significantly higher
than other ratios (p < 0.01 for 5.0:1.0 and 10:1.0; p < 0.05 for 1.0:1.0 and 0.1:1.0). (B) Impact of initial
insect cell density on rAAV yield. Maximum production (6.1 £+ 0.1 X 106 IVPs/mL) occurred at
2.0 x 10° cells/mL, showing significant improvement compared to 0.5 x 10° (p < 0.01), 3.0 x 10°
(p <0.01), and 1.0 x 10° (p < 0.05) cells/mL. (C) Influence of fetal bovine serum (FBS) concentration
on rAAV production. Optimal yields were observed in 2% FBS medium (6.1 + 0.1 x 10° IVPs/mL),
which was significantly higher than serum-free conditions (p < 0.01) but showed no significant
difference from 5% or 10% FBS groups. (D) Effect of culture temperature on rAAV titers. The highest
titer (1.9 + 0.3 x 107 IVPs/mL) was achieved at 30 °C, significantly surpassing 27 °C (p < 0.01) and
24 °C (p < 0.01). No infectious virus was detected at 33 °C. No infectious virus was detected at 33 °C.
** indicates a highly significant difference (p < 0.01) and * indicates a significant difference (p < 0.05)
between experimental groups (two-tailed Student’s t-test). Data are presented as mean + SD from
three independent biological replicates. Error bars represent SD.
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3.2. Baculovirus-Infected Insect Cells (BIICs) Production

Sf9 cells were cultured in 125 mL shake flasks with 20 mL medium (2 x 10° cells/mL)
supplemented with 2% FBS. The cells were co-infected with rBac-SRCR59-Fc/Sn4D-Fc
(MOI 0.5) and rBac-RC (MOI 1.0) at a temperature of 30 °C. Insect cell density, viability, and
rAAV yields were measured at 24, 48, 72, 96, and 120 h post-infection (hpi). As revealed
in Figure 2, the highest rAAV titer was observed at 72 hpi (1.9 £ 0.6 x 107 IVPs/ mL),
followed by 48 hpi (1.5 4- 0.5x 107 IVPs/mL), 96 hpi (5.2 & 0.4 x 10° IVPs/mL), and 120 hpi
(0.8 4 0.6 x 10° IVPs/mL). Only small amounts of infectious particles were detected at
24 hpi (2.6 £ 0.5 x 102 IVPs/mL). The insect cell viability at 72 hpi, 96 hpi, or 120 hpi was
under 90%, while the cell viability remained >90% at 24 or 48 h post-infection (Figure 2).
Although the highest rAAV titer was at 72 hpi, considering factors such as maintaining
relatively high cell viability and facilitating subsequent operations, 48 hpi was identified as
the optimal time for BIICs collection.
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Figure 2. Time course of baculovirus co-infection in the cell flask. To determine the optimum harvest
time of BIICs under the optimized baculovirus co-infection conditions, the insect cell density, the
number of living cells, and the yields of rAAV were checked at different times after infection.

3.3. High Yields of Recombinant Adeno-Associated Virus Packaging

The large-scale production protocol for rAAV-SRCR59-Fc/Sn4D-Fc is summarized in
Figure 3A. The process was scaled up to 2 L insect cell rocking platform bioreactors based
on the pilot study of optimization. Sf9 cells (7.5 x 10°/mL) were cultured in the bioreactor
and subjected to fed-batch cultivation at t = —48 h and t = —24 h using fresh 2% FBS
insect medium. BIICs were introduced into the final working volume when the cell density
reached 2 x 10° cells/mL (t = 0). The cells continued to proliferate, and the cell density
increased until approximately t = 120 hpi. The highest titer of infectious viral particles
(IVPs) of rAAV was achieved at t = 144 hpi (Figure 3B). The rAAV-SRCR59-Fc/Sn4D-Fc
was harvested and purified from insect cell bioreactors. The initial yield of rAAV-SRCR59-
Fc/SndD-Fc was 200 to 600 IVPs/cell and 5.37 + 0.95 x 10° IVPs/mL, with a recovery rate
of 80.4 £ 2.9% and a purity of 83.1 &= 5.2%. In contrast, for the production of rAAV in cell
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flasks, the initial yield was 1-10 IVPs/cell and 3.19 + 0.21 x 10”7 IVPs/mL, with a recovery
rate of 75.3 =+ 3.1% and a purity of 89.7 £ 1.7%, respectively. As shown in Table 2, the
comparison between the production in bioreactors and cell flasks clearly demonstrates the
superiority of the large-scale production in terms of yield per cell and total IVPs/mL.
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Figure 3. High yields of recombinant adeno-associated virus packaging. (A) The protocol of the rAAV-
SRCR59-Fc/Sn4D-Fc large-scale production method. (B) Time course of rAAV production in the
insect cell bioreactor. Sf9 cells (7.5 x 10°/mL) were grown in the 2 L bioreactor. Specifically, the cells
were fed-batch with fresh medium twice, 48 h and 24 h before infection. BIICs were added to reach
the final working volume when the cell density reached 2 x 106 cells/mL (t = 0 hpi). Subsequently,
the total insect cell density, viable insect cell density, and rAAV titer were measured every 24 h until
192 h post-infection.
Table 2. A comparison of production and purification performance is conducted between different
rAAV packaging strategies.
Packaging Strategy Yield (IVPs/mL) Yield (IVPs/Cell) Recovery (%) Purity (%)
Cell flask (72 h) 1.9 403 x 107 1~10 75.3 £ 3.1 89.7 £ 1.7
Cell bioreactor (144 h) 54 +0.9 x 10° 200~600 804 £29 83.1£5.2

The purification results were determined by analyzing the protein grey value using Image Lab™ software 5.2.1.

3.4. Identification of rAAV Produced and SVR Expressed In Vitro

Electron microscopy demonstrated that the rAAV-SRCR59-Fc/Sn4D-Fc had the typi-
cal AAV morphology with a diameter of approximately 22 nm (Figure 4A). Western blot-
ting confirmed that the rAAV reacted positively with an anti-AAV antibody with the stan-
dard VP1: VP2: VP3 ratio (Figure 4B). Immunofluorescent analysis demonstrated that
3D4/21 cells infected with rA AV-SRCR59-Fc/Sn4D-Fc were stained with FITC-labeled anti-
pig IgG (Figure 4C). In addition to the identification of rAAYV, the expression of SVR was also
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examined. Cell culture media were collected at 48 h, and the two SVR fusions were purified
using Protein A Sefinose Columns. Western blotting analysis demonstrated two proteins with
the expected molecular weights for SRCR59-Fc (88 kDa) and Sn4D-Fc (72 kDa) (Figure 4D).
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55
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34
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Figure 4. Identification of rAAV particles and SVR expression in rAAV-transduced 3D4/21 cells.
(A) Purified rAAV-SRCR59-Fc/Sn4D-Fc was stained with 3% phosphotungstic acid and observed
under a transmission electron microscope at an acceleration voltage of 75 kV. (B) The structural
proteins of rAAV were detected by Western blotting using anti-AAV serum as the primary antibody.
(C) 3D4/21 cells were transduced with rAAV-SRCR59-Fc/Sn4D-Fc and analyzed by immunofluores-
cence using anti-pig IgG. (D) The SVR fusions were purified from the cell medium of rAAV-transduced
cells using Protein A affinity columns and analyzed by Western blotting using anti-Sn or anti-CD163
serum. D/I ratios represent target protein densitometry values normalized to loading control using
Image ] software 1.8.0. Western blot original images can be found in Supplementary Materials.

3.5. Anti-PRRSV Activities of SVR Fusions

The antiviral efficacy of dual soluble viral receptors (SVRs) was evaluated using
a Transwell co-culture system (CORNING, Corning, NY, USA) to simulate viral inhibition
in primary porcine alveolar macrophages (PAMs). Compared with the empty AAV control
group (VR2332: 7.0 + 0.2 logjp TCIDsy/mL; JXAl: 7.2 + 0.2 logyp TCIDsy/mL; JS07:
6.9 &+ 0.1 logyy TCIDsp/mL; SH1705: 7.6 £ 0.2 log;o TCIDsp/mL), transduction with rAAV-
SRCR59-Fc/Sn4D-Fc significantly reduced viral titers across all tested PRRSV-2 strains
(Figure 5). Post-treatment titers were VR2332: 2.4 4 0.2 logyg TCIDs5p/mL (4.6 log reduction),
JXA1: 2.8 + 0.4 logjp TCIDsy/mL (4.4 log reduction), JS07: 2.6 & 0.1 logyg TCID5p/mL
(4.3 log reduction), and SH1705: 3.4 £ 0.3 log19 TCID5p/mL (4.2 log reduction). On average,
viral titers were reduced by 4.3 £ 0.2 logjg TCIDsg/mL (p < 0.01, two-tailed Student’s ¢-test).
A Kruskal-Wallis test confirmed no significant differences in antiviral responses among
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PRRSV-2 strains (p = 0.12), indicating broad-spectrum activity of the dual SVRs against
genetically diverse isolates.

91 O EmptyAAV == rAAV-SRCR59-Fc¢/Sn4D-Fe
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Figure 5. Antiviral activity of rAAV-SRCR59-Fc/Sn4D-Fc against diverse PRRSV-2 strains.
3D4/21 cells were transduced with rAAV-SRCR59-Fc/Sn4D-Fc (MOI 100) or empty AAV control.
PAM cells were infected with PRRSV strains (MOI 0.5) and co-cultivated with transduced 3D4 /21 cells
for 24 h. Viral titers in PAM lysates were determined by TCIDs( assay on Marc-145 cells. ** indicates
highly significant difference (p < 0.01) between the empty AAV control and rAAV-SRCR59-Fc/Sn4D-
Fc transduction experimental group. Error bars represent SD (1 = 3).

