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Abstract: Serpentoviruses are a subfamily of positive sense RNA viruses in the order Nidovirales,
family Tobaniviridae, associated with respiratory disease in multiple clades of reptiles. While the
broadest viral diversity is reported from captive pythons, other reptiles, including colubrid snakes,
turtles, and lizards of captive and free-ranging origin are also known hosts. To better define ser-
pentoviral diversity, eleven novel serpentovirus genomes were sequenced with an Illumina MiSeq
and, when necessary, completed with other Sanger sequencing methods. The novel serpentoviral
genomes, along with 57 other previously published serpentovirus genomes, were analyzed alongside
four outgroup genomes. Genomic analyses included identifying unique genome templates for each
serpentovirus clade, as well as analysis of coded protein composition, potential protein function,
protein glycosylation sites, differences in phylogenetic history between open-reading frames, and
recombination. Serpentoviral genomes contained diverse protein compositions. In addition to the
fundamental structural spike, matrix, and nucleoprotein proteins required for virion formation,
serpentovirus genomes also included 20 previously uncharacterized proteins. The uncharacterized
proteins were homologous to a number of previously characterized proteins, including enzymes,
transcription factors, scaffolding, viral resistance, and apoptosis-related proteins. Evidence for recom-
bination was detected in multiple instances in genomes from both captive and free-ranging snakes.
These results show serpentovirus as a diverse clade of viruses with genomes that code for a wide
diversity of proteins potentially enhanced by recombination events.

Keywords: next-generation sequencing; Illumina MiSeq; nidovirus; recombination; reptile; RNA
virus; snake

1. Introduction

Viruses of the subfamily Serpentovirinae are positive-sense RNA viruses documented
in a variety of reptile species. In some instances, serpentoviruses can be primary pathogens
associated with outbreaks of respiratory disease [1-3]. But serpentoviruses are also associ-
ated with chronic, subclinical infections that exhibit seasonal variations in prevalence [4-6].
While the greatest serpentoviral diversity is reported from numerous python species main-
tained in captivity [1,4,6-9], a wide variety of other reptile hosts have been documented,
including invasive Florida pythons [5], free-ranging Chinese [10] and North American
colubrid snakes [5], Chinese colubrid snake-associated nematodes [10], free-ranging Aus-
tralian turtles [11], free-ranging Australian skinks [12], and captive chameleons [13]. The
International Committee on Taxonomy of Viruses (ICTV) currently recognizes seven genera
and twelve subgenera within the subfamily Serpentovirinae. The subfamily Serpentovirinae
represents one of four subfamilies within the family Tobaniviridae, which is itself one of
fourteen families within the order Nidovirales.

In addition to the aforementioned variability in clinical manifestations of serpentovirus
infections, three isolated serpentoviruses showed strain-dependent 10°-fold differences in
peak viral titer in in vitro infection assays on a python cell line [14]. Despite substantial

Viruses 2024, 16, 310. https:/ /doi.org/10.3390/v16020310 https:/ /www.mdpi.com/journal /viruses


https://doi.org/10.3390/v16020310
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0001-6951-6070
https://orcid.org/0000-0001-5692-6134
https://doi.org/10.3390/v16020310
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v16020310?type=check_update&version=1

Viruses 2024, 16, 310

20f21

sequence diversity across numerous open reading frames (ORFs) in serpentovirus genomes,
thus far, genomic characterization has been primarily focused on phylogenetic relationships
of the ORF1b gene [5,6], which encodes the evolutionarily conserved RNA-dependent-
RNA-polymerase (RDRP), along with other replication-complex associated proteins [9].

Most RNA viruses have no replication proofreading, resulting in an error rate that
limits their complexity and size. Due to a crude error checking mechanism exonuclease
domain (ExoN) associated with their RDRP, viruses in the order Nidovirales can have some
of the largest known RNA genomes [15]. Nidovirales genomes can be over 30,000 base pairs
(bp) in length, as is seen in some serpentoviruses [13]. Genomes are primarily split into two
main regions: ORFlab coding for non-structural, replication associated, polyprotein 1ab
(PP1ab) and a second region containing a variable number of nested, overlapping ORFs
coding for structural or accessory proteins [15,16]. The structural proteins required for
virion formation always include the spike protein (S), nucleoprotein (N), and matrix protein
(M); however, additional structural proteins may also be required for the production of
infectious virions [15,16]. Nonstructural accessory proteins may also play critical roles in
viral replication [17,18].

The most well-characterized nidoviruses are those in the family Coronaviridae. For
example, severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) has four ORFs
that code for four structural proteins and six ORFs encoding eleven accessory proteins,
all in addition to ORFlab [19]. The processes of infection and viral reproduction are
complex, and the direct roles these proteins play in pathogenicity remains an area of
research [17]. However, coronaviruses are better characterized and can be used as a model
for serpentovirus viral reproduction. The spike protein permits virion binding to host
cellular receptors, and, sometimes along with glycoproteins such as hemagglutinin-esterase
(HE), initiates endocytosis into the cell [18]. Once inside the cell, the genome is released
and translated by host cell free-ribosomes as cellular messenger RNA (mRNA) [19,20].
In addition to secondary structure originating from the RNA genome itself, 3’ and 5’
untranslated regions (UTRs) contain highly conserved stem and loop structures [21]. These
secondary structures allow for circularization of the genome, enabling translation [21].
The first translated protein, PP1lab, forms the replication-transcription complex