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Abstract: In recent years, bats have been shown to host various novel bat-specific influenza viruses,
including H17N10 and H18N11 in the Americas and the HIN2 subtype from Africa. Rousettus ae-
gyptiacus (Egyptian Rousette bat) is recognized as a host species for diverse viral agents. This study
focused on the molecular surveillance of a maternal colony in Limpopo, South Africa, between
2017-2018. A pan-influenza hemi-nested RT-PCR assay targeting the PB1 gene was established, and
influenza A virus RNA was identified from one fecal sample out of 860 samples. Genome segments
were recovered using segment-specific amplification combined with standard Sanger sequencing and
INlumina unbiased sequencing. The identified influenza A virus was closely related to the HON2 bat-
influenza virus, confirming the circulation of this subtype among Egyptian fruit bat populations in
Southern Africa. This bat HON2 subtype contained amino acid residues associated with transmission
and virulence in either mammalian or avian hosts, though it will likely require additional adaptations
before spillover.
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1. Introduction

Influenza A viruses are of public health importance due to the past pandemics they
have caused and for their role as a re-emerging threat. Sporadic outbreaks and seasonal
infections of influenza viruses can lead to significant morbidity and mortality in vulnerable
populations [1]. Influenza A viruses are classified into subtypes based on their hemagglu-
tinin (HA) and neuraminidase (NA) surface proteins. Before 2011, the ICTV recognized
16 HA and 9 NA types [2]; however, two new subtypes were identified in 2012 and 2013 [3,4].
The natural reservoir host for nearly all influenza A viruses (types H1-16; N1-9) is believed
to be aquatic waterfowl [5,6], with the most recently described subtypes originating from
bats [3,4,7]. The influenza A virus genome segments (negative sense RNA) consist of the
polymerase basic 2 (PB2) gene, the PB1-, polymerase acidic (PA)-, the HA-, nucleoprotein
(NP)-, the NA, matrix (M), and non-structural (NS) gene segments numbered from one
to eight, respectively [8]. The broad host range of influenza A viruses can be attributed
to the reassortment of its genome segments and gradual accumulation of mutations in
the surface glycoproteins (HA and NA proteins) and the polymerase genes due to the
error-prone RNA-dependent RNA-polymerase (RdRp). The M gene and the PB1 gene
are selected as targets for molecular surveillance assays as they contain highly conserved
regions. The PB1 gene served as the primary target for detecting novel influenza A viruses
from bats [3,4,8], as mutations in the M gene have previously shown reduced efficacy of
the assay and difficulty in detecting novel influenza subtypes [9,10].

H17N10 and H18N11 have only been detected in South American phyllostomid
bats [3,4]. Despite being closely related, H17N10 and H18N11 have a high degree of diver-
gence, indicating that a significant amount of time has passed since their diversification [4].
Influenza A viruses have also been identified in African bats in the Pteropodidae family.
Serological evidence of an H9 subtype was identified among Eidolon helvum (Straw-colored
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fruit bat) from Ghana, with limited cross-reactivity to H8 and H12 [11]. Similarly, an
HON?2 subtype was detected in the alimentary swabs of Rousettus aegyptiacus (Egyptian
rousette bat) in Egypt [12]. This subtype formed a distinct lineage, separate from the other
known bat influenza subtypes, suggesting that the virus may have originated from an
avian influenza HIN2 subtype [12]. Serological evidence confirmed different roosts of
R. aegyptiacus harbored the bat HON2 virus [12]. Since these roosts likely form part of a
larger metapopulation, the virus may circulate over a broader geographic range (much like
metapopulation circulation, which has been suggested for Marburg viruses in Uganda) [13].

In Africa, the cave-dwelling R. aegyptiacus are recognized as viral hosts for multiple
diverse pathogens, including the Marburg virus [14-17], coronaviruses [17-20], lyssaviruses
(such as the rabies-related virus, Lagos bat virus) [21], various paramyxoviruses [17,22-25]
including Sosuga virus [17,26], and influenza viruses [12]. R. aegyptiacus prefers tropical
and sub-tropical regions with a distribution ranging from North Africa to sub-Saharan
Africa, southwest Asia to Iran and Pakistan, including Cyprus [27-29]. It is a frugivorous
bat that typically roosts near fruiting trees, orchards, or agricultural areas with a diet
consisting of fruits, flowers, and sometimes even leaves [27,29]. Anthropogenic landscape
changes, recreational activities, and traditional practices have increased animal-to-human
contact, creating more spillover opportunities [30]. Increased influenza A virus detection
and characterization from bat species have implicated bats as potential hosts for novel
influenza viruses. In this study, we investigated the presence and diversity of influenza A
viruses in an R. aegyptiacus maternal colony in Limpopo, South Africa.

2. Materials and Methods
2.1. Study Site and Biosafety

Samples were collected from R. aegyptiacus between June 2017 and December 2018
in the Matlapitsi cave in Limpopo (24°0'52.442"" S, 30°9'58.967"" E), South Africa. This
cave is a maternal colony for R. aegyptiacus, with known co-roosting species, Miniopterus
and Rhinolophus. The study site is situated in a rural area where other wildlife animals,
free-roaming livestock, and agriculture are present. The samples were collected as part
of a viral surveillance program of the Centre of Viral Zoonoses (CVZ) with DALRRD
Section 20 approval and animal ethics approval from the University of Pretoria. All
field and laboratory methods were performed following the guidelines and regulations
of the institutional ethical approval boards. Samples were collected by vaccinated and
trained individuals with the necessary biosafety precautions, including the Adflo™ battery-
operated Powered Air Purifying Respirator (PAPR) System (3M, Johannesburg, South
Africa), disposable Tyvek coveralls (DuPont, Johannesburg, South Africa), double latex
gloves, rubber boots, and leather gloves. All equipment and clothing were disinfected with
10% bleach after sampling.

2.2. Sample Selection and Preparation

Fecal samples (n = 533) were collected from rock surfaces directly underneath the
roosting R. aegyptiacus bats using wooden-handled swabs (Lasec, Johannesburg, South
Africa), where three fecal boluses were smeared into one tube to represent a pool. Individual
bats were captured using specifically placed harp traps (Faunatech Austbat, Victoria,
Australia) near cave entrances. The harp traps used consisted of a large two-bank harp trap
covering most of the cave entrance and a small three-bank trap positioned to a left-side
opening. Oral swabs (n = 327) collecting saliva from the palate, tongue, and the inside
of the cheeks from R. aegyptiacus were taken using a sterile cotton swab (Critical swab,
VWR, Radnor, PEN, USA). All samples collected were kept in liquid nitrogen at the site
and subsequently stored in a —80 °C freezer for long-term storage in the Center for Viral
Zoonoses (CVZ) Biobank at the University of Pretoria. According to the manufacturer’s
instructions, total RNA extraction of fecal samples occurred in a BSL-3 laboratory using
the Quick-RNA™ MiniPrep Plus extraction kit (Zymo Research, Irvine, CA, USA). RNA
extraction of oral samples was performed using the TRIzol extraction method (Invitrogen,
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Waltham, MA, USA) in a BSL-3 laboratory. The cDNA for the retrospective samples was
prepared using the SuperScript™ IV Reverse Transcriptase kit (Thermo Fisher Scientific,
Waltham, MA, USA). Briefly, an initial 13 pL primer-annealing reaction mixture was
prepared using 10 mM dNTPs (Thermo Fisher Scientific, Waltham, MA, USA), 100 ng
random hexamer primers (Integrated DNA Technologies, Coralville, IA, USA), nuclease-
free water (Thermo Fisher Scientific, Waltham, MA, USA), and 8 pL of the extracted
sample RNA and incubated at 65 °C for 5 min. After that, a reaction mixture containing
5x SuperScript™ IV First-strand Buffer (Thermo Fisher Scientific, Waltham, MA, USA),
0.1 M DTT (Thermo Fisher Scientific, Waltham, MA, USA), 40 U/uL Ribolock RNase
Inhibitor (Thermo Fisher Scientific, Waltham, MA, USA), and 200 U/uL SuperScript™
IV Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA) was added to
the primer-annealing mixture, gently vortexed and centrifuged. The final 20 pL reaction
mixture was placed into the Applied Biosystems SimpliAmp Thermal Cycler (Thermo
Fisher Scientific, Waltham, MA, USA) and incubated at 23 °C for 10 min, followed by 55 °C
for 50 min, and a final inactivation step at 80 °C for 10 min. A selection of the samples
was subjected to an 185 rRNA internal control PCR assay to validate the RNA extraction
methods used and the integrity of the extracted RNA (Supplementary Materials).

2.3. Nucleic Acid Surveillance Assay

The PB1 gene segment contained highly conserved regions amongst influenza A
viruses and was selected for primer design to develop a broadly applicable pan-influenza
hemi-nested RT-PCR assay. A total of 60 complete PB1 gene sequences (Table S3) of
reference influenza A virus subtypes were retrieved from GenBank and aligned through
BioEdit (v.7.0.5) [31]. Previously designed primers [32] targeting the PB1 gene region of
influenza viruses were evaluated and modified for their use in a pan-influenza hemi-nested
RT-PCR assay (Table 1) using AnnHyb (v.4.946) (http://bioinformatics.org/annhyb/)
(accessed on 5 May 2019) and Integrated DNA technologies” OligoAnalyzer (https://eu.
idtdna.com/pages/tools/oligoanalyzer) (accessed on 30 April 2019).

Table 1. Primers targeting the polymerase basic 1 (PB1) gene segment for a pan-influenza hemi-nested
RT-PCR assay.

Primer Sequence 5'-3’

First round RT-PCR Expected amplicon size: 699 bp

orthoA PB1 936 F1 GGR GAC AAY ACM AARTGG AAT G
orthoA PB1 1500 R1/2 GTT KAT CAT RTT GKT YTT KAT YAC TG
Hemi-nested RT-PCR Expected amplicon size: 396 bp

orthoA PB1 1200 F2 CCW GGR ATG ATG ATG GGN ATG TTC

Primers are named according to the virus target, genome segment, approximate position in the reference genome
(HIN1, accession: NC_026435.1), and primer orientation. Degenerate nucleotides are as follows: R = A/G,
Y=T/CM=A/C,K=T/G, W =A/T,N = any nucleotide.