4. Discussion

The rAAV production system is predicated on the co-infection of two baculoviruses.
The co-infection ratio of these two baculoviruses significantly impacts rAAV production.
It has been demonstrated that altering the ratios of baculoviruses in the triplicate virtual
co-infection system altered the yields of infectious rAAV [30]. Our study found that an
MOI ratio of 0.5:1.0 for the two baculoviruses can achieve the highest rAAV yields. This
optimal ratio might be associated with a balanced supply of viral components necessary
for rAAV assembly. When the ratio exceeds 1.0:1.0, insect cells undergo rapid apoptosis,
which undermines rAAV packaging. This could be due to an over-burden of viral genetic
material or proteins, triggering cellular stress responses and ultimately leading to cell death.
Cell density is a crucial factor influencing rAAV production. Owing to oxygen limitations
and challenges in nutrient uptake at high cell densities, optimal cell productivity can be
achieved by initiating the infection when the cell density reaches 1-2 x 10° cells/mL in
fresh medium [31]. In our research, we also observed this phenomenon. The highest rAAV
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yields were obtained from cell flasks with an initial insect cell density of 2.0 x 10° cells/mL,
as opposed to 3.0 x 10° cells/mL. At higher cell densities, the competition for oxygen and
nutrients intensifies, which may limit the metabolic activity of the cells and consequently
reduce rAAV production. Therefore, maintaining an appropriate cell density is essential
for efficient rAAV production. The concentration of fetal bovine serum (FBS) in the insect
growth medium also plays a role. A high FBS concentration elevates production costs.
Moreover, excess nutrients lead to metabolite accumulation that inhibits cell growth. Based
on these considerations, the optimal FBS concentration was determined to be 2%. This
concentration strikes a balance between providing sufficient nutrients for cell growth and
minimizing the negative effects of metabolite accumulation. It also helps in reducing the
overall production cost, which is an important aspect for large-scale rAAV production.
Temperature is another significant variable. Generally, insect cells are cultured at either
27 °C or 28 °C. Raising the culture temperature to 30 °C enhanced encapsidation, as de-
termined by the ratio of capsids to DNase-resistant particles to infectious particles [32].
In our observations, there was no significant difference in Sf9 cell viability or baculovirus
infection efficiency between 27 °C and 30 °C. Nevertheless, rAAV yields at 30 °C were
indeed three times higher than those at 27 °C. The increased temperature may accelerate
certain enzymatic reactions involved in rAAV assembly, such as the processes of capsid
formation and genome encapsidation. However, further studies are needed to fully eluci-
date the underlying molecular mechanisms. In contrast to prior investigations, our study
conducted a comprehensive assessment of multiple factors influencing rAAV production
and precisely identified their optimal conditions. These findings not only offer invaluable
perspectives for enhancing the efficiency of rAAV production but also establish a solid
foundation for the large-scale manufacturing of rAAV.

Studies have indicated that a clinical dose for humans requires 10'>~10'® rAAV vector
particles, depending on the needed therapeutic protein expression level for treatment [33].
Considering the recombinant adeno-associated virus serotype 2 reference standard and
the fact that the average human weighs 5-10 times more than a 20-day-old pig, at least
10” infectious viral particles per piglet are necessary [34]. In this study, two baculoviruses
(rBac-SRCR59-Fc/Sn4D-Fc and rBac-RC) co-infected Sf9 cells in cell flasks under optimized
conditions. Unfortunately, the highest yield of rAAV-SRCR59-Fc/Sn4D-Fc was only about
2 x 107 IVPS/mL at 72 h post-infection. This low titer from cell flasks is insufficient for
experimental animal models and commercial production. Previous research has demon-
strated that the baculovirus—insect cell (BIIC) system and fed-batch strategies are effective
for rAAV packaging when three baculoviruses (rBac-GFP, rBac-Rep, or rBac-VP) co-infect
insect cells [25,35]. Therefore, we employed a two-baculovirus co-infection system for
rAAV-SRCR59-Fc/Sn4D-Fc production. First, we determined the optimal collection time
(48 hpi) to optimize the BIIC process. Based on small- and mid-scale pilot studies, we
scaled up the process to a 2 L stirred-tank single-use cell bioreactor with temperature and
oxygen regulation. We controlled the Sf9 cell density and vitality through a fed-batch
approach using a 2% FBS insect growth medium. As a result, the titer yield of rAAV-
SRCR59-Fc/Sn4D-Fc in the bioreactor was significantly higher than that in small cell flasks,
reaching 5.4 + 0.9 x 10° IVPS/cell, which is sufficient for commercial production and
clinical gene therapy in piglets.

Soluble receptors derived from evolutionarily conserved host proteins represent
a promising antiviral strategy, particularly for controlling rapidly mutating viruses with di-
verse serotypes [36,37]. This approach circumvents the need for strain-specific vaccines and
addresses the antigenic diversity of PRRSV-2, as demonstrated by our in vitro neutralization
assays showing comparable activity of rAAV-delivered Sn4D-Fc and SRCR59-Fc against
genetically divergent PRRSV strains (Figure 5). Notably, while murine models validated the
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sustained SVR expression (35 days) enabled by rAAV vectors, direct translation to porcine
hosts warrants caution due to species-specific immune responses [15]. In contrast to rAd
vectors, which induced transient SVR persistence (<14 days) in pigs, the enhanced dura-
bility of rAAV-SVRs arises from the vector’s low immunogenicity and the use of porcine-
derived SVR sequences, which minimize neutralizing antibody formation—a critical ad-
vantage for repeated veterinary administrations [14]. However, several limitations must
be acknowledged. First, in vitro neutralization does not fully recapitulate the complexity
of viral pathogenesis in vivo. Second, the long-term safety of rAAV-SVRs in pigs remains
uncharacterized, including potential off-target effects and tissue tropism. Future stud-
ies should prioritize in vivo challenge experiments, dose optimization, and combination
therapies with existing vaccines to maximize protective efficacy. Given the challenges in
developing novel PRRS vaccines and the broad-spectrum neutralization capacity of these
SVRs, rAAV vectors may offer an efficient alternative for PRRS control.

5. Conclusions

This study establishes an optimized insect cell-baculovirus system for scalable produc-
tion of rAAV vectors expressing dual soluble viral receptors (SVRs) against PRRSV. Through
parameter optimization, high-titer rAAV-SRCR59-Fc/Sn4D-Fc (5.4 + 0.9 x 10° IVPS/mL)
was achieved in a 2 L bioreactor. In vitro assays confirmed efficient SVR expression and
broad-spectrum antiviral activity, reducing viral titers of diverse PRRSV strains by ~4.3 log.
This platform offers a viable strategy for large-scale rAAV manufacturing, highlighting the
potential of rAAV-delivered SVRs as a durable, pan-strain therapeutic to address PRRSV
challenges in swine production.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/vetscil2040366/s1, File S1: Western blot original images.
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Simple Summary: Virus infections pose significant threats to the health and survival of
giant pandas, an endangered species, making rapid and accurate diagnosis crucial for
effective management and conservation efforts. In this study, we developed a multiplex
PCR (mPCR) method to detect canine parvovirus type 2 (CPV-2), canine distemper virus
(CDV), and giant panda rotavirus (GPRV) in pandas. The mPCR approach was validated
for its high sensitivity and specificity in identifying these viruses, including mixed infec-
tions. In a sample of 218 giant pandas, CPV-2, CDV, and GPRV were detected in 19.72%,
7.34%, and 6.42% of the cases, respectively, with over half of the positive samples showing
mixed infections. The findings were further confirmed using sequencing and phylogenetic
analysis. This method offers a valuable tool for clinical diagnosis and epidemiological

studies, aiding in the protection of the giant panda population.

Abstract: The well-being and subsistence of giant pandas, an endangered species with a
limited distribution, are currently threatened by a number of viruses, including canine
parvovirus (CPV-2), canine distemper virus (CDV), and giant panda rotavirus (GPRV).
To allow for timely intervention upon viral infection, it is necessary to execute rapid and
accurate diagnosis of potential mixed viral infections. In the present study, we developed
and validated a multiplex PCR (mPCR) approach for the detection of CPV-2, CDV, and
GPRYV infections. The results indicate that the method could selectively amplify the three
viruses with high sensitivity and specificity, which are necessary attributes in clinical set-
tings. Utilizing the established method, (sub)clinical giant panda samples were examined,
and CPV-2, CDV, and GPRV were found in 19.72% (43 out of 218), 7.34% (16 out of 218),
and 6.42% (14 out of 218) of the samples, respectively. Noticeably, mixed infections of
two or three viruses were common, and this was generally observed in CDV- or GPRV-
positive samples. Meanwhile, mPCR results were further validated with sequencing and
the phylogenetic analysis of full-length sequences of viral genes. Taken together, our study
provides an approachable assay which enables the quick detection of the three viruses men-
tioned above, which will benefit clinical diagnosis and laboratory epidemiological-based

investigations of the giant panda population.

Keywords: canine parvovirus (CPV-2); canine distemper virus (CDV); giant panda rotavirus

(GPRV); multiplex PCR; giant panda
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1. Introduction

Viruses are obligate intracellular parasites that can cause infectious diseases in different
plant and animal species [1]. Unable to reproduce by themselves, their propagation is
fully reliant on the metabolic and biosynthetic processes in living host cells [2,3]. To this
end, viral infection often conveys detrimental consequences to their host and was even
responsible for several major pandemics in human history. Meanwhile, viruses do not
infect just one particular host; on the contrary, they tend to infect many host species within
reach [4]. The host range expansion of viruses, mediated by cross-species transmission,
provides a certain basis for the emergence of new diseases [5-7]. Such characteristics raise
public health concerns and also pose an inevitable threat to a variety of endangered wild
animals [8], such as giant pandas (Ailuropoda melanoleuca) [9,10].

As a vulnerable species listed by the International Union for the Conservation of Na-
ture (IUCN), giant pandas appear as touristic icons and key representatives of biodiversity
conservation. Today, giant pandas are facing many challenges, including habitat fragmen-
tation, reproduction inconveniency, and numerous bacteria and virus infections [9-13].
Over the years, many viruses were confirmed to be able to infect giant panda, including
canine parvovirus type 2 (CPV-2), canine adenovirus type 1 (CAV-1), canine distemper
virus (CDV), giant panda rotavirus (GPRV), and influenza A virus (IAV). These lead to
various and even fatal consequences [14-18]. Recently, with the advances in viromics
research, traces of infection with more virus species were identified in giant pandas, as
detailed in Figure 1 (Supplementary Table S1). Therefore, the etiological and epidemiologi-
cal surveillance of viral infections that endanger the situation of giant pandas should be
reinforced regularly to provide early warning for forthcoming threats.

Class
1 11 11 1V v V1 VII
dsDNA ss(+)RNA
Leviviridae
viridae
Ackermannviridae | Anelioviridae Totiviridae rirgi Arenaviridae
Drexlerviridae Microvirida Paritiviridee Rhabdoviridae Retroviridae
Myoviridae Genamoviridae Hypoviridae Paramyxaviridze
Mamaviridac
Geminivirida Endomavirid Luteoviridae Orthomyxoviridas
Cononpviride
Phycodnviidae | Nanaviridac Caulimovirida N
Hepatitis k. Viridae
Lridoviridae Circoviridae Reoviridae Hepe-Like vitus
) Gammafleiviridae
Adenoviridas Parvoviridee Dicistoviridae
Papillomaviridae Carmotetraviridae
Betaflexiviridae
W\

Figure 1. The Baltimore viral categorization system is used to show the various classes of viruses
which infect giant pandas. I: Classes of double-stranded DNA viruses (dsDNA); II: classes of
single-stranded DNA viruses (ssDNA); III: classes of double-stranded RNA viruses (dsRNA); IV:
classes of positive-sense single-stranded RNA viruses (+ssRNA); V: classes of negative-sense single-
stranded RNA viruses (-ssRNA); VI: classes of single-stranded RNA reverse transcription viruses
(ssRNA-RT); VII: classes of double-stranded RNA reverse transcription viruses (dsRNA-RT).

In the present study, we confirmed the widespread infection and sporadic co-infection
of CPV-2, CDV, and GPRYV in giant pandas via the establishment and validation of a multi-
plex polymerase chain reaction (mPCR) assay. Our findings highlight the potential threat
of these viruses to giant pandas, emphasize the importance of the timely and systematic
surveillance of these viruses, and provide a fast and efficient method to achieve this goal.
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2. Materials and Methods
2.1. Viruses and Cells

The CDV (strain A75/17, accession number: AF164967.1), CPV-2 (strain CPV-LZ2,
accession number: JQ268284.1) and GPRV (strain CH-1, accession number: GU205762.1)
samples used in this study were retrieved from the virus database in our laboratory. CDV
and GPRV were propagated in porcine kidney epithelial cells (LLC-PK1), while CPV-2
was propagated in Crandell-Rees Feline Kidney (CRFK) cells. All cells were maintained
in Dulbecco’s modified Eagle medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum (FCS), penicillin (100 IU/mL) and streptomycin (100 pug/mL). Porcine kidney
epithelial (LLC-PK1) cells and Crandell-Rees Feline Kidney (CRFK) cells were purchased
from ATCC (American Type Culture Collection, Rockefeller, Maryland, MD, USA).

2.2. Fecal Samples from Giant Panda

Giant panda fecal samples (1 = 218) were collected from giant pandas at Chengdu
Research Base of Giant Panda Breeding, China, between the year 2015 and 2020. Most of
the sampled pandas are healthy, with the exception of approximately 10% of them, which
displayed signs such as mild diarrhea, anorexia, and vomiting.

2.3. Primer Design

Primers for the multiplex PCR assay were designed based on the CDV N gene, the
GPRV NSP1 gene, and the CPV-2 NS1 gene. Representative viral sequences of each virus
were first analyzed with multiple-sequence alignment using MEGA X, and primers were
selected from the conservative regions within each gene. The selected primer candidates
were then analyzed with a BLAST search (NCBI) and the DNASTAR Lasergene software
15.1 package to omit homology with the giant panda genome or other viral sequences. To
allow for further analysis of positive samples, sets of primers were also designed to amplify
the corresponding full-length coding sequences of the CDV N gene, the GPRV NSP1 gene,
and the CPV-2 NS1 gene. All the primers were synthesized in Sangon Biotech Company
(Shanghai, China), and full sequence information is detailed in Tables 1 and 2.

Table 1. Primers used for the mPCR method.

Virus Primer Name Target Sequence (5'-3') PCR Products (bp)
CDV CDV-N-F N GCATGTCATTATAGTCCTAATCC 757
CDV-N-R AAGAGCCGGATACATAGTT
GPRV GPRV-NSP1-F NSP1 AATGATACATGGAGACCATCA 432
GPRV-NSP1-R AGTCTGATTAACATTGTTCATGT
CPV-2 CPV-NS-F NS1 ACAACGTCCAACTAAATGGA 293
CPV-NS-R ACAATGCCAGCCTTGAT

Table 2. Primers used for the full-length gene sequences.

Virus Primer Name Target Sequence (5'-3') PCR Products (bp)
CDV CDV-H-F1 H TTAGGGCTCAGGTAGTCCA 915
CDV-H-R1 TCTACACACAAGGAAGCCA
CDV-H-F2 ACTCCAGACAACCAACTAT 1063
CDV-H-R2 CTAAGTCCAATTGAAATGTGT
GPRV GPRV-VP3-F1 VP3 GGCTATTAAAGCAGTACTAG 1581
GPRV-VP3-R1 AAGAATGTCCAGTCATAGA
GPRV-VP3-F2 CCAATGATTACATAGTAGC 1177
GPRV-VP3-R2 CATCATGACTAGTGTGTTAAG
CPV-2 CPV-VP2-F VP2 CCACCACCTCATATTTTCAT 1936

CPV-VP2-R CCTTCTAAATCCTATATCAAGTACAA
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2.4. Preparation of Standard Plasmids

DNA sequences representing the ideal mPCR products of CDV (757 bp), GPRV
(432 bp), and CPV-2 (293 bp) were synthesized and ligated into the pMD19-T Vec-
tor (TaKaRa). All standard plasmids were validated via conventional bidirectional
sanger sequencing.

2.5. Establishment of the mPCR Method

The linearized standard plasmids (pMD-CDV-N, pMD-GPRV-NSP1, and pMD-CPV-2-
NS) were utilized as architype templates to allow for the optimization of the PCR annealing
temperature (Ta). The concentration of each primer was fixed at 100 nM, while each primer
constituted 0.25 pL of the reaction volume (primer information is detailed in Table 1). The
multiplex PCR assay was then conducted in a total volume of 20 pL per reaction, containing
10 uL of 2 x Taq Master Mix (Vazyme, P112-01), mixed template (pMD-CDV-N, pMD-
GPRV-NSP1 and pMD-CPV-2-NS, 10 ng in total), primer mix, and ddH2O. The annealing
temperatures for the mPCR reaction were optimized by ramping the temperature from
45 °C to 55 °C, while increasing by 1 °C in a sequential order. The procedure was as follows:
95 °C for 3 min, followed by 34 cycles of 95 °C for 15 s, the diversion Ta for 15 s, and cycles
at 72 °C for 15 s, with a final extension at 72 °C for 5 min. After completion, 5 pL of the
mPCR product was evaluated by 1.0% agarose gel electrophoresis.

2.6. Specificity and Sensitivity Analysis of the Optimized mPCR Assay

The optimized mPCR assay was used to examine the specificity of the multiplex PCR
amplification of all possible combinations, namely, CDV, GPRV, CPV-2, CDV + GPRYV,
CDV + CPV-2, GPRV + CPV-2, and CDV + GPRV + CPV-2. The amplified target bands
were then recovered, purified, and sequenced after ligation to pMD19-T Vector (TaKaRa)
to confirm the specificity of the multiplex PCR. To further test the mPCR sensitivity, the
concentrations of standard plasmids (pMD-CDV-N, pMD-GPRV-NSP1 and pMD-CPV-2-
NS) were adjusted to 10 ng/pL as measured by a NanoDrop 2000 UV-vis spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The copy number was then calculated using the
following formula: copies/uL=NA (copies/mol) x concentration (g/uL)/MW (g/mol).
Moreover, each standard plasmid was serially diluted 10-fold, starting from 1 x 108 to
1 x 10! copies/uL with ddH20. The plasmids of each dilution were then used as templates
for the sensitivity testing of multiplex PCR.