Positive control transcript RNA of various influenza A virus subtypes were synthe-
sized by GenScript (GenScript, Piscataway, NJ, USA) using a partial PB1 gene sequence.
These controls included the HIN1pdm09 (NC_026435) and H3N2 (NC_007372) subtypes
from a human origin, an H7N9 subtype (KP415772) detected from an avian host, and the
bat-specific subtypes HON2 (MH376908), H17N10 (CY103890), and H18N11 (CY125943).
The constructs were propagated in competent J]M109 Escherichia coli cells (Promega, Madi-
son, WI, USA) using the pUC57 plasmid vector (GenScript, Piscataway, NJ, USA). The
Megascript® SP6 Transcription kit (Thermo Fisher Scientific, Waltham, MA, USA) was
used together with the SP6 promoter sequence to generate RNA transcripts of the controls,
which were quantified with the Qubit® 3.0 Fluorometer and a Quant-iT® RNA XR Assay
Kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) to estimate the detectable
copy number. The cDNA synthesis was performed using the SuperScript™ IV Reverse
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Transcriptase kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufac-
turer’s instructions, using 1 pL of extracted transcript RNA, 100 ng of random hexamer
primers (Integrated DNA Technologies, Coralville, IA, USA), and 10 mM dNTPs (Thermo
Fisher Scientific, Waltham, MA, USA). The molecular surveillance assay was optimized
using the Taguchi method [33], with cDNA derived from the positive controls. This was
followed by the first round of PCR for the pan-influenza hemi-nested RT-PCR assay, which
consisted of 2 pL. of randomly primed cDNA template with 1x DreamTaq buffer (Thermo
Fisher Scientific, Waltham, MA, USA), 0.6 uM orthoAPB1936F1 forward primer (Metabion,
Planegg, Germany), 0.2 uM orthoAPB11500R1/2 reverse primer (Metabion, Planegg, Ger-
many), 0.3 mM dNTP mixture (Thermo Fisher Scientific, Waltham, MA, USA), 4.0 mM
MgCl, (Thermo Fisher Scientific, Waltham, MA, USA), and 1.25 U DreamTaq Polymerase
(Thermo Fisher Scientific, Waltham, MA, USA), with 33.25 uL nuclease-free water (Ambion,
Thermo Fisher Scientific, Waltham, MA, USA) to make a 50 ul reaction volume. The cycle
conditions for the first round of the PCR assay consisted of an initial step at 94 °C for 1 min,
40 cycles with denaturation at 94 °C for 30 s, annealing at 38 °C for 30 s, and extension at
72 °C for 45 s, followed by a final extension cycle at 72 °C for 10 min.

The nested assay was prepared by combining 2 pL of the first-round template,
1x DreamTaq buffer (Thermo Fisher Scientific, Waltham, MA, USA), 0.6 pM orthoAPB11200F2
forward primer (Metabion, Planegg, Germany), 0.6 pM orthoAPB11500R1/2 reverse primer
(Metabion, Planegg, Germany), 0.44 mM dNTP mixture (Thermo Fisher Scientific, Waltham,
MA, USA), with a final concentration of 2.0 mM MgCl, (Thermo Fisher Scientific, Waltham,
MA, USA). A total of 1.25 U DreamTaq Polymerase (Thermo Fisher Scientific, Waltham,
MA, USA), and 34.55 uL. nuclease-free water (Ambion, Thermo Fisher Scientific, Waltham,
MA, USA) was used for a 50 uL PCR reaction. The cycle conditions were similar for both
rounds of the PCR assay, with changes in the number of cycles from 40 to 35 and the
annealing temperature from 38 °C to 42 °C. The optimized assay was used for influenza A
virus surveillance of RNA samples, followed by gel electrophoresis using a 1.5% agarose
gel. All amplicons corresponding to 396 bp were excised and purified from the gel using
the Zymoclean™ Gel DNsA Recovery kit (Zymo Research, Irvine, CA, USA), according
to the manufacturer’s instructions. Purified amplicons were prepared for Sanger sequenc-
ing using the BigDye® v3.1 Terminator Cycle Sequencing kit (Thermo Fisher Scientific,
Waltham, MA, USA), followed by submission to the sequencing facility at the Faculty of
Natural and Agricultural Sciences, the University of Pretoria, for sequencing using the
ABI3500x1 sequencer (Thermo Fisher Scientific, Waltham, MA, USA).

2.4. Full Genome Amplification

Full genome amplification was performed using universal AV primers from Van den
Hoecke et al. [34], targeting the conserved 5- and 3’-non coding regions for each gene
segment. This includes the common universal forward primer (F_CommonUni12; 5'-GCC
GGA GCT CTG CAG ATA TCA GCA AAA GCA GG-3') and the common universal reverse
primer (R_CommonUnil3; 5-GCC GGA GCT CTG CAG ATA TCA GTA GAA ACA AGG-
3'). Segment-specific primers were also designed (Table S2) for a nested RT-PCR assay
to compensate for low viral concentrations. Additional P-gene primers were designed
and evaluated to ensure full internal coverage of these larger segments (Table S2). The
RNA of influenza-positive samples was used for cDNA synthesis with the SuperScript® IV
Reverse Transcriptase kit (Thermo Fisher Scientific, Waltham, MA, USA), using an initial
13 pL primer-annealing reaction mixture containing 2.5 uM forward universal primer
(F_CommonUnil2) (Metabion, Planegg, Germany), 10 mM dNTPs from Thermo Fisher
Scientific (USA), as well as 11 puL template RNA [34]. The Phusion High Fidelity DNA
Polymerase kit (New England Biolabs, Ipswich, MA, USA) was used for full genome
amplifications. The reaction mixture contained a final 1x concentration of Phusion High-
Fidelity Buffer (New England Biolabs, Ipswich, MA, USA), 0.2 mM dNTPs (Thermo Fisher
Scientific, Waltham, MA, USA), 0.5 uM of the respective segment-specific forward and
reverse primers (Metabion, Planegg, Germany), and 0.50 uL of 2 U Phusion High Fidelity
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DNA Polymerase (New England Biolabs, Ipswich, MA, USA). The assay conditions were
adapted from Van Den Hoecke et al., [34]. They consisted of an initial denaturation
cycle of 30 s at 98 °C, followed by 35 cycles of denaturation of 10 s at 98 °C and one
annealing-extension step of 7.5 min at 72 °C, and was concluded with a final extension
cycle of 10 min at 72 °C. The nested round of the RT-PCR assay utilized a similar 50 uL
reaction mixture as described above with the segment-specific primers; however, the cycle
conditions for the second round of amplification were optimized to include a separate
annealing step at various temperatures, as determined by the primers and the size of the
genome segments (Table S2). Products of the appropriate sizes were excised, purified,
and subjected to Sanger sequencing using the BigDye® v3.1 Terminator Cycle Sequencing
kit (Thermo Fisher Scientific, Waltham, MA, USA) and the ABI3500xI sequencer (Thermo
Fisher Scientific, Waltham, MA, USA) at the Faculty of Natural and Agricultural Sciences,
the University of Pretoria, sequencing facility. The sequenced influenza A virus gene
segments were deposited to the National Center for Biotechnology Information (NCBI)
GenBank database with accession numbers MZ073285 to MZ(073290.

A segment-specific and unbiased sequencing method was combined for a final segment
recovery approach of lower concentration segments within the remaining sample volume
(HA and PB1 segments). The segment-specific approach required cDNA synthesis using
20 uM of the common universal IAV forward primer (F_CommonUnil2) (Metabion,
Planegg, Germany), 20 uM of both HA- and PB1-specific forward primers (Metabion,
Planegg, Germany), with 10 mM dNTP mix, and 5 uL. of RNA template. The final reaction
method was placed in the thermal cycler for 45 min at 45 °C, followed by 80 °C for 10 min.
The cDNA was used as a template in a DreamTaq PCR assay to amplify both the HA and
PB1 genes using 10 M of the common IAV universal primers and segment-specific primers,
1x DreamTaq buffer (Thermo Fisher Scientific, Waltham, MA, USA), 10 mM dNTP mixture,
2.5 mM MgCl, (Thermo Fisher Scientific, Waltham, MA, USA), DreamTaq polymerase
(Thermo Fisher Scientific, Waltham, MA, USA) at a final concentration of 1.25 U with
10 uL template and nuclease-free water. The thermal cycler conditions were initiated with
a denaturation step at 94 °C for 1 min, followed by 30 cycles of denaturation at 94 °C for
30 s, annealing at 42 °C for 30 s, and extension for 4 min at 72 °C, and a final extension at
72 °C for 10 min.