2.7. Viral Nucleic Acid Extraction and Reverse Transcription

Total nucleic acid was extracted from giant panda fecal samples using a DNA/RNA
extraction kit (Vazyme, RM201-02) and Stool DNA Isolation Kit (Foregene, DE-05713).
This was performed according to the manufacturer’s protocol. The extracted total nucleic
acids were divided into two portions; one was used for the amplification of the DNA
viruses (CPV-2), and the other was used for the reverse transcription (RT) and amplification
of the RNA viruses (CDV and GPRV). The RNA extracted from samples was reverse-
transcribed to cDNA using the 2 xRT OR-EasyTM Mix (Foregene, RT-01022) according to
the manufacturer’s instructions. The cDNA and DNA were stored at —20 °C until PCR
amplification, while the isolated RNA was stored at —80 °C.

2.8. Evaluation of Clinical Samples

A total of 218 panda fecal samples were collected and stored at —80 °C until use.
The established multiplex PCR method was then used for virus detection using the iso-
lated DNA and cDNA samples, which were obtained as described above. After mPCR
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amplification and 1.0% agarose gel electrophoresis, the infection rate was calculated
and evaluated.

2.9. Extensive Full-Length Viral Gene Sequencing and Phylogenetic Analysis

To provide further detailed information about the positive samples, the DNA of the
DNA virus (CPV-2) and the cDNA of the RNA viruses (CDV, GPRV) of mPCR-positive
samples were extracted for PCR amplification. Sequence information about viral structural
proteins, namely CDV-H, GPRV-VP3, and CPV-2-VP2, was obtained with the primer pairs
listed in Table 2. The reaction was performed in a 20 pL volume that contained 10 puL of
2 x Taq Master Mix (Vazyme, P112-01), 1 uL each of the different templates described
above, 2 uL primer sets (final concentration of each primer is 100uM), and 7 pL of ddH2O.
The procedure was as follows: 95 °C for 3 min, followed by 34 cycles of 95 °C for 15 s,
47 °C for 15 s, and 72 °C for 15 s, with a final extension at 72 °C for 5 min. The PCR
fragments obtained were cloned in pMD19-T Vector (TaKaRa), and different clones were
analyzed by conventional bidirectional sanger sequencing. The sequencing results were
then assembled by the DNASTAR Lasergene software 15.1 package and processed by the
online tool Clustal Omega (https:/ /www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 15
January 2023). Multiple-alignment and phylogenetic analyses of the full-length CDV-H,
GPRV-VP3, and CPV-2-VP2 genes were then conducted with representative viral sequences
from Genbank using the neighbor-joining method in MEGA X, respectively.

3. Results

3.1. Establishment of a Multiplex PCR (mPCR) Method That Allows Detection of CDV, CPV-2
and GPRV

Through the cautious design of primers and the adjustment of PCR reaction conditions,
the specific detection of the three viruses listed above could be achieved. Plasmid-based
viral templates, alone or in combination, were first used to verify the mPCR setting, while
the products were separated on a 1.0% agarose gel (Figure 2). The results indicated that
specific PCR bands (757 bp for CDV, 432 bp for GPRV, and 293 bp for CPV-2) were clearly
visible in each group without unspecific amplification. The authenticity of each PCR
product was further confirmed by T-A cloning and sequencing analysis. Meanwhile, to
test mPCR’s compatibility with different DNA polymerases, we tested the mPCR system
at different annealing temperatures. As shown in Figure 3, clear PCR bands were equally
visible with annealing temperatures ranging from 43 °C to 52 °C, and a temperature of
48 °C was used for further analysis.

M 1 2 3 4 5 6 7 8

2000 bp ==

1000 bp =
750 bp =— - CDV
500 bp = ~—GPRV
250 bp = Pp—

100 bp

Figure 2. Specificity detection using the mPCR method. M: DL 2000 DNA Marker; 1: CDV + GPRV
+CPV-2; 2: CDV + GPRV; 3: GPRV + CPV-2; 4: CDV +CPV-2; 5: CDV; 6: GPRV; 7: CPV-2;
8: negative control.
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Figure 3. Optimal annealing temperatures for mPCR method. (A) M: DL 2000 bp DNA Marker;
1-5: gradient annealing temperatures were 43 °C, 44 °C, 45 °C, 46 °C, and 47 °C, respectively;
6: negative control. (B) M: DL 2000 bp DNA Marker; 1-5: gradient annealing temperatures were
48 °C, 49 °C, 50 °C, 51 °C, and 52 °C, respectively; 6: negative control.

3.2. Sensitivity of the Established mPCR Method

To explore the detection limit of the established mPCR method, different concentra-
tions of plasmids, alone or in combination, were employed as templates for the mPCR reac-
tion. The results showed that the minimum detection limit for the mPCR was 1 x 103 viral
copies of each virus when the mixed plasmids were used as the template (Figure 4); how-
ever, when only one plasmid was used as template, the sensitivity of the method was
higher with minimum detection limits for CDV of 1 x 10! viral copies, and for GPRV and
CPV-2 of 1 x 102 viral copies, respectively (Figure 4).
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Figure 4. The sensitivity of the established mPCR method. The three single plasmids (pMD-
CDV-N, pMD-GPRV-NSP1 and pMD-CPV-2-NS), diluted from 1 x 108 to 1 x 10! copies/uL, and
the mixed plasmids (pMD-CDV-N/pMD-GPRV-NSP1/pMD-CPV-2-NS), diluted from 1 X 108 to
1 x 10! copies/pL, were used to determine the minimum detection limit of the mPCR method.
(A) The sensitivity of pMD-CDV-N; (B) the sensitivity of pMD-GPRV-NSP1; (C) the sensitivity of
pMD-CPV-2-NS; (D) the sensitivity of pMD-CDV-N/pMD-GPRV-NSP1/pMD-CPV-2-NS. M: DL
2000 DNA Marker; 1-9: 1 x 10'-1 x 108 copies/uL; 10: negative control.

3.3. Detection of Viral Co-Infections in Giant Panda from Fecal Samples

Using the mPCR method established, a total of 218 hiant panda fecal samples were
analyzed to detect viral infection. As indicated in Figure S1, the PCR electrophoresis
pattern of the clinical samples was similar to that obtained with plasmid templates,
where clear-cut bands were visible for each virus and each possible combination, and
occurrences of bands with other sizes were unseen throughout the detection of all
samples. The analysis of (sub)clinical samples indicated that 7.34% (16 out of 218),
6.42% (14 out of 218), and 19.72% (43 out of 218) of the samples were positive for CDV,
GPRY, and CPV-2, respectively (Figure 5A). Venn analysis revealed the true complex
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nature of viral co-infections. As shown in Figure 5B, over half of CDV (n = 8)- or
GPRV (n = 9)-positive samples were also positive for CPV-2, while one CP-2V-negative
sample was positive for both CDV and GPRV. Noticeably, 1.38% of the total samples (3
out of 218) were positive for all three viruses, indicating that superinfections might
have occurred in those pandas at the time of sampling.

A m CDhV
% GPRV CDV (n=16) GPRV (n=14)
43 I CPV
40
1
830
5 20
z 16 14
10
0

CDV  GPRV CPV

CPV (n=43)

Figure 5. The evaluation of (sub)clinical samples. The detection of viral co-infection in giant panda
fecal sample by mPCR (n = 218). (A) The number of positive samples is graphed for the mPCR
method performed. (B) The overlap of viral infections is shown in a Venn diagram.

3.4. Consolidation and Validation of mPCR Results Through Regular PCR and
Phylogenetic Analysis

To further verify the specificity of the mPCR results, we designed primers to
amplify the full-length sequence of the CDV H gene, the GPRV VP3 gene, and the
CPV-2 VP2 gene, while full sequence information is detailed in Table 2. Regular PCR
analyses were performed on randomly selected positive samples (n = 10), with the
exception of the samples (n = 3) that were positive for all three viruses in the mPCR
analysis. The results of the mPCR analysis were well correlated with routine PCR
regarding sample positivity, while the sequencing analysis of routine PCR products
converged to one or two represented sequences per virus, namely, n = 1 for CDV,n=1
for GPRV, and n = 2 for CPV-2. Next, phylogenetic analysis was performed with the
complete gene sequences obtained. Figure 6 shows the viral sequence clades with
major field isolates in dogs (CDV and CPV-2) or pigs (GPRV) that are prevalent in
Chinese companion animals or the breeding industry.
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Figure 6. (A) Phylogenetic analysis of canine distemper virus (CDV) strains based on H gene
sequences; (B) phylogenetic analysis of rotavirus (RV) strains based on VP3 gene sequences;
(C) phylogenetic analysis of canine parvovirus (CPV-2) strains based on VP2 gene sequences. The
sequences obtained in the present study are marked in red.

4. Discussion

Ever since it was first developed and optimized in the early 1980s [19,20], the PCR test
has been a powerful tool in molecular biology [21,22]. The utilization of PCR in different
ways permits the rapid and efficient recognition of DNA or RNA sequences of various
origins, and benefits relevant fields of both fundamental research and practical application.
Here, in the current study, we established a multiplex PCR (mPCR) method that allows
the detection of three viruses, either DNA- or RNA-based, simultaneously in giant pandas.
The results indicate that the mPCR method is steadfast, with matter-of-fact outcomes from
clinical fecal samples that can easily be interpreted.
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Conventionally, the mPCR method is considered to have relatively reduced sensitivity
and specificity, as multiple PCR reactions occur at the same time, with an inherent risk
of competing for polymerases within reactions, and because of the cross-reactivity of the
primer pairs in use. Nevertheless, through the development of bioinformatic databases
and reagents for molecular biology research, the reliability of mPCR can be largely im-
proved in both areas [23]. The careful design of primers, including the use of homology
analysis against pathogens and host sequences, could efficiently avoid the occurrence of
cross-reactions or nonspecific reactions with other pathogens or host genetic materials [24].
In the meantime, the fast development of commercial polymerases also enables the robust
competence of the PCR reaction, even if multiple primers are involved. In the present study,
the established mPCR method ran smoothly across all clinical samples, with clear indica-
tions of positive or negative outcomes without the ambiguous amplification that results
in unexplainable PCR bands. Meanwhile, the sensitivity of the results was 1 x 10! (CDV)
or 1 x 10? (CPV-2 and GPRV) viral copies, which was already comparable to that of the
traditional PCR. As such, our observations indicated that the established mPCR technique
is reliable and can be reinforced in routine molecular diagnostics of viral infections in
giant pandas.