For the unbiased approach, double-stranded cDNA was prepared using SISPA primers
(100 uM SISPA K8N, Metabion, Planegg, Germany), the SuperScript IV kit, and a Klenow
fragment (New England Biolabs, Ipswich, MA, USA) for second-strand synthesis [35]. First-
strand synthesis was conducted according to the Superscript manufacturer’s instructions
and followed by the addition of 0.21 U/uL RNase H (Thermo Fisher Scientific, Waltham,
MA, USA), 312.5 U/ uL Klenow fragment (New England Biolabs, Ipswich, MA, USA), and
10 x Klenow buffer for second-strand synthesis. The reaction mixture was incubated at
37 °C for 60 min, followed by 75 °C for 15 min using a thermal cycler. The cDNA was used
as a template for amplification using a general DreamTaq PCR assay with 10 uM of SISPA
K primer with the cycler conditions set as follows: first cycle at 98 °C for 30 s, followed
by 40 cycles of 98 °C for 10 s, 55 °C for 30 s, and 72 °C for 1 min, and a final extension
at 72 °C for 10 min. The PCR products of the segment-specific PCR and the unbiased
SISPA PCR assay were cleaned-up using the DNA Clean and Concentrator® kit (Zymo
Research, Irvine, CA, USA), following the manufacturer’s protocol. The concentration of
the final eluted DNA was determined using the Qubit 3.0 Fluorometer (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) with a Quant-iT™ dsDNA HS Assay Kit (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) and pooled together proportionally to a
final concentration of 10 ng/uL. The DNA product was submitted to the Sequencing
Core Facility of the National Institute for Communicable Diseases (NICD) for amplicon
sequencing of the single library using Illumina’s NextSeq 550 platform. The assembled HA
and PB1 gene sequences obtained from the data set were deposited to the NCBI GenBank
database with accession numbers OQ216561 and OQ216562, respectively.
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2.5. Sequence Assemblies, Phylogenetic Analysis, and Amino Acid Sequence Comparison

Phylogenetic analysis of the 396 bp PB1 gene region was performed with the CIPRES
Science Gateway v.3.3 [36], using a ClustalW alignment containing multiple IAV PB1
sequences representing the influenza A virus diversity and sequences used for primer
design. All sequences obtained following Sanger sequencing were edited and trimmed,
followed by further analysis and comparison of the nucleotide and amino acid sequences.
Following NextSeq sequencing, raw reads were subjected to quality control trimming and
removal of host DNA using CLC Workbench v.22.0.2. The trimmed reads were used to
create contigs and subsequently used for a de novo assembly as well as read mapping,
using the bat-HIN2 genome from Egypt as reference [12]. Following segment genome
recovery, phylogenetic analyses were conducted per segment with relevant reference
sequences representing various subtypes, hosts, geographic origins, and all bat-borne
influenza viruses. Model parameters were interpreted using JmodelTest [36] and used
in a Bayesian phylogeny with BEAST v.1.10.4 [37] to construct Bayesian maximum clade
credibility trees. Bayesian MCMC chains were set to 15 million states, sampling every
1000 steps, and convergence was confirmed via an effective sample size (ESS) of >200 [38].
Final Bayesian trees were calculated in Tree Annotator with a 10% burn-in [39]. Trees
were viewed and edited in Figtree v.1.4.2 [40]. Complete segment-specific sequences were
aligned to the protein reference sequences after translation using the ClustalW function in
BioEdit v.7.0.5 [31] and after the open reading frame had been verified using ORFfinder
(https:/ /www.ncbi.nlm.nih.gov /orffinder) (accessed on 30 April 2021. MEGA-X [41] was
used for protein matrix comparisons, which were created using the p-distance substitution
model and converted to percentage similarity.

3. Results and Discussion

The developed degenerate-primer pan-influenza hemi-nested RT-PCR assay was
evaluated for its sensitivity against synthesized positive control transcripts derived from
various subtypes, geographic origins, and hosts. The assay was optimized using the
Taguchi method and could ultimately detect between 1 x 10! (HIN1), 1 x 10% (H18N11,
H7N9, H3N2, and H17N10), and 1 x 10 (HIN2-bat) viral RNA copies. This assay was
used for molecular surveillance of 860 samples (533 fecal samples and 327 oral swabs)
collected from an R. aegyptiacus maternal colony between June 2017 and December 2018
in Limpopo, South Africa. A single positive sample from population-level fecal, UPE 556,
was collected in January 2018. The size and the structure of the population fluctuate over
time due to the recolonization of the roost for mating and parturition (or exodus of bats
following a birth pulse). Specifically, the population size is at its largest over the birthing
and lactation periods, between November and May in South Africa, due to the influx of
new individuals into the population, and at its lowest in the winter period, from May to
August [42].

The closest available relative of the PB1 amplicon sequence was identified as HIN2
from the same host in Egypt [12], which had a 91% nucleotide identity, thus confirming
its distribution among the species in Southern Africa. Among the South African colony,
January is primarily associated with lactation [29]. The timing coincides with results
from Kandeil et al., [12] relating to the detection of HON2 bat influenza viruses from
R. aegyptiacus in Egypt. This suggests that the physiology and specific reproductive behavior
of R. aegyptiacus may be involved in viral shedding. The detected proportion of positive
samples (0.12%) from the studied bat population for the sampling period is low compared
to the findings of Kandeil et al., [12] (8.7% detection). The assay’s sensitivity to the HON2
subtype was 1 x 103 viral RNA copies. The requirement of being capable of detecting the
growing diversity of influenza viruses requires the use of degenerate primers, reducing the
assay’s sensitivity. The sensitivity of the assay could also not be compared to the one-step
conventional RT-PCR assay from Tong et al., 2012, nor the real-time RT-PCR assay from
Kandeil et al., 2019, as the sensitivities were not specified. Studies have indicated a mean
viral load of 1 x 10*-1 x 10° viral RNA/pL from collected positive samples [43-45]. This
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viral load is also supported in rectal swabs of yellow-shouldered bats, as determined by
a quantitative real-time PCR assay from Tong et al., 2012. Therefore, the pan-influenza
hemi-nested RT-PCR assay developed here should be capable of detecting influenza viruses
circulating in the bat colony. The integrity of the RNA and the success of RNA extraction for
the retrospective samples were confirmed with an 185 rRNA PCR assay (method provided
in Supplementary Materials).

Full genome amplification and sequencing were performed for the detected influenza
A virus, allowing the recovery of seven of the eight genome segments (using Sanger
sequencing: PB2, PA, NS, N, NP, and M segments with NextSeq sequencing obtaining
the HA segment). For NextSeq sequencing analysis, a targeted and unbiased approach
was implemented. The targeted approach utilized primers targeting the conserved ends
present on all influenza A segments as well as HA and PB1 segment-specific primers
in order to amplify these segments. A SISPA-based approach was added to ensure the
sequencing of the HA and PB1 segments in the event that they were highly diverse [35]. All
enrichment approaches were pooled for library preparation and produced ~11.7 million
raw reads following the sequencing of the single pooled library. After trimming, the reads
were used for de novo assembly in CLC genomics workbench v22, where the complete
HA segment was assembled as a contig. Approximately 2 million trimmed reads were
mapped back to the HA contig and had an average read coverage of 165,076. Despite
exhaustive attempts using both Sanger and NGS, only a partial sequence consisting of
1060 nucleotides could be obtained for the PB1 segment. This may be due to the low
RNA concentration and limited sample volume. No contigs over 300 nucleotides could
be assembled for the PB1 segment (only 6.36% of the trimmed reads contributed to these
contigs). The resulting protein from the partial PB1 segment fell outside the well-known
conserved regions. Despite this, the PB1 protein sequence was 97.98% identical to the
bat-borne HIN?2 first described by Kandeil et al., 2019. Phylogenies were constructed for
the PB1 fragment and each complete gene segment to compare subtype clusters, confirming
that the Bat/UPE556 /RSA /2018 (HIN2) virus belongs to the same lineage as the Egyptian
H9N2 bat-influenza virus (Supplementary Figures S1-54). This lineage is more closely
related to avian- and other mammalian influenza viruses than the bat-exclusive subtypes,
H17N10 and H18N11.

The bat HIN2 (from Egypt and South Africa) is closely related to the other HON2 sub-
types; however, based on the phylogenetic trees of highly conserved genes
(Supplementary Figures S1-54), the bat-specific HON2 may have preceded the diversi-
fication of avian and mammalian influenza viruses [12]. Molecular clock analysis by
Ciminski et al., 2020 also supports the notion that bats may have acted as progenitor
hosts for other IAVs, yet also suggests an equal probability of spillover into bats from
an avian influenza precursor [46]. The former hypothesis is supported by phylogenetic
analysis of the M gene (Supplementary Figure S3) since the M1 protein is considered
one of the slowest-evolving proteins [47,48]. The phylogenetic tree for the NS segment
(Supplementary Figure S3) introduces an additional cluster of avian sequences between the
new world bat viruses and the HIN2 bat-influenza viruses, which could indicate a possible
early reassortment event that preceded the diversification of the gene segment.

The pairwise identity and amino acid changes for each segment of the Bat/UPE556/
RSA /2018 (HIN2) were determined in reference to HON2 subtypes from various avian and
mammalian hosts, including the Egyptian HON2 bat virus (Table 2). Despite variations
in the nucleotide sequences between the HIN2 bat viruses and other HON2s, the internal
gene proteins indicated an amino acid identity ranging from 81.27% to 91.30%, except for
the NS1 protein, with a peak amino acid identity at 72.60% for an ostrich-borne HIN2.
The bat-borne HA and NA were quite diverse from other HIN2, with the highest amino
acid identity (72.99% and 65.59%, respectively) relating to an HIN2 virus from swine. As
expected, the M1 protein was highly conserved among HIN2 viruses, with an amino acid
identity ranging from 90.48% to 95.63%.
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Table 2. Pairwise comparison of the Bat/UPE556/RSA /2018 (HON2) influenza A virus genome
segments and viral protein sequences with other HON2 subtypes from various host origins. The

nucleotide (nt) and amino acid (a/a) identity is indicated as a percentage, with values above 90
highlighted in bold.

H9N2 Hosts Bat Human Swine Chicken Duck Ostrich
Accessions MH376902-09 NC_004905-12 KX421147-54 ON374567-73 MW531640-47 GQ404721-27
Sequence nt ala nt ala nt ala nt ala nt ala nt ala

PB2 95.04 9829 7803 9025 7724 89.72 7693 90.25 7842 8959 7798  89.99
PB1 * 94.12 97.97 76.88 89.57 80.06 89.86 77.65 91.01 78.61 91.30 76.97 90.72

PA 94.47 97.76 78.24 88.81 77.96 87.41 79.03 88.25 78.70 87.96 79.17 89.51
PA-X 94.47 97.22 78.24 82.14 77.96 81.35 79.03 81.75 78.70 81.27 79.17 82.94
HA 91.07 93.74 68.04 70.84 68.69 72.99 67.86 69.77 67.14 68.87 68.81 72.45
NP 94.05 96.36 77.96 88.76 78.29 89.36 79.29 89.36 78.96 89.16 78.09 89.76
NA 93.94 9436 6595 6479 6631 6559 6617 6559 6631 6452 6560  64.73
M1 93.69 95.63 79.53 92.46 80.04 94.05 77.49 90.48 78.51 90.48 79.12 93.65
M2 93.69 84.54 79.53 73.20 80.04 73.20 7749 68.04 78.51 69.07 79.12 72.16
NS1 95.17 94.06 74.85 70.78 76.49 71.23 76.14 70.32 75.32 68.95 76.00 72.60
NS2 95.17 98.35 74.85 86.78 76.49 87.60 76.14 85.95 75.32 86.78 76.00 88.43

* PB1 partial gene and protein sequence.