The fast development of viromics research and bioinformatics techniques benefited
the field of epidemiology greatly, where viral host spectrums were identified via advanced
sequencing [25,26]. Newly identified pathogens and their associated diseases demand
effective molecular diagnostic methods, especially ones accessible to laboratories with fewer
facilitaties. As a conventional technique, the mPCR method has the inherent advantage of
being cost-effective, easily operated, and less time-consuming [27-29]. Therefore, mPCR at
present could serve as a part of a fast-reacting system that allows for rapid detection under
circumstances such as an acute outbreak and provides first-hand etiological information
that could assist clinical treatment or epidemiological policy making.

The cross-species transmission of various pathogens poses a risk to endangered
species such as giant pandas. Contact with humans or other animals, albeit often well
protected, also leads to an inevitable consequence of reverse zoonosis or horizonal trans-
mission, via which bacterial or viral infectious agents are introduced to the giant panda
population [30-32]. Utilizing the established mPCR method, we showed that CDV, GPRY,
and CPV-2 were detected in giant pandas, and that co-infection with two or three viruses
was commonly observed. The observation was further consolidated with phylogenetic anal-
ysis of the matching full-length sequences of mPCR targets. No significant correlation was
spotted between symptoms of sampled animals and virus detection in the present study,
indicating that infection with these viruses was mostly subclinical, and that acute phases of
infection might be neglected or wrongly interpreted. Among the three viruses evaluated,
CPV-2 was the most frequently (19.72%) detected in Giant pandas during this investigation.
CPV-2 and related viruses of species Protoparvovirus Carnivoran 1 can infect a wide range of
domestic and wild carnivores, which leads to their worldwide distribution with a broad
host spectrum [33,34]. Noticeably, due to the close genetic relationship between CPV and
feline panleukopenia virus (FPV) in their VP2 sequences and the entire genome [35,36], our
method (or any approach without DNA sequencing) cannot differentiate between infection
with CPV-2 and FPV, the latter of which was recently reported as being able to infect giant
pandas [37]. Further analysis of the full-length VP2 sequences indicated that all amplified
parvoviral sequences belong to CPV-2, showing that CPV-2 is the main component of
Protoparvovirus Carnivoran 1 in giant pandas, but the potential threats of FPV transmission
in giant pandas should not be neglected. Meanwhile, a smaller but unneglectable number
of samples are positive for CDV or GPRY, or both. To this point, recurrent epidemiological
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surveillance is essential to monitor possible increased transmission of the three virus’s
infection in giant pandas and possibly other wild animal species.

In conclusion, we established and validated an mPCR method that allows the rapid
and accurate detection of CPV-2, CDV, and GPRYV infection. The complex nature of spatial
viral infection in giant pandas was revealed via this method, and the key observations
justify further investigation on the infection mechanisms of those viruses from both epi-
demiological and etiological perspectives.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/vetsci12020081/s1, Figure S1: Detection of PCR electrophoretograms of giant
panda samples by mPCR.; Table S1: Viruses able to infect giant panda [38-51].
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Simple Summary: Porcine Bocavirus (PBoV) is an emerging viral pathogen in swine that has not
received significant attention despite its potential impact. This review aims to fill the knowledge gap
by analyzing the existing literature on PBoV, including its genome structure, discovery, classification,
detection methods, and pathogenesis. This review also explores the public health implications and
economic impact of PBoV, such as decreased productivity, increased veterinary costs, and trade
restrictions. By enhancing understanding of PBoV, this review seeks to aid in its prevention and
control, thereby mitigating its economic impact on the swine industry.

Abstract: Effective control of animal infectious diseases is crucial for maintaining robust livestock
production systems worldwide. Porcine meat constitutes approximately 35-40% of global meat
production with the largest producers being China and the European Union (EU). Emerging viral
pathogens in swine, like porcine bocavirus (PBoV), have not garnered significant attention, leaving
their pathogenic characteristics largely unexplored. This review aims to bridge this knowledge gap by
conducting a comprehensive analysis of the existing literature on PBoV. We explore the virus’s genome
structure, discovery, classification, detection methods, pathogenesis, and its potential public health
implications. Additionally, we discuss the distribution and economic impact of PBoV, which includes
potential losses due to decreased productivity, increased veterinary costs, and trade restrictions.
By highlighting the current state of knowledge, this review seeks to enhance the understanding
of PBoV, thereby aiding in its prevention and control, and mitigating its economic impact on the
swine industry.

Keywords: porcine bocavirus (PBoV); genome structure; classification; detection; public health

concerns; economic impact

1. Introduction

Pig meat is a major source of protein in the human diet, with a stable share of 35-40%
of global meat production [1]. In Europe, the pig meat sector accounts for about 150 million
reared pigs, representing nearly half of the total EU meat production [2]. The EU is the
world’s second biggest producer of pork after China and the biggest exporter of pork and
pork products, especially after the reduction in pork production in Asia, caused by African
Swine Fever (ASF) [3]. However, even in countries of insufficient pig production, such
as Croatia, high import can also be a high risk for disease introduction with a potentially
severe economic impact. In Croatia, the members of the Croatian Association of Pork
Producers are the largest producers of piglets, fattening pigs, and pig genetic material with
a yearly production of about 700,000 fattening pigs and 30,000 sows [4], and according to
the number of pigs and pig products, the Croatian contribution within the EU is below
1% [5]. However, 70 percent of Croatia’s pork meat market is covered by imports from other
EU countries mostly from Germany, Spain, Hungary, the Netherlands, and Denmark [6]
and is the 32nd largest importer of pig meat in the world.
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Infectious agents, such as bacteria and viruses, are the main threats to production
in intensive pig farms. Historically, many viral diseases, such as Porcine Reproductive
and Respiratory Syndrome (PRRS), Porcine Circovirus-associated Diseases (PCVADs),
and African Swine Fever and Foot and Mouth Disease (FMD), had a negative impact
on the swine industry causing great economic losses [3,7-11]. Moreover, the zoonotic
potential of viruses such as the causative agents of highly pathogenic avian influenza
virus (HPAI), Severe Acute Respiratory Syndrome (SARS), and Middle East Respiratory
Syndrome (MERS) have been shown to be of high risk for human health and should be
identified in a timely manner. Recently, a number of small novel porcine DNA viruses
have emerged globally, for example, torque teno sus virus, porcine bocavirus (PBoV),
and parvoviruses. However, there is still a lack of knowledge regarding their biology,
interspecies transmission, and potential pathogenicity. A newly described genetically
unique class of viruses known as bocaparvovirus has been found in both humans and
animals. One of the representatives of bocaviruses (BoVs) is an emerging pathogen that
was recognized to cause a great negative impact on swine industry, namely PBoV. PBoV
has currently been reported worldwide, mostly in weaning piglets. Since PBoV is common
in both clinically and healthfully infected pigs, it is typically linked to co-infection with
other viruses [12,13]. Therefore, it is important to understand PBoV and its pathogenic
nature. Additionally, PBoV presents a serious risk to public health. A case study from Iran
suggested that since PBoV was found in a three-year-old child who had an acute respiratory
tract infection, the virus may be evolving as a human pathogen [14].

A study regarding PBoV prevalence in Croatia [15] reported its circulation among the
Croatian domestic pig population. A conducted survey showed that PBoV is circulating
among Croatian intensive pig farms and small family farms, and that PBoV might have
been introduced by imported pigs. In order to protect a thriving pig industry and to
facilitate early detection of the PoBV infection and its prevention and control, we aimed
to summarize the current knowledge about PBoV, including the discovery, classification,
genome structure, main diagnostic methods, pathogenesis, public health importance,
distribution, and economic impact of PBoV.

2. Discovery and Classification

Although BoVs were recognized in the early 1960s, PBoV was not isolated until
2009. Initially referred to as porcine boca-like virus (PBo-likeV), it was first detected in the
lymph nodes of Swedish pigs suffering from postweaning multisystemic wasting syndrome
(PMWS) [16,17]. In 2010, PBo-likeV was discovered in China and officially named PBoV
or PBoV1 [18,19]. Since its discovery, PBoV has been reported globally (Figure 1; Table 1),
including in Europe [15,20-26], Asia [27-30], North America [31,32], and Africa [33,34].
In recent studies, the detection of porcine bocavirus (PBoV) has been reported in various
countries, highlighting its widespread presence and potential impact on swine health.
Table 1 provides a comprehensive overview of the detection rates of PBoV in different
countries, along with key details on the age of affected pigs and the sources of the samples
collected. This information is crucial for understanding the epidemiology of PBoV and
identifying the most vulnerable populations. Globally, the prevalence rate of PBoV was
46% in pigs without PMWS and 88% in pigs with PMWS [35]. In China, the prevalence rate
of PBoV in stool samples of piglets was found to be 12.59%. Similarly, the prevalence rate
of bocaviruses in clinical samples from one-month-old piglets was reported to be 5.77%.
In the USA, studies have documented prevalence rates in sick pigs of approximately 43%
and 59%. PBoV has been identified in various regions, including Africa. However, specific
prevalence rates in Africa are not detailed in the sources. The virus is prevalent in both
healthy and clinically infected pigs, often found in weaning piglets and associated with
coinfections with other viruses [35]. The virus’s presence in these regions highlights its
widespread nature and the potential for significant impacts on pig health and the swine
industry across the continent. In Croatia, PBoV has been identified in pigs, contributing
to the understanding of its epidemiology in Eastern Europe [15,35]. Studies have shown
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that the virus is present in both healthy and diseased pigs, indicating its pervasive nature
and the need for ongoing surveillance and research to mitigate its impact on the swine
industry [15,35].
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Figure 1. Geographical distribution of PBoV. Map is created with Mapchart [36].
Table 1. Detection of PBoV in various countries: key details on age of affected pigs and sample sources.
Country Year of Identification Sample Source Age Categories References
Sweden 2009 Lymph nodes weaners [16,17]
China 2010 Fecal samples weaners [18]
USA 2010 Lung, lymph nodes, spleen unknown [31]
Ireland 2011 Spleen piglets, weaners, sows [21]
Romania 2011 Lymph nodes, lung, k%dney, liver, piglets, y§ar11ngs, adults [20]
spleen, tonsil wild boar
Hungary 2012 Fecal samp'les, blood serum samples, weaners [22]
organ tissues, fetuses, semen
Croatia 2013 Fecal samples fatteners [15]
Cameroon 2013 Fecal samples piglets [33]
UK 2014 Lung, liver, kidney, spleen, lymph unknown [26]
nodes, serum samples
Thailand 2014 Tonsil rearing pigs [27]
Korea 2014 Serum and fecal samples, saliva weaners [28]
Czech Republic 2014 Lymph nodes, liver, spleen piglets, weaners, fatteners [23]
Slovakia 2014 Lymph nodes, liver, spleen piglets, weaners, fatteners [23]
Mexico 2015 Serum samples unknown [32]
Germany 2016 Lung, lymph nodes weaners [24]
Japan 2017 Tonsil unknown [29]
Uganda 2017 Fecal samples unknown [34]
Kenya 2017 Fecal samples unknown [34]
Slovenia 2017 Fecal samples unknown [15]
Belgium 2018 Fecal samples fatteners [25]
Mesenteric lymph node,
Malaysia 2018 submandibular lymph node, piglets, weaners [30]

inguinal lymph node, spleen, tonsil,
lung, kidney, liver
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BoVs belong to the genera Bocaparvovirus, family Parvoviridae, and subfamily Parvoviri-
nae [37,38]. In contrast to other parvoviruses, BoVs contain a third open reading frame in
the middle of the genome encoding for a highly phosphorylated non-structural protein,
NP1, whose function has not yet been determined.

Their hosts are, as known to date, different mammalian species including primates
(Table 2). Furthermore, the classification of PBoV within the broader context of the Bo-
caparvovirus genus is essential for understanding its relationship with other viruses in
the Parvovirinae subfamily. Table 2 summarizes the viral species belonging to the genus
Bocaparvovirus, as suggested by the International Committee on Taxonomy of Viruses
(ICTV). This classification helps in elucidating the genetic and evolutionary relationships
between PBoV and other related viruses, providing insights into their pathogenesis and
potential cross-species transmission.

Table 2. Summary of viral species belonging to the genus Bocaparvovirus, subfamily Parvovirinae, and

family Parvoviridae, as suggested by the ICTV [26].

Host Species Virus Name Abbreviation References
Carnivore bocaparvovirus 1 Canine minute VerS; minute virus CnMV; MVC [39,40]
of canines
family Canidae Carnivore bocaparvovirus 2 Canine bocavirus 2 CBoV2 [41]
Carnivore bocaparvovirus 7 Canine bocavirus 3 CBoV3 [42]
Carnivore bocaparvovirus 3 Feline bocavirus 1 FBoV1 [43]
family Felidae Carnivore bocaparvovirus 4 Feline bocaparvovirus 2 FboV2 [44]
Carnivore bocaparvovirus 5 Feline bocaparvovirus 3 FBoV3 [45]
family Mustelidae Carnivore bocaparvovirus 6 Mink bocavirus 1 MiBoV1 [46]
Chiopteran bocaparvovirus 1 Myotis myotis (bat) bocavirus 1 BtBoV1 [47]
Chiopteran bocaparvovirus 2 Bat bocavirus WM40 BtBoVwM40 [48]
family Vespertilionidae ~ Chiopteran bocaparvovirus 3 Bat bocavirus XM30 BtBoVxm30 [49]
Chiopteran bocaparvovirus 4 ~ Miniopterus schreibersii bat bocavirus BtBoV2 [40]
Chiopteran bocaparvovirus 5  Rousettus leschenaultia bocaparvovirus 1 RIBoV [50]
family Leporidae Lagomorph bocaparvovirus 1 Rabbit bocaparvovirus RBoV [51]
B Pinniped bocaparvovirus 1 California sea lion bocavirus 1 CsIBoV1 [40]
family Otariidae — -
Pinniped bocaparvovirus 2 California sea lion bocavirus 3 CsIBoV3 [40]
. Primate bocaparvovirus 1 Human bocavirus 1 and 3 HBoV1, 3 [52]
family Hominidae , :
Primate bocaparvovirus 2 Human bocavirus 2 and 4 HBoV2, 4 [53]
family Cercopithecidae Primate bocaparvovirus 3 Macca mulatta bocaparvovirus MmBoV [54]
Rodent bocaparvovirus 1 Rat bocavirus RBoV [50]
family Muridae 5
Rodent bocaparvovirus 2 Murine bocavirus MuBoV [55]
) Ungulate bocaparvovirus 1 Bovine parvovirus 1 BPV1 [56]
family Bovidae -
Ungulate bocaparvovirus 6 Bovine bocaparvovirus 2 BBoV2 [57]
Ungulate bocaparvovirus 2 Porcine bocavirus 1 PBoV1 [16]
Ungulate bocaparvovirus 3 Porcine bocavirus SX PBoVsx [58]
family Suidac Ungulate bocaparvovirus 4 Porcine bocavirus H18 PBoVh18 [59]
Ungulate bocaparvovirus 5 Porcine bocavirus 3 PBoV3 [60]
Ungulate bocaparvovirus 7 Dromedary camel bocaparvovirus 1 DBoV1 [61]
family Camelidae Ungulate bocaparvovirus 8 Dromedary camel bocaparvovirus 2 DBoV2 [61]
Ungulate bocaparvovirus 9 Vicugna pacos bocaparvovirus VpBoV [62]
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BoV strains that have been isolated from different hosts are closely related to PBoV.
For instance, strains isolated from mink share 87% nucleotide similarity with PBoV (strain:
PBoV-KU14; HQ223038, HQ291308, and KJ622366) and form a distinct clade within the
PBoV clades [46,63]. Similarly, strains such as those isolated from bats [48,49,64], ro-
dents [50,55,65], and Himalayan marmots [54] are also closely related to PBoV. These
studies suggest that rodents, minks, bats, Himalayan marmots, and other species may have
transmitted diseases to pigs. To date, however, there has been no reported experimental
evidence of BoVs’ interspecies transmission. These investigations demonstrate the great
genetic diversity and broad host adaptation of BoVs. Figure 2 illustrates the phylogenetic
connections between porcine bocavirus (PBoV) and other bocaviruses.
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Figure 2. Phylogenetic tree of PBoV and related viruses based on the complete genome sequences. The
tree was constructed using the Neighbor-Joining method with 1000 bootstrap replicates. Bootstrap
values greater than 50% are shown at the branch nodes. The tree includes various BoV strains from
different hosts, including humans, pigs, dogs, cats, cows, and gorillas. The scale bar represents the
number of nucleotide substitutions per site. The phylogenetic tree reveals the relationships between
PBoV and other bocaviruses. Notably, PBoV is closely related to other bocaviruses, including feline
bocavirus and bovine bocavirus.

3. Genome Structure

PBoV is a nonenveloped single-stranded DNA virus which exhibits icosahedral sym-
metry [12,19] and has a diameter of 26-30 nm [66]. It is a linear, single-stranded DNA of
4-6 kb [12,19] and can have either positive or, more frequently, negative polarity [67] and
contains three open reading frames (ORFs): ORF1, ORF2, and ORF3, respectively [53,68].
Specifically: ORF1 encodes a nonstructural protein 1 (NS1) which encodes a protein in-
volved in ATPase and helicase activity and rolling circle replication [68]. Bovine parvovirus
(BPV) and PBoV’s ORF-1 region are similar [60]. ORF2 encodes viral capsid proteins 1
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and 2 (VP1/2), where VP1 includes the entire VP2 sequence and an additional N-terminal
region [69]. ORF-2 encodes a protein linked to catalytic residues (the most conserved motif
HDXXY), calcium-binding loop, and phospholipase A2 motifs (the most conserved motif
YXGXG) necessary for parvovirus infectivity [12,19]. PBoV’s conserved motif, YXGXF,
is distinct from other parvoviruses” YXGXG motif [12,19]. The ORF-2 region of PBoV
resembles canine minute virus (CMV) [61]. ORF3 encodes nuclear phosphoprotein 1 (NP1)
of unclear function (Figure 3) [60].