Comparison of the M2- and NS1-proteins of the bat-borne HIN2 viruses specify a
greater nucleotide identity than protein similarity, reflecting nucleotide differences at
the 3rd position of the codon and resulting in greater amino acid variation between
the two sequences. Nucleotide insertions within the highly variable stalk region of the
Bat/UPE556/RSA /2018 (H9N2) NA-protein gene were observed compared to the HIN2
bat virus (Figure 1).

The Bat/UPE556/RSA /2018 (HON2) HA segment phylogenetically clusters with the
Egyptian HIN2 bat-borne influenza virus (sharing 91.09% nucleotide identity) (Figure 2).
Despite the amino acid variations observed between the Bat/UPE556/RSA /2018 (H9N2)
HA segment and the Egyptian HIN2 bat-influenza, key residues were conserved at the
receptor binding site (RBS) of the HA segment (Table S3). These residues are N166, H191,
E197, Q198, G232, Q234, G235, R236, and Q399, where Q234 is associated with the avian
«-2,3-sialic acid receptor [12]. The HA protein sequence also revealed an identical cleavage
motif shared between the two bat-borne HIN2 viruses, as indicated in Supplementary
Table S2, as well as conserved glycosylation sites at residue positions 298 (NSTL) and
305 (NISK) [12].

The NA-protein did not contain the residue (V275) associated with the «-2,6-sialic acid
receptor (mammalian) [49,50]. The head domain of the Bat/UPE556/RSA /2018 (HIN2) NA
amino acid sequence contained four glycosylation motifs (N-X-5/T) at position 143 (NGT),
197 (NAT), 231 (NGT), and 447 (NGT), with two highly conserved glycosylation signals in
the stalk region, NIT at position 51, and NNT at position 64. The N2 head domain consisted
of both a catalytic and antigenic site and contained most of the residue variations observed
between bat/UPE556/RSA /2018 (HON2) and its Egyptian counterpart. However, only one
amino acid change (K328R) was observed within the antigenic site on the protein’s surface.
Important to note is that the Bat/UPE556/RSA /2018 (HIN2) did not contain any molecular
markers that confer resistance to neuraminidase inhibitors, such as V119, K136, K292, K222,
N246, Y274, and S294. The Bat/UPE556/RSA /2018 (H9N2) virus did, however, display
early adaptation markers for resistance against intrinsic antiviral activity [51]. Protein
analysis of the Bat/UPE556/RSA /2018 (HIN2) virus revealed multiple residues associated
with mammalian transmission and virulence (Table 3), despite the preference for avian, the
o-2,3-sialic acid receptor from both the HA and NA proteins and selected residues was
indicative of an avian host (such as K702 and E627) in the PB2 segment. However, most
mammalian species, including humans, possess both receptor types in their respiratory
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tracts. Additionally, it was shown that some bat species display abundant co-expression of
both receptor types [52], implicating bats as potential intermediate hosts.

PB2 gene segment 1

A292 V356 A370 V444 V667

5'NCR 1109 1338 R368 1411 1511 R586  S629 S682 3' NCR
2280 nt
v TLIKS Ll v K N I G 759 aa

PA gene segment 3
Q212 T259 T269 K312 V505 E688

5'NCR V70 ABS T177 K213 D261 H297 D352 V432 M460 G684 R712 3' NCR
2151 nt
I N X K RPNMYRE oo E G K 716 aa

V70 K203 Y211 C219
AB5 S207 S213

252 aa
INRLSDY

HA gene segment 4

R16 D89 N114 T144 T173 Q180 T194 N199 K204 Q234 L267 Y316 T320 D380 K453 1495 K504 3'NC
5'NCR 515 571 R100 S137 N167 T178 P193 E195 R203 L229 K253 V275 1317 V331 S416 D483K501 T520 1705 nt

560 aa
TKNNQDNAAANKSNDSKRSRRIINVKIELRNMERK
NP gene segment 5
s27 D81 G243 1360 V408 G454  A4T2 G485 ,
5'NCR N17 L49 YO7 D210 F307 Q398 1418  HA459  S482 D497 3'NCR 1497 nt
! 498 aa
SAIEQ E RLTHILE NT NV E
NA gene segment 6
1401 nt
116 E44 G59 D76 T125 E159 G185 L265 V314 D355 T382 G412 1386 nt
5'NCR  T12 A27 G55 V67 1119 Y152 1162 A244 L301 K328 V381 T393 Td52 1466 3' NCR n
— 466 aa
ILVKEEIE[| VIH/[KVEIVIFIRNI I IDS L 461 aa

40-NN-41 73-KE-74 K77

MP gene segment 7

RO H14 N16 R27 L181
5'NCR S2 F13 F15 Q17 A139  S207 982 nt
252 aa
TTSIIPSK ik I N
R9 125 128 LS9 L77 D95
$2 N20 V27 C50 M68 K89 3'NCR
— - Ege— %7
TTKNIVYIVRNE
NS gene segment 8
D51 ES5 R63 D101 E139 S215
5'NCR E12 A52 L56 190 A112 R140 P218 838 nt
DGVDVKVEENKPS 21938
S29 V83 3' NCR
— e R — e

Figure 1. Representation of the Bat/UPE556/RSA /2018 (HON2) virus segments (Accession:
MZ073285-MZ073290, HA: 0Q216561) and the residue variations when compared to the Egyp-
tian HON2 bat-virus (MH376902-MH376909). The residues and their relative positions, as seen for
the Egyptian HON2 bat virus, are indicated above each segment, with the variations in red. The
nucleotide length of the Bat/UPE556/RSA /2018 (HIN2) (indicated in bold) and the amino acid
length are shown on the right of each segment. The black nucleotide- and amino acid length shown
represents the Bat/UPE556/RSA /2018 (HIN2) virus, with the Egyptian HIN2 bat-virus indicated in
green due to the size differences observed for the NA segment. Additionally, blue residues with their
respective positions indicate insertions, as seen for the NA-segment of the Bat/UPE556/RSA /2018
(H9N2) virus.
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3.0

Figure 2. Bayesian phylogenetic analysis of the HA-segment of the Bat/UPE556/RSA /2018 influenza
virus (accession: 0Q216561) within the H9 clade as indicated by the red star graphic. BEAST (v.1.10.4)
was employed using the GTR + I + G substitution model (MCMC chain set at 15 million). All influenza
A viruses of mammalian origin have been highlighted with color, with viral sequences from bats
indicated in blue, viruses originating from humans highlighted in orange, viruses with a swine host
indicated in green, and viruses detected in equine hosts indicated in purple.

The HIN2 subtype has been highlighted as a potential zoonotic agent as it can infect
several mammalian species, including humans, dogs, minks, pigs, and horses [53-57],
and has had a significant economic impact on the poultry industry [58-61]. The subtype
has also been reported as able to infect various bat cell lines. It can also recognize avian
and mammalian receptor linkage types [62], increasing the possibility of reassortment and
further adaptation to other mammalian hosts. However, the HIN2 bat viruses likely require
additional adaptations before being capable of zoonotic spread, as this virus is quite distinct
from HIN2 viruses previously detected in chickens, ostriches, and humans. However, the
zoonotic risk is ever-present with increased contact between humans and wildlife. The key
residues indicated in Table 3 are most likely essential for the successful infection and spread
of the HIN2 bat subtype among the R. aegyptiacus populations across various widespread
geographic regions. Additional information regarding residues and signal motifs not
directly involved in transmission and virulence within the Bat/UPE556/RSA /2018 (HON2)
segments is available in Supplementary Table S2.
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Table 3. Important residues for mammalian transmission, virulence, and resistance that are present
in the Bat/UPE556/RSA /2018 viral protein sequences.

IAV Proteins ~ Importance Residues Present References
PB2 Mammalian transmission 5199, V504, N701 [63-65]
and virulence
Mammalian transmission Nb55, Y241, 5404, V127,
PA and virulence L550, L672 [64,66]
P28, S65, K195, K198, K202,
Enhanced host shutoff K206, and the 233-252 end of [67-69]
PA-X .
the PA-X protein
Increased virulence R195K [70]
NP Early ada.ptaho.n .marke1.‘s for K305, K351 (71]
Mx-protein antiviral resistance
M2 Increased virulence P69 [72]

4. Concluding Remarks

The A/Rousettus aegyptiacus/South Africa/UPE556/2018 (HIN2) influenza virus
was detected from a bat colony in a rural area of the Ga Mafefe, with free-roaming domestic
animals, livestock, and wildlife animals with frequent human agricultural activities in
the region. The characterized HIN2 bat virus contained amino acid residues associated
with mammalian transmission and virulence, as well as avian-specific residues. The data
generated in this study can be used as a comparison for future surveillance to monitor the
prevalence and evolution of this virus in Southern African R. aegyptiacus populations and
to determine zoonotic risk. This study has indicated the importance of surveillance and
genome characterization to identify potential risks to public health, especially since some
internal gene segments of HIN2 viruses are thought to contribute to the successful zoonotic
transmission of avian influenza viruses [73].