The classification of PBoV into genotypes is based on nucleotide and amino acid
alignments. Specifically, PBoV strains are grouped into different clades according to the
sequences of the VP1 and VP2 genes [70]. The nucleotide sequence identity cutoff for
distinguishing genotypes is generally between 78% and 81% [56]. Based on the VP1 and
VP2 sequences, PBoV has been classified into different clades, including PBoV1, PBoV2,
PBoV3, PBoV4, PBoV5, PBoV3C, PBoV-6V, and PBoV-7V. Additionally, PBoV has been
proposed to be classified into three different groups: PBoV G1, PBoV G2, and PBoV G3 [71].

Gene Map of PBoV
PBoV 1(HMO053693)

0 1000 2000 3000 4000 5000 5174

149 NSI 2260 3003 VP1 5120
. ] —_—
2333 NP1 3019 3417 VP2 5120
ORF 1 | | ORF3 | ORF 2

Figure 3. The genome structure of PBoV (adapted from [71]). The PBoV genome of approximately
5.3 bb contains three ORFs that encode for four proteins (NS1, NP1, VP1, and VP2).

PBoV shows significant diversity, prevalence, and complexity among its strains. Phy-
logenetic and recombination analyses have revealed considerable variation in the genome
sequences of different PBoV strains. For example, the NS1 gene of PBoV shares sequence
identities with other bocaviruses, such as CMV, BPV, and human bocavirus (HBoV), ranging
from 30% to 54.7% [71].

4. Main Diagnostic Methods

There are several PCR-based methods for rapid PBoV detection. For detection of the
three groups of PBoV, conventional multiplex PCR can be successfully used. Multiplex
PCR amplifies multiple DNA regions simultaneously using different sets of primers in a
single PCR reaction. Single PCR assays and the multiplex PCR assay have equal sensitivity
of 1.0 x 103 genomic copies/IL for PBoV group 1, 4.5 x 103 copies/IL for PBoV group 2,
and 3.8 x 103 copies/IL for PBoV group 3 [72]. It is a cost-effective, time-saving method
which allows for the detection of multiple targets in one reaction. The main disadvantage
is the requirement for the careful optimization of primer concentrations and annealing
temperatures to avoid non-specific amplification. Loop-mediated isothermal amplifica-
tion, or LAMP, was created for the quick, sensitive, and specific detection of PBo-likeV.
LAMP amplifies DNA at a constant temperature using a set of four to six primers and a
strand-displacing DNA polymerase. It has a stated detection limit of about ten copies per
reaction and is about 100-times more sensitive than conventional PCR. Crucially, LAMP
does not cross-react with major circulating swine viruses, including classical swine fever
virus (CSFV), porcine parvovirus (PPV), porcine circovirus type 2 (PCV-2), and pig repro-
ductive and respiratory syndrome virus (PRRSV) [73]. Primer design can be complex, and
the method is less suitable for quantification compared to PCR. Targeting the VP1 gene,
TagMan-based real-time PCR (qPCR) has been utilized to detect and quantify ungulate
bocavirus 2. TagMan-based real-time PCR uses a fluorogenic probe to detect and quantify
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DNA during PCR amplification. This approach is quite specific and sensitive [68]. The
specificity of the TagMan PCR assay was evaluated using eight different reactions, which
included Pbo-likeV, PRRSV, PCV2, pseudorabies virus (PRV), CSFV, Japanese encephalitis
virus (JEV), and porcine torque tenovirus (PTTV). By comparing the signal intensity at
various levels, Pbo-likeV was easily distinguished from other pig viruses. The sensitivity
of the real-time PCR assay was evaluated by testing ten-fold serial dilutions of the DNA
standards (2.00 x 10! to 2.00 x 107 copies) [40]. This method is quite expensive due to the
cost of probes and requires specialized equipment. An EvaGreen-based multiplex real-time
PCR approach was developed in order to identify and group the three BoVs groups (groups
1, 2, and 3) simultaneously in a single step [74]. This method utilizes EvaGreen dye and
melting curve analysis to detect multiple targets in a single reaction. It is cost-effective, has
high sensitivity, and allows for the detection of multiple pathogens. The main disadvantage
is that this method requires careful optimization to avoid non-specific amplification and
dye-related artifacts. Duplex nano PCR has been used to amplify and quantify PBoV and
PRV simultaneously [75]. Duplex nano PCR combines nanopore sequencing with PCR to
achieve high accuracy in detecting and quantifying DNA. The main advantages are its
high accuracy, ability to sequence long reads, and suitability for complex samples. As a
main disadvantage, the requirement for specialized equipment can be highlighted. SYBR
Green-based duplex real-time PCR has been used for the detection of PBoV genotypes (3, 4,
and 5) and porcine epidemic diarrhea virus (PEDV), with detection limits of 10 copies/IL
for both viruses [76]. This method uses SYBR Green dye to detect and quantify DNA in
real-time PCR, allowing for the simultaneous detection of two targets. It is cost-effective,
simple to use, and suitable for high-throughput screening. This method is less specific than
probe-based methods and can produce non-specific signals. Researchers in Sweden [16]
implemented random amplification and high-throughput sequencing (HTS) to identify the
PBo-likeV. These techniques are increasingly popular for discovering new viruses and ad-
dressing metagenomic challenges [40,66,77,78]. HTS allows for the sequencing of multiple
samples simultaneously, generating large amounts of data quickly, but it is expensive and
requires extensive data analysis and specialized equipment. Single-Primer Amplification
(SISPA) for PBoV detection employs a single primer for sequence-independent PCR ampli-
fication of nucleic acids with unknown sequences. Researchers have successfully applied
this method to amplify PBoV [19]. SISPA amplifies DNA using a single primer, allowing
for the detection of unknown regions adjacent to known sequences. It is useful for genome
walking and detecting unknown sequences but can produce non-specific amplification
and requires careful optimization. Nested polymerase chain reaction has been used for the
identification of PBoV from throat swab, fecal, and serum samples [69,78]. Nested poly-
merase chain reaction uses two sets of primers in two successive PCR reactions to increase
specificity and sensitivity. It features high specificity, reduces non-specific amplification,
and is suitable for detecting low-abundance targets, but it is more time-consuming and
requires additional steps compared to conventional PCR. In the primer walking approach,
researchers use specific primers in conjunction with a degenerate primer to target known
BoV sequences [58]. The primer walking approach is a sequencing method that uses a
series of overlapping primers to sequence long DNA fragments step-by-step. It is suit-
able for sequencing long DNA fragments and filling gaps in genome sequences, but it is
time-consuming, labor-intensive, and requires careful primer design. The availability of ad-
ditional sequences is essential for designing specific primers. Nucleic acid sequence-based
amplification (NASBA), an isothermal amplification technique, assesses the polarity of the
human BoV genome and analyzes uncharacterized gene transcription [67].

Indirect immunofluorescence tests have been developed to detect unknown isolated
PBoV in primary porcinev kidney cell lines. Staining is observed in the cytoplasm and
nuclei of infected cell cultures [21]. Additionally, monoclonal antibodies against PBoV
3 and 4 are produced for antigen-detecting ELISA [79]. An indirect enzyme-linked im-
munosorbent assay (ELISA) based on recombinant nucleoprotein 1 (NP1) investigates PBoV
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seroprevalence in China. Importantly, there is no cross-reactivity with antiserum against
PRRSV, PCV-2, PPV, PEDV, or transmissible gastroenteritis virus (TGEV) [80].

5. Pathogenesis and Public Health Importance of PBoV

PBoV is quite common in the swine population and exhibits a high level of genetic
diversity. However, its exact pathogenesis remains undetermined. Clinical evidence
suggests that PBoV’s pathogenesis could be linked to direct disease manifestations [12].
Notably, PBoV has been detected in various tissues, indicating a wide tissue tropism [60].
Initial detection occurred in the lymph nodes of weaning pigs with post-weaning multi-
systemic wasting syndrome (PMWS) [16]. Subsequently, PBoV was found in respiratory
tract samples and fecal samples from piglets [19]. In cases of gastrointestinal clinical signs,
histopathological alterations (microscopic lesions and villous atrophy) were primarily
found in the jejunum, ileum, and duodenum [81]. Additionally, the pathogenic role of
PBoV has been highlighted by its isolation from piglets suffering from encephalomyeli-
tis [24]. A study also identified a new porcine parvovirus (PPV4), similar to PBoV, in lung
lavage from a diseased pig co-infected with PCV-2. Inoculation of colostrum-deprived
pigs with lung, lymph nodes, spleen, and heart tissue homogenates resulted in respiratory
disease and euthanasia.

The pathophysiology of PBoV is still unknown, despite its great frequency in the swine
population and considerable genetic variety [31]. While PBoV has been detected in various
tissues, including lymph nodes, spleen, and tonsils, it remains unclear which specific cells
in pigs contribute to its replication and dissemination throughout the body [30]. Notably,
PBoV has also been found in saliva and serum [22,28,82]. In a study conducted with dogs
in Thailand, researchers reported that most viruses from the Parvoviridae family replicate
in mitotically active cells, such as intestinal crypt epithelial cells. Examination of tissue
samples from the small intestine revealed nuclear signals for canine bocavirus 2 primarily
in enterocytes located at villus tips and crypts. Transmission electron microscopy showed
electron-dense icosahedral viral particles measuring approximately 20 nm in diameter,
creating large intranuclear inclusion bodies within apical small intestinal enterocytes [83].
These findings shed light on canine bocavirus infections’ pathogenicity and may have impli-
cations for other BoVs isolated from different animals. Interestingly, rats with a parvovirus
infection [26] generally remain healthy. But, occasionally, pregnant rats experimentally
inoculated with parvovirus exhibit growth retardation and fetal loss. Despite these insights,
cell lines for BoVs’ isolation have not yet been reported.