Future surveillance studies should consider optimizing the available detection meth-
ods to include novel and diverse influenza A viruses and improve the detection limits
of the assays. Subsequent surveillance efforts can also be directed to other R. aegyptiacus
populations in South Africa, as these bats typically form large metapopulations covering
broad geographic areas and include multiple roosts. Longitudinal sampling should be
considered with the availability of demographic data of the bats to further our understand-
ing of the HON2 bat-influenza epidemiology and excretion dynamics. Furthermore, the
seroprevalence of this influenza A virus in bats, as well as human populations considered
high risk for zoonotic transmission (based on frequent contact with bat populations or in
close proximity of a roost) can be conducted in conjunction with molecular detection to
determine accurate distribution and epidemiology of the virus.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v15020498 /s1, Materials and methods: 185 rRNA internal con-
trol PCR assay. Table S1: Influenza A virus segment-specific primers for the full genome amplifi-
cation and sequence analysis of the positive sample and their respective annealing temperatures,
as determined by an online Tm calculator specific for Phusion High Fidelity DNA Polymerase.
Table S2: Important residues present within the Bat/UPE556/RSA /2018 (HIN2) segment viral pro-
teins. Table S3: Accession numbers and relevant details of the influenza A virus sequences used for
primer design, phylogenetic analysis, and protein sequence comparison. Figure S1: Phylogenetic
trees of the polymerase gene segments, where (A) represents segment 1 (accession: MZ073290) and
(B) represents segment 3 (accession: MZ073289). An MCMC chain of 15 million was sampled for every
1000 states and included a burn-in of 10%. The tree’s numerical values represent each node’s posterior
probability. All posterior values below 0.5 have been removed for presentation. The scale indicates the
average number of nucleotide substitutions per site. Blue indicates the bat-borne influenza viruses,
orange highlights human infections, and green represents IAVs from swine. The red star symbol
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marks the influenza A virus detected in South Africa from an Egyptian fruit bat colony in Limpopo.
Figure S2: Phylogenetic trees for the remaining Bat/RSA /2018 (HIN2) gene segments sequenced,
where (A) represents segment 5 (accession: MZ073287) and (B) segment 6 (accession: MZ073285). The
MCMC chain setting was set at 15 million samples for every 1000 states and included a burn-in of
10%. The tree’s numerical values represent each node’s posterior probability. All posterior values
below 0.5 have been removed for presentation. The scale indicates the average number of nucleotide
substitutions per site. Blue indicates the bat-borne influenza viruses, orange highlights human
infections, and green represents IAVs from swine. The red star symbol marks the influenza A virus
detected in South Africa from an Egyptian fruit bat colony in Limpopo. Figure S3: Phylogenetic trees
for the remaining Bat/RSA /2018 (HIN2) gene segments sequenced, where (A) represents segment
7 (accession: MZ073286) and (B) segment 8 (accession: MZ073288). The MCMC chain setting was
set at 15 million samples for every 1000 states and included a burn-in of 10%. The tree’s numerical
values represent each node’s posterior probability. All posterior values below 0.5 have been removed
for presentation. The scale indicates the average number of nucleotide substitutions per site. Blue
indicates the bat-borne influenza viruses, orange highlights human infections, and green represents
IAVs from swine. The red star symbol marks the influenza A virus detected in South Africa from
an Egyptian fruit bat colony in Limpopo. Figure S4: Phylogenetic tree for the partial PB1 fragment
of the Bat/RSA /2018 (HIN2) virus (accession: 0Q216562). The MCMC chain setting was set at
10 million samples for every 1000 states and included a burn-in of 10%. The tree’s numerical values
represent each node’s posterior probability; however, all posterior values below 0.5 have been re-
moved for presentation. The scale indicates the average number of nucleotide substitutions per site.
Blue indicates the bat-borne influenza viruses, orange highlights human infections, green represents
IAVs originating from swine, and purple indicates other mammalian hosts. The red star symbol
marks the influenza A virus detected in South Africa from an Egyptian fruit bat colony in Limpopo.
Refs. [74-92] are cited in Supplementary Materials.

Author Contributions: Conceptualization, R.R., M.G. and W.M.; methodology, R.R., M.G. and W.M,;
formal analysis, R.R.; investigation, R.R.; data curation, M.G. and W.M.; writing—original draft
preparation, R.R., M.G. and W.M.; writing—review and editing, M.G. and W.M.; supervision, M.G.
and W.M,; funding acquisition, M.G. and W.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research is supported in part by the South African Research Chair Initiative (held by
Wanda Markotter) of the Department of Science and Innovation and administered by the National
Research Foundation of South Africa (UID: 98339). The National Research Foundation funded
the equipment at the DNA Sanger sequencing facility in the Faculty of Natural and Agricultural
Sciences, University of Pretoria (UID: 78566). The financial assistance of the National Research
Foundation (NRF) towards this research is hereby acknowledged (UID: 117639). Opinions expressed
and conclusions arrived at are those of the author and are not necessarily to be attributed to the NRF.
The research was also supported by the Poliomyelitis Research Foundation (PRF) grant no. 19/09
awarded to Marike Geldenhuys and grant no. 19/61 awarded to Rochelle Rademan. Further support
was received from Cooperative Agreement Number 5 NU2GGH001874-02-00, funded by the Centers
for Disease Control and Prevention, USA. Its contents are solely the authors’ responsibility and do
not necessarily represent the official views of the Centers for Disease Control and Prevention or the
Department of Health and Human Services.

Institutional Review Board Statement: This study was approved by the University of Pretoria
Research and Animal Ethics Committee (approval no. 458/2019). The Animal Ethics Committee also
approved the collection and use of the samples (approval no. EC054-14) as part of the general viral
surveillance program of the BEEZ research group from the Centre of Viral Zoonoses (CVZ). Additional
research approval was obtained in terms of Section 20 of the Animal Diseases Act (35 of 1984) of South
Africa from the Department of Agriculture, Land Reform, and Rural Development (12/11/1/1/8).
Provincial permits were granted for collecting and transporting samples from Limpopo to Gauteng
(ZA/LP/84188 and ZA/LP/91509).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study is openly available at ncbi.nlm.nih.gov
(accessed on 11 January 2023).


ncbi.nlm.nih.gov

Viruses 2023, 15, 498 13 of 16

Acknowledgments: We thank the students and staff of the Centre for Viral Zoonoses, University of
Pretoria, for technical assistance during fieldwork.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

S

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Uyeki, TM.; Bernstein, H.H.; Bradley, ].S.; Englund, J.A; File, TM., Jr.; Fry, AM.; Gravenstein, S.; Hayden, FE.G.; Harper, S.A;
Hirshon, ].M. Clinical practice guidelines by the Infectious Diseases Society of America: 2018 update on diagnosis, treatment,
chemoprophylaxis, and institutional outbreak management of seasonal influenza. Clin. Infect. Dis. 2019, 68, el—e47. [CrossRef]
ICTV. Family: Orthomyxoviridae. Available online: https://ictv.global/report_9th/RNAneg/Orthomyxoviridae (accessed on 12
December 2022).

Tong, S.; Li, Y.; Rivailler, P.; Conrardy, C.; Castillo, D.A.A.; Chen, L.-M.; Recuenco, S.; Ellison, J.A.; Davis, C.T.; York, LA.; et al.
A distinct lineage of influenza A virus from bats. Proc. Natl. Acad. Sci. USA 2012, 109, 4269. [CrossRef]

Tong, S.; Zhu, X.; Li, Y,; Shi, M.; Zhang, ].; Bourgeois, M.; Yang, H.; Chen, X.; Recuenco, S.; Gomez, J.; et al. New World Bats
Harbor Diverse Influenza A Viruses. PLoS Pathog. 2013, 9, €1003657. [CrossRef] [PubMed]

Yoon, S.-W.; Webby, R.].; Webster, R.G. Evolution and Ecology of Influenza A Viruses. Influenza Pathog. Control. 2014, I, 359-375.
Webster, R.G.; Bean, W.].; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Evolution and ecology of influenza A viruses. Microbiol.
Rev. 1992, 56, 152-179. [CrossRef]

Yang, W.; Schountz, T.; Ma, W. Bat influenza viruses: Current status and perspective. Viruses 2021, 13, 547. [CrossRef] [PubMed]
Bouvier, N.M,; Palese, P. The biology of influenza viruses. Vaccine 2008, 26 (Suppl. S4), D49-D53. [CrossRef]

Duh, D,; Blazi¢, B. Single mutation in the matrix gene of seasonal influenza A viruses critically affects the performance of
diagnostic molecular assay. J. Virol. Methods 2018, 251, 43-45. [CrossRef] [PubMed]

Fereidouni, S.; Kwasnitschka, L.; Balkema Buschmann, A.; Miiller, T.; Freuling, C.; Schatz, J.; Pikula, J.; Bandouchova, H.;
Hoffmann, R.; Ohlendorf, B.; et al. No Virological Evidence for an Influenza A—Like Virus in European Bats. Zoonoses Public
Health 2015, 62, 187-189. [CrossRef]

Freidl, G.S.; Binger, T.; Miiller, M.A.; de Bruin, E.; van Beek, J.; Corman, V.M.; Rasche, A.; Drexler, J.E; Sylverken, A,;
Oppong, S.K.; et al. Serological Evidence of Influenza A Viruses in Frugivorous Bats from Africa. PLoS ONE 2015, 10, e0127035.
[CrossRef]

Kandeil, A.; Gomaa, M.R; Shehata, M.M.; El Taweel, A.N.; Mahmoud, S.H.; Bagato, O.; Moatasim, Y.; Kutkat, O.; Kayed, A.S.;
Dawson, P. Isolation and characterization of a distinct influenza A virus from Egyptian bats. J. Virol. 2019, 93, e01059-18.
[CrossRef]

Amman, B.R; Carroll, S.A.; Reed, Z.D.; Sealy, TK.; Balinandi, S.; Swanepoel, R.; Kemp, A.; Erickson, B.R.; Comer, J.A,;
Campbell, S.; et al. Seasonal Pulses of Marburg Virus Circulation in Juvenile Rousettus aegyptiacus Bats Coincide with Periods of
Increased Risk of Human Infection. PLoS Pathog. 2012, 8, €1002877. [CrossRef] [PubMed]

Towner, J.S.; Amman, B.R,; Sealy, T.K.; Carroll, S.A.R.,; Comer, ].A.; Kemp, A.; Swanepoel, R.; Paddock, C.D.; Balinandi, S.;
Khristova, M.L.; et al. Isolation of Genetically Diverse Marburg Viruses from Egyptian Fruit Bats. PLOS Pathog. 2009, 5, e1000536.
[CrossRef]

Paweska, ].T.; Storm, N.; Markotter, W.; Di Paola, N.; Wiley, M.R,; Palacios, G.; Jansen van Vuren, P. Shedding of Marburg Virus in
Naturally Infected Egyptian Rousette Bats, South Africa, 2017. Emerg. Infect. Dis. 2020, 26, 3051-3055. [CrossRef]

Paweska, ].T.; van Vuren, PJ.; Kemp, A.; Storm, N.; Grobbelaar, A.A.; Wiley, M.R.; Palacios, G.; Markotter, W. Marburg Virus
Infection in Egyptian Rousette Bats, South Africa, 2013-2014. Emerg. Infect. Dis. 2018, 24, 1134. [CrossRef]

Markotter, W.; Coertse, J.; De Vries, L.; Geldenhuys, M.; Mortlock, M. Bat-borne viruses in Africa: A critical review. J. Zool. 2020,
311, 77-98. [CrossRef] [PubMed]

Miiller, M. A ; Paweska, ].T.; Leman, P.A.; Drosten, C.; Grywna, K.; Kemp, A.; Braack, L.; Sonnenberg, K.; Niedrig, M.; Swanepoel, R.
Coronavirus Antibodies in African Bat Species. Emerg. Infect. Dis. 2007, 13, 1367-1370. [CrossRef] [PubMed]

Geldenhuys, M.; Mortlock, M.; Epstein, ]. H.; Paweska, J.T.; Weyer, J.; Markotter, W. Overview of Bat and Wildlife Coronavirus
Surveillance in Africa: A Framework for Global Investigations. Viruses 2021, 13, 936. [CrossRef] [PubMed]

Lacroix, A.; Vidal, N.; Keita, A K.; Thaurignac, G.; Esteban, A.; De Nys, H.; Diallo, R.; Toure, A.; Goumou, S.; Soumah, A.K,; et al.
Wide Diversity of Coronaviruses in Frugivorous and Insectivorous Bat Species: A Pilot Study in Guinea, West Africa. Viruses
2020, 12, 855. [CrossRef] [PubMed]

Kuzmin, I.V,; Niezgoda, M.; Franka, R.; Agwanda, B.; Markotter, W.; Beagley, ].C.; Urazova, O.Y.; Breiman, R.F,; Rupprecht, C.E.
Lagos bat virus in Kenya. J. Clin. Microbiol. 2008, 46, 1451-1461. [CrossRef]

Drexler, J.E; Corman, V.M.; Gloza-Rausch, F.; Seebens, A.; Annan, A.; Ipsen, A.; Kruppa, T.; Miiller, M.A.; Kalko, EK.V,;
Adu-Sarkodie, Y.; et al. Henipavirus RNA in African Bats. PLoS ONE 2009, 4, e6367. [CrossRef]

Drexler, J.E; Corman, V.M.; Miiller, M.A.; Maganga, G.D.; Vallo, P,; Binger, T.; Gloza-Rausch, F; Cottontail, V.M.; Rasche, A.;
Yordanov, S.; et al. Bats host major mammalian paramyxoviruses. Nat. Commun. 2012, 3, 796. [CrossRef] [PubMed]


http://doi.org/10.1093/cid/ciy866
https://ictv.global/report_9th/RNAneg/Orthomyxoviridae
http://doi.org/10.1073/pnas.1116200109
http://doi.org/10.1371/journal.ppat.1003657
http://www.ncbi.nlm.nih.gov/pubmed/24130481
http://doi.org/10.1128/mr.56.1.152-179.1992
http://doi.org/10.3390/v13040547
http://www.ncbi.nlm.nih.gov/pubmed/33805956
http://doi.org/10.1016/j.vaccine.2008.07.039
http://doi.org/10.1016/j.jviromet.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/28993123
http://doi.org/10.1111/zph.12131
http://doi.org/10.1371/journal.pone.0127035
http://doi.org/10.1128/JVI.01059-18
http://doi.org/10.1371/journal.ppat.1002877
http://www.ncbi.nlm.nih.gov/pubmed/23055920
http://doi.org/10.1371/journal.ppat.1000536
http://doi.org/10.3201/eid2612.202108
http://doi.org/10.3201/eid2406.172165
http://doi.org/10.1111/jzo.12769
http://www.ncbi.nlm.nih.gov/pubmed/32427175
http://doi.org/10.3201/eid1309.070342
http://www.ncbi.nlm.nih.gov/pubmed/18252111
http://doi.org/10.3390/v13050936
http://www.ncbi.nlm.nih.gov/pubmed/34070175
http://doi.org/10.3390/v12080855
http://www.ncbi.nlm.nih.gov/pubmed/32764506
http://doi.org/10.1128/JCM.00016-08
http://doi.org/10.1371/journal.pone.0006367
http://doi.org/10.1038/ncomms1796
http://www.ncbi.nlm.nih.gov/pubmed/22531181

Viruses 2023, 15, 498 14 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Mortlock, M.; Dietrich, M.; Weyer, J.; Paweska, J.T.; Markotter, W. Co-Circulation and Excretion Dynamics of Diverse Rubula-and
Related Viruses in Egyptian Rousette Bats from South Africa. Viruses 2019, 11, 37. [CrossRef] [PubMed]

Mortlock, M.; Kuzmin, I.V,; Weyer, J.; Gilbert, A.T.; Agwanda, B.; Rupprecht, C.E.; Nel, L.H.; Kearney, T.; Malekani, ].M.;
Markotter, W. Novel Paramyxoviruses in Bats from Sub-Saharan Africa, 2007-2012. Emerg. Infect. Dis. 2015, 21, 1840-1843.
[CrossRef]

Amman, B.R.; Albarifio, C.G.; Bird, B.H.; Nyakarahuka, L.; Sealy, T.K.; Balinandji, S.; Schuh, A.]J.; Campbell, S.M.; Stréher, U.;
Jones, M.E.B.; et al. A Recently Discovered Pathogenic Paramyxovirus, Sosuga Virus, is Present in Rousettus aegyptiacus Fruit
Bats at Multiple Locations in Uganda. J. Wildl. Dis. 2015, 51, 774-779. [CrossRef]

Lutan, R K.; Bartonitka, T.; Jedli¢ka, P; Refucha, §.; Salek, M.; Cizek, M.; Nicolaou, H.; Horacek, 1. Spatial activity and feeding
ecology of the endangered northern population of the Egyptian fruit bat (Rousettus aegyptiacus). . Mammal. 2016, 97, 815-822.
[CrossRef]

Benda, P.; Abi-Said, M.; Bartonicka, T.; Bilgin, R.; Faizolahi, K.; Lu¢an, R.K.; Nicolaou, H.; Reiter, A.; SHOHDI, W.M.; Uhrin, M.
Rousettus aegyptiacus (Pteropodidae) in the Palaearctic: List of records and revision of the distribution range. Vespertilio 2011, 15,
3-36.

Kwiecinski, G.G.; Griffiths, T.A. Rousettus egyptiacus. Mamm. Species 1999, 61, 1-9. [CrossRef]

Johnson, C.K.; Hitchens, P.L.; Pandit, P.S.; Rushmore, J.; Evans, T.S.; Young, C.C.W.; Doyle, M.M. Global shifts in mammalian
population trends reveal key predictors of virus spillover risk. Proc. R. Soc. B Biol. Sci. 2020, 287,20192736. [CrossRef] [PubMed]
Hall, T.A. BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis Program for Windows 95/98/NT. Proc.
Nucleic Acids Symp. Ser. 1999, 41, 95-98.

Geldenhuys, M.; Mortlock, M.; Weyer, J.; Bezuidt, O.; Seamark, E.C.; Kearney, T.; Gleasner, C.; Erkkila, T.H.; Cui, H.; Markotter, W.
A metagenomic viral discovery approach identifies potential zoonotic and novel mammalian viruses in Neoromicia bats within
South Africa. PLoS ONE 2018, 13, e0194527. [CrossRef]

Cobb, B.D.; Clarkson, ].M. A simple procedure for optimising the polymerase chain reaction (PCR) using modified Taguchi
methods. Nucleic Acids Res. 1994, 22, 3801-3805. [CrossRef]

Van den Hoecke, S.; Verhelst, J.; Vuylsteke, M.; Saelens, X. Analysis of the genetic diversity of influenza A viruses using
next-generation DNA sequencing. BMC Genom. 2015, 16, 79. [CrossRef] [PubMed]

Chrzastek, K.; Lee, D.-h.; Smith, D.; Sharma, P; Suarez, D.L.; Pantin-Jackwood, M.; Kapczynski, D.R. Use of Sequence-Independent,
Single-Primer-Amplification (SISPA) for rapid detection, identification, and characterization of avian RNA viruses. Virology 2017,
509, 159-166. [CrossRef] [PubMed]

Miller, M. A.; Pfeiffer, W.; Schwartz, T. The CIPRES science gateway: A community resource for phylogenetic analyses. In Pro-
ceedings of the 2011 TeraGrid Conference: Extreme Digital Discovery, New York, NY, USA, 18-21 June 2011; pp. 1-8.
Drummond, A.].; Rambaut, A. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evol. Biol. 2007, 7, 214. [CrossRef]
Rambaut, A.; Drummond, A.].; Xie, D.; Baele, G.; Suchard, M.A. Posterior summarization in Bayesian phylogenetics using Tracer
1.7. Syst. Biol. 2018, 67, 901. [CrossRef] [PubMed]

Helfrich, P.; Rieb, E.; Abrami, G.; Liicking, A.; Mehler, A. TreeAnnotator: Versatile visual annotation of hierarchical text relations.
In Proceedings of the Eleventh International Conference on Language Resources and Evaluation (LREC 2018), Miyazaki, Japan,
7-12 May 2018.

Rambaut, A. FigTree [Software]; Institute of Evolutionary Biology, University of Edinburgh: Edinburgh, UK, 2012.