For PBoV propagation, various cell types have been used, for example human embry-
onic kidney epithelial cells (HEK293T), monkey kidney cells (MARC-145), porcine kidney
cells (PK-15), porcine testicular cells, and porcine alveolar macrophages. However, despite
these efforts, no successful propagation has been reported [59].

During a diarrheal disease outbreak in Belgium, researchers attempted to isolate
recombinant enterovirus-torovirus and BoV from porcine testicular cells and primary
porcine kidney epithelial cells. No virus was detected in passaged cells, despite the fact
that after two days a cytopathic effect was seen in pig kidney epithelial cells [25].

Another study conducted in Northern Ireland reported that after four passes in cul-
tured primary swine kidney cells, fecal suspensions and homogenates from the small
intestines of 6-week-old piglets showed a cytopathic effect. Interestingly, PCR and RT-PCR
did not find porcine enterovirus types 1, 2, or 3, porcine adenovirus, porcine reovirus,
PCV1, PCV-2, or PPV. Successful BoV proliferation in a primary cell line was originally
reported in this study [21]. However, due to the virus’s inability to be cultured in cell lines
and its common coexistence with other circulating swine enteric viruses, its precise role
in disease progression remains unclear. The association of BoV’s with other pathogenic
enteric viruses has perpetually confounded its nature. Additionally, the dual involvement
of BoVs in respiratory tract infections and gastrointestinal tract infections raises questions
about whether they primarily act as respiratory or enteric pathogens, especially in humans,
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pigs, and other animals. Unfortunately, the lack of an experimental animal model has
hindered investigations into the pathogenic nature of PBoV.

The fecal-oral route may serve as the primary transmission pathway for PBoV, similar
to other enteric pathogens. Diarrheal feces, vomitus, and other contaminated fomites
(such as feeds and transportation vehicles) are important sources of transmission. As
a nonenveloped virus, PBoV is resistant to severe environmental conditions and helps
transmit other parvoviruses widely [27]. In 2007, human BoVs were detected in 81% of raw
sewage samples from several US states [84], highlighting the robustness of BoVs. PBoV
can spread across the swine population and induce subclinical infections in pigs once it is
introduced into swine herds. In order to determine whether aerosolized PBoV is infectious,
further investigation is needed.

Human BoV human parvovirus 4 and parvovirus B19, both belonging to the Par-
voviridae family, are associated with human diseases [85,86]. Human BoVs have a global
presence [87]. The first documented case of human BoV occurred in a child’s respiratory
tract in Sweden in 2005, four years before BoV was identified in swine [52]. BoVs have been
found in both the respiratory tract [53,84,88] and gastrointestinal tract [89], as well as in
cancer patients [90]. These viruses have also been detected in healthy individuals. However,
their role in human health remains unknown, since they may act as true pathogens, oppor-
tunistic pathogens, and commensal flora. The description of PBoV in a three-year-old kid
suffering from an acute respiratory tract infection in an Iranian case study from 2018 [14]
raises the possibility that PBoV is evolving as a human pathogen. The risk of interspecies
transmission of PBoV to human subjects can arise when xenotransplantation is carried
out [86]. Therefore, given the growing concern in regard to the pathogenic role of PBoV, it
is recommended to screen and analyze the transmission risk of ssDNA viruses to prevent
post-transplantation complications.

The possibility of interspecies transmission from rats and pigs to humans requires
more research [49]. Significant public health concerns are raised by the vast host range,
wide tissue tropism, and growing pathogenic potential of BoVs.

6. Economic Impact and Prevention

PBoV has significant economic implications for the swine industry and food industry.
It can lead to reduced growth rates and increased mortality in piglets, which directly
impacts productivity. Infected pigs often exhibit symptoms such as diarrhea and respiratory
issues, leading to lower weight gain, higher feed conversion ratios, and increased mortality
rates, all of which negatively impact farm profitability [35]. For instance, studies have
shown that co-infection with PBoV and other pathogens, such as PRRSV, can exacerbate
these effects, leading to even greater economic losses [91]. A study on the impact of
PBoV and PRRSV co-infection found that pigs with the worst production performance had
significantly higher levels of co-infection, resulting in increased mortality and lower weight
gain [92]. The study highlighted that infected pigs showed a reduction in daily live weight
gain (DLWG) and deteriorating feed conversion ratios (FCRs), which are critical indicators
of production efficiency [92]. Managing PBoV involves substantial veterinary expenses.
Farmers need to invest in diagnostic tests, treatments, and preventive measures to control
the spread of the virus. This includes costs for medications, vaccines, and biosecurity
measures [70]. Outbreaks of PBoV can lead to trade restrictions and export bans, especially
if the virus is detected in countries that are major exporters of pork. These restrictions can
result in substantial financial losses for producers and affect the overall market dynamics, as
well as prices of meat [35]. Overall, the economic impact of PBoV is multifaceted, affecting
productivity, increasing costs, and disrupting trade. Addressing these challenges requires
coordinated efforts in disease management and prevention.

Preventing PBoV outbreaks involves several key strategies. Implementing strict biose-
curity protocols is crucial. This includes controlling access to farms, disinfecting equipment
and vehicles, and ensuring that workers follow hygiene practices to prevent the intro-
duction and spread of the virus [71]. While there is no specific vaccine for PBoV yet,
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keeping pigs vaccinated against other common diseases can help maintain overall herd
health, reducing the risk of secondary infections that can exacerbate PBoV symptoms [35].
Conducting regular health checks and diagnostic tests can help detect PBoV infection in
an early stage of introduction to the farm. Early detection allows for timely intervention,
reducing the spread of the virus within the herd [90]. Isolating new or returning animals
for a period before introducing them to the main herd can prevent the introduction of PBoV
from external sources [71]. Ensuring proper nutrition, reducing stress, and maintaining
clean living conditions can strengthen the pigs’ immune systems, making them less sus-
ceptible to infections [35]. Keeping farm staff informed about PBoV and its prevention
is essential. Regular training sessions on biosecurity and disease management can help
maintain high standards of farm hygiene and health [91]. By combining these strategies,
farmers can significantly reduce the risk of PBoV outbreaks and protect their herds from
this economically impactful virus.

International and national legal provisions play a crucial role in regulating the export of
pigs to prevent the spread of diseases, including PBoV. The movement of porcine animals
within the EU is regulated by Regulation (EU) 2016/429 of the European Parliament
and of the Council (Animal Health Law, AHL) on transmissible animal diseases. This
regulation aims to prevent the spread of animal diseases by setting strict biosecurity
measures and health requirements for the transport of porcine animals [93]. Additionally,
Commission Delegated Regulation (EU) 2020/688 lays down specific health guarantees for
the movement of porcine animals to ensure they do not pose a significant risk of spreading
diseases [93]. The UK has implemented restrictions on the import of fresh porcine meat
and meat products from areas within the EU affected by African Swine Fever (ASF). These
restrictions are outlined in various health certificates and regulations, which require that
porcine meat products from ASF-affected areas undergo specific treatments to mitigate the
risk of disease transmission [94]. International trade rules, such as those enforced by the
World Trade Organization (WTO), allow for import bans to be applied to specific regions or
establishments affected by disease outbreaks. This principle, known as “regionalization,”
ensures that trade can continue from disease-free regions within exporting countries,
thereby preventing the spread of diseases like PBoV [95]. These regulations highlight the
importance of stringent health measures and biosecurity protocols in the export of pigs
to prevent the spread of diseases, including PBoV. By adhering to these legal provisions,
countries can safeguard their livestock industries and protect public health.

7. Conclusions

BoV, an emerging pathogen with a broad host range and wide tissue tropism, has
challenged researchers over the past decade. Despite numerous attempts to isolate this
virus in cell culture, success has remained elusive. Consequently, an organ co-culture
system may prove beneficial for BoV propagation. Such a system could shed light on
whether the virus predominantly targets the respiratory or gastrointestinal tract or other
tissue systems.

Numerous studies from different countries have connected PBoV to swine coinfecting
diseases such as rotavirus A, PEDV, PRRSV, and CSFV. But even ten years after its descrip-
tion, we are still unsure if PBoV is a real pathogen or just an opportunistic one. To address
this, single-virus isolation could be employed in animal infection models. Direct proof of
the pathophysiology of PBoV is also essential.

Complex evolutionary pathways, interspecies transmission, and recombination sites
have been uncovered by phylogenetic analysis of PBoV isolated from mice and minks. To
clarify interspecies transmission across several host species, more investigation is required.
Given its potential impact, BoV warrants attention as a significant public health problem.
An Iranian clinical case [14] serves as a reminder of the importance of understanding
emerging pathogens like PBoV. Our contributions to PBoV research will aid in prevention,
control, and mitigating its economic consequences.
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The economic ramifications of PBoV distribution are complex. Although the full
pathogenic potential of PBoV remains unclear, its interaction with other viral infections
can intensify disease severity in pigs, leading to higher rates of illness and death. This
situation can cause substantial financial losses for the swine industry due to reduced pro-
ductivity, increased veterinary expenses, and the necessity for stricter biosecurity protocols.
Additionally, the detection of PBoV in pig populations can impact international trade, as
countries might enforce restrictions on the import and export of pigs and pork products
from affected areas. Such measures can limit market access and result in financial setbacks
for pig farmers and associated industries.

In summary, the extensive spread of PBoV and its possible role in disease outbreaks
highlight the critical need for ongoing research, vigilant monitoring, and the development of
effective control strategies to safeguard the global swine industry and minimize economic losses.
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