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef] [PubMed]

Mortlock, M.; Geldenhuys, M.; Dietrich, M.; Epstein, ].H.; Weyer, ].; Paweska, ].T.; Markotter, W. Seasonal shedding patterns of
diverse henipavirus-related paramyxoviruses in Egyptian rousette bats. Sci. Rep. 2021, 11, 24262. [CrossRef]

To, KK,; Chan, K.H,; Li, LW.,; Tsang, T.Y.; Tse, H.; Chan, ].F; Hung, L.F; Lai, S.T.; Leung, C.W.; Kwan, Y.W. Viral load in patients
infected with pandemic HIN1 2009 influenza A virus. . Med. Virol. 2010, 82, 1-7. [CrossRef]

Arsnoe, D.M,; Ip, H.S.; Owen, ].C. Influence of body condition on influenza A virus infection in mallard ducks: Experimental
infection data. PLoS ONE 2011, 6, e22633. [CrossRef]

Neira, V.; Rabinowitz, P.; Rendahl, A.; Paccha, B.; Gibbs, S.G.; Torremorell, M. Characterization of Viral Load, Viability and
Persistence of Influenza A Virus in Air and on Surfaces of Swine Production Facilities. PLoS ONE 2016, 11, e0146616. [CrossRef]
Ciminski, K.; Pfaff, F.; Beer, M.; Schwemmle, M. Bats reveal the true power of influenza A virus adaptability. PLOS Pathog. 2020,
16, €1008384. [CrossRef]

Ito, T.; Gorman, O.T.; Kawaoka, Y.; Bean, W.].; Webster, R.G. Evolutionary analysis of the influenza A virus M gene with
comparison of the M1 and M2 proteins. J. Virol. 1991, 65, 5491. [CrossRef] [PubMed]

Furuse, Y.; Suzuki, A.; Kamigaki, T.; Oshitani, H. Evolution of the M gene of the influenza A virus in different host species:
Large-scale sequence analysis. Virol. |. 2009, 6, 67. [CrossRef]

Kobasa, D.; Kodihalli, S.; Luo, M.; Castrucci, M.R.; Donatelli, I.; Suzuki, Y.; Suzuki, T.; Kawaoka, Y. Amino Acid Residues
Contributing to the Substrate Specificity of the Influenza A Virus Neuraminidase. J. Virol. 1999, 73, 6743. [CrossRef] [PubMed]
Mostafa, A.; Abdelwhab, E.M.; Mettenleiter, T.C.; Pleschka, S. Zoonotic Potential of Influenza A Viruses: A Comprehensive
Overview. Viruses 2018, 10, 497. [CrossRef]


http://doi.org/10.3390/v11010037
http://www.ncbi.nlm.nih.gov/pubmed/30626055
http://doi.org/10.3201/eid2110.140368
http://doi.org/10.7589/2015-02-044
http://doi.org/10.1093/jmammal/gyw014
http://doi.org/10.2307/3504411
http://doi.org/10.1098/rspb.2019.2736
http://www.ncbi.nlm.nih.gov/pubmed/32259475
http://doi.org/10.1371/journal.pone.0194527
http://doi.org/10.1093/nar/22.18.3801
http://doi.org/10.1186/s12864-015-1284-z
http://www.ncbi.nlm.nih.gov/pubmed/25758772
http://doi.org/10.1016/j.virol.2017.06.019
http://www.ncbi.nlm.nih.gov/pubmed/28646651
http://doi.org/10.1186/1471-2148-7-214
http://doi.org/10.1093/sysbio/syy032
http://www.ncbi.nlm.nih.gov/pubmed/29718447
http://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
http://doi.org/10.1038/s41598-021-03641-w
http://doi.org/10.1002/jmv.21664
http://doi.org/10.1371/journal.pone.0022633
http://doi.org/10.1371/journal.pone.0146616
http://doi.org/10.1371/journal.ppat.1008384
http://doi.org/10.1128/jvi.65.10.5491-5498.1991
http://www.ncbi.nlm.nih.gov/pubmed/1895397
http://doi.org/10.1186/1743-422X-6-67
http://doi.org/10.1128/JVI.73.8.6743-6751.1999
http://www.ncbi.nlm.nih.gov/pubmed/10400772
http://doi.org/10.3390/v10090497

Viruses 2023, 15, 498 15 of 16

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

Haller, O.; Staeheli, P.; Kochs, G. Interferon-induced Mx proteins in antiviral host defense. Biochimie 2007, 89, 812-818. [CrossRef]
[PubMed]

Chothe, S.K.; Bhushan, G.; Nissly, R.H.; Yeh, Y.-T.; Brown, J.; Turner, G.; Fisher, ]J.; Sewall, B.J.; Reeder, D.M.; Terrones, M.; et al.
Avian and human influenza virus compatible sialic acid receptors in little brown bats. Sci. Rep. 2017, 7, 660. [CrossRef]

Sun, X.; Belser, J.A.; Maines, T.R. Adaptation of HON2 influenza viruses to mammalian hosts: A review of molecular markers.
Viruses 2020, 12, 541. [CrossRef]

Peiris, M.; Yuen, K; Leung, C.; Chan, K;; Ip, P; Lai, R.; Orr, W.; Shortridge, K. Human infection with influenza HON2. Lancet 1999,
354,916-917. [CrossRef]

Sun, X.; Xu, X,; Liu, Q.; Liang, D.; Li, C.; He, Q.; Jiang, J.; Cui, Y.; Li, ].; Zheng, L. Evidence of avian-like HIN2 influenza A virus
among dogs in Guangxi, China. Infect. Genet. Evol. 2013, 20, 471-475. [CrossRef] [PubMed]

Zhang, C.; Xuan, Y.; Shan, H.; Yang, H.; Wang, J.; Wang, K.; Li, G.; Qiao, J. Avian influenza virus HON2 infections in farmed minks.
Virol. J. 2015, 12, 180. [CrossRef] [PubMed]

Yu, H.; Zhou, Y.-J.; Li, G.-X.; Ma, J.-H.; Yan, L.-P.; Wang, B.; Yang, F.-R.; Huang, M.; Tong, G.-Z. Genetic diversity of HON2
influenza viruses from pigs in China: A potential threat to human health? Vet. Microbiol. 2011, 149, 254-261. [CrossRef]
Carnaccini, S.; Perez, D.R. H9 influenza viruses: An emerging challenge. Cold Spring Harb. Perspect. Med. 2020, 10, a038588.
[CrossRef]

Chen, B.; Zhang, Z.; Chen, W. The study of avian influenza: I. The isolation and preliminary serological identification of avian
influenza virus in chicken. Chin. J. Vet. Med. 1994, 20, 3-5.

Nili, H.; Asasi, K. Natural cases and an experimental study of HIN2 avian influenza in commercial broiler chickens of Iran. Avian
Pathol. 2002, 31, 247-252. [CrossRef]

Nguyen, G.T.; Rauw, E; Steensels, M.; Ingrao, F,; Bonfante, F.; Davidson, I.; Lambrecht, B. Study of the underlying mechanisms
and consequences of pathogenicity differences between two in vitro selected G1-HIN2 clones originating from a single isolate.
Vet. Res. 2019, 50, 18. [CrossRef] [PubMed]

Imai, M.; Kawaoka, Y. The role of receptor binding specificity in interspecies transmission of influenza viruses. Curr. Opin. Virol.
2012, 2, 160-167. [CrossRef]

Shi, J.; Deng, G.; Kong, H.; Gu, C.; Ma, S; Yin, X.; Zeng, X.; Cui, P.; Chen, Y.; Yang, H.; et al. H7N9 virulent mutants detected in
chickens in China pose an increased threat to humans. Cell Res. 2017, 27, 1409-1421. [CrossRef] [PubMed]

Rolling, T.; Koerner, I.; Zimmermann, P.; Holz, K.; Haller, O.; Staeheli, P.; Kochs, G. Adaptive Mutations Resulting in Enhanced
Polymerase Activity Contribute to High Virulence of Influenza A Virus in Mice. J. Virol. 2009, 83, 6673. [CrossRef] [PubMed]
Zhou, N.N,; Shortridge, K.F,; Claas, E.C.J.; Krauss, S.L.; Webster, R.G. Rapid Evolution of H5N1 Influenza Viruses in Chickens in
Hong Kong. J. Virol. 1999, 73, 3366-3374. [CrossRef] [PubMed]

Samir, A.; Adel, A.; Arafa, A.; Sultan, H.; Hussein Ahmed, H.A. Molecular pathogenic and host range determinants of reassortant
Egyptian low pathogenic avian influenza HIN2 viruses from backyard chicken. Int. J. Vet. Sci. Med. 2019, 7, 10-19. [CrossRef]
Oishi, K.; Yamayoshi, S.; Kawaoka, Y. Identification of Amino Acid Residues in Influenza A Virus PA-X That Contribute to
Enhanced Shutoff Activity. Front. Microbiol. 2019, 10, 432. [CrossRef] [PubMed]

Hu, J.; Ma, C; Liu, X. PA-X: A key regulator of influenza A virus pathogenicity and host immune responses. Med. Microbiol.
Immunol. 2018, 207, 255-269. [CrossRef] [PubMed]

Gao, H.; Sun, H.; Hu, J.; Qi, L.; Wang, J.; Xiong, X.; Wang, Y.; He, Q.; Lin, Y.; Kong, W.; et al. Twenty amino acids at the C-terminus
of PA-X are associated with increased influenza A virus replication and pathogenicity. J. Gen. Virol. 2015, 96, 2036-2049. [CrossRef]
Sun, Y;; Hu, Z,; Zhang, X.; Chen, M.; Wang, Z.; Xu, G.; Bi, Y.;; Tong, Q.; Wang, M.; Sun, H.; et al. An R195K Mutation in the
PA-X Protein Increases the Virulence and Transmission of Influenza A Virus in Mammalian Hosts. . Virol. 2020, 94, €01817-19.
[CrossRef]

Mucha, V.; Holly, J.; Vareckova, E.; Kostolansky, F. Avian influenza A virus adaptation to the equine host and identification of
host-specific markers. Acta Virol. 2018, 62, 266-276. [CrossRef]

Hassanin, K.M.A.; Abdel-Moneim, A.S. Evolution of an avian H5N1 influenza A virus escape mutant. World, J. Virol. 2013, 2,
160-169. [CrossRef] [PubMed]

Webster, R.G.; Govorkova, E.A. Continuing challenges in influenza. Ann. N. Y. Acad. Sci. 2014, 1323, 115-139. [CrossRef]

Patel, H.; Kukol, A. Evolutionary conservation of influenza A PB2 sequences reveals potential target sites for small molecule
inhibitors. Virology 2017, 509, 112-120. [CrossRef]

Boivin, S.; Cusack, S.; Ruigrok, R.W.; Hart, D.J. Influenza A virus polymerase: Structural insights into replication and host
adaptation mechanisms. J. Biol. Chem. 2010, 285, 28411-28417. [CrossRef]

Graef, KM.; Vreede, ET.; Lau, Y.-E; McCall, A.W.; Carr, S.M.; Subbarao, K.; Fodor, E. The PB2 subunit of the influenza virus RNA
polymerase affects virulence by interacting with the mitochondrial antiviral signaling protein and inhibiting expression of beta
interferon. J. Virol. 2010, 84, 8433-8445. [CrossRef]

Chin, AW.H.; Leong, N.K.C.; Nicholls, ].M.; Poon, L.L.M. Characterization of influenza A viruses with polymorphism in PB2
residues 701 and 702. Sci. Rep. 2017, 7, 11361. [CrossRef]

Naffakh, N.; Tomoiu, A.; Rameix-Welti, M.-A.; van der Werf, S. Host restriction of avian influenza viruses at the level of the
ribonucleoproteins. Annu. Rev. Microbiol. 2008, 62, 403—424. [CrossRef] [PubMed]


http://doi.org/10.1016/j.biochi.2007.04.015
http://www.ncbi.nlm.nih.gov/pubmed/17570575
http://doi.org/10.1038/s41598-017-00793-6
http://doi.org/10.3390/v12050541
http://doi.org/10.1016/S0140-6736(99)03311-5
http://doi.org/10.1016/j.meegid.2013.10.012
http://www.ncbi.nlm.nih.gov/pubmed/24161411
http://doi.org/10.1186/s12985-015-0411-4
http://www.ncbi.nlm.nih.gov/pubmed/26527402
http://doi.org/10.1016/j.vetmic.2010.11.008
http://doi.org/10.1101/cshperspect.a038588
http://doi.org/10.1080/03079450220136567
http://doi.org/10.1186/s13567-019-0635-1
http://www.ncbi.nlm.nih.gov/pubmed/30823888
http://doi.org/10.1016/j.coviro.2012.03.003
http://doi.org/10.1038/cr.2017.129
http://www.ncbi.nlm.nih.gov/pubmed/29151586
http://doi.org/10.1128/JVI.00212-09
http://www.ncbi.nlm.nih.gov/pubmed/19403683
http://doi.org/10.1128/JVI.73.4.3366-3374.1999
http://www.ncbi.nlm.nih.gov/pubmed/10074191
http://doi.org/10.1080/23144599.2019.1637046
http://doi.org/10.3389/fmicb.2019.00432
http://www.ncbi.nlm.nih.gov/pubmed/30894843
http://doi.org/10.1007/s00430-018-0548-z
http://www.ncbi.nlm.nih.gov/pubmed/29974232
http://doi.org/10.1099/vir.0.000143
http://doi.org/10.1128/JVI.01817-19
http://doi.org/10.4149/av_2018_220
http://doi.org/10.5501/wjv.v2.i4.160
http://www.ncbi.nlm.nih.gov/pubmed/24255886
http://doi.org/10.1111/nyas.12462
http://doi.org/10.1016/j.virol.2017.06.009
http://doi.org/10.1074/jbc.R110.117531
http://doi.org/10.1128/JVI.00879-10
http://doi.org/10.1038/s41598-017-11625-y
http://doi.org/10.1146/annurev.micro.62.081307.162746
http://www.ncbi.nlm.nih.gov/pubmed/18785841

Viruses 2023, 15, 498 16 of 16

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Tada, T.; Suzuki, K,; Sakurai, Y.; Kubo, M.; Okada, H.; Itoh, T.; Tsukamoto, K. NP Body Domain and PB2 Contribute to Increased
Virulence of H5SN1 Highly Pathogenic Avian Influenza Viruses in Chickens. J. Virol. 2011, 85, 1834. [CrossRef] [PubMed]
McAuley, J.L.; Gilbertson, B.P,; Trifkovic, S.; Brown, L.E.; McKimm-Breschkin, J.L. Influenza Virus Neuraminidase Structure and
Functions. Front. Microbiol. 2019, 10, 39. [CrossRef] [PubMed]

Blok, J.; Air, G.M. Variation in the membrane-insertion and" stalk" sequences in eight subtypes of influenza type A virus
neuraminidase. Biochemistry 1982, 21, 4001-4007. [CrossRef] [PubMed]

Chen, W.; Zhong, Y.; Qin, Y,; Sun, S.; Li, Z. The Evolutionary Pattern of Glycosylation Sites in Influenza Virus (H5N1) Hemagglu-
tinin and Neuraminidase. PLoS ONE 2012, 7, e49224. [CrossRef]

Du, W,; Dai, M,; Li, Z.; Boons, G.-].; Peeters, B.; van Kuppeveld, F].M.; de Vries, E.; de Haan, C.A.M. Substrate Binding by
the Second Sialic Acid-Binding Site of Influenza A Virus N1 Neuraminidase Contributes to Enzymatic Activity. J. Virol. 2018,
92, €01243-18. [CrossRef]

Varghese, ].N.; Colman, PM.; van Donkelaar, A.; Blick, T.].; Sahasrabudhe, A.; McKimm-Breschkin, ].L. Structural evidence for
a second sialic acid binding site in avian influenza virus neuraminidases. Proc. Natl. Acad. Sci. USA 1997, 94, 11808-11812.
[CrossRef]

Ye, Z.; Robinson, D.; Wagner, R.R. Nucleus-targeting domain of the matrix protein (M1) of influenza virus. J. Virol. 1995, 69,
1964-1970. [CrossRef] [PubMed]

Das, S.C.; Watanabe, S.; Hatta, M.; Noda, T.; Neumann, G.; Ozawa, M.; Kawaoka, Y. The Highly Conserved Arginine Residues at
Positions 76 through 78 of Influenza A Virus Matrix Protein M1 Play an Important Role in Viral Replication by Affecting the
Intracellular Localization of M1. J. Virol. 2012, 86, 1522. [CrossRef] [PubMed]

Holsinger, L.J.; Alams, R. Influenza virus M2 integral membrane protein is a homotetramer stabilized by formation of disulfide
bonds. Virology 1991, 183, 32—-43. [CrossRef] [PubMed]

Melén, K.; Kinnunen, L.; Fagerlund, R.; Ikonen, N.; Twu, K.Y.; Krug, R M.; Julkunen, I. Nuclear and Nucleolar Targeting of
Influenza A Virus NS1 Protein: Striking Differences between Different Virus Subtypes. J. Virol. 2007, 81, 5995. [CrossRef]
[PubMed]

Min, J.-Y,; Li, S.; Sen, G.C.; Krug, R.M. A site on the influenza A virus NS1 protein mediates both inhibition of PKR activation and
temporal regulation of viral RNA synthesis. Virology 2007, 363, 236-243. [CrossRef]

Li, Y,; Yamakita, Y.; Krug, R.M. Regulation of a nuclear export signal by an adjacent inhibitory sequence: The effector domain of
the influenza virus NS1 protein. Proc. Natl. Acad. Sci. USA 1998, 95, 4864—-4869. [CrossRef] [PubMed]

O'Neill, R.E; Talon, J.; Palese, P. The influenza virus NEP (NS2 protein) mediates the nuclear export of viral ribonucleoproteins.
EMBO J. 1998, 17, 288-296. [CrossRef] [PubMed]

Kuo, R.-L.; Krug, R M. Influenza a virus polymerase is an integral component of the CPSF30-NS1A protein complex in infected
cells. J. Virol. 2009, 83, 1611-1616. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1128/JVI.01648-10
http://www.ncbi.nlm.nih.gov/pubmed/21123376
http://doi.org/10.3389/fmicb.2019.00039
http://www.ncbi.nlm.nih.gov/pubmed/30761095
http://doi.org/10.1021/bi00260a015
http://www.ncbi.nlm.nih.gov/pubmed/6896994
http://doi.org/10.1371/journal.pone.0049224
http://doi.org/10.1128/JVI.01243-18
http://doi.org/10.1073/pnas.94.22.11808
http://doi.org/10.1128/jvi.69.3.1964-1970.1995
http://www.ncbi.nlm.nih.gov/pubmed/7853543
http://doi.org/10.1128/JVI.06230-11
http://www.ncbi.nlm.nih.gov/pubmed/22090133
http://doi.org/10.1016/0042-6822(91)90115-R
http://www.ncbi.nlm.nih.gov/pubmed/2053285
http://doi.org/10.1128/JVI.01714-06
http://www.ncbi.nlm.nih.gov/pubmed/17376915
http://doi.org/10.1016/j.virol.2007.01.038
http://doi.org/10.1073/pnas.95.9.4864
http://www.ncbi.nlm.nih.gov/pubmed/9560194
http://doi.org/10.1093/emboj/17.1.288
http://www.ncbi.nlm.nih.gov/pubmed/9427762
http://doi.org/10.1128/JVI.01491-08

	Introduction 
	Materials and Methods 
	Study Site and Biosafety 
	Sample Selection and Preparation 
	Nucleic Acid Surveillance Assay 
	Full Genome Amplification 
	Sequence Assemblies, Phylogenetic Analysis, and Amino Acid Sequence Comparison 

	Results and Discussion 
	Concluding Remarks 
	References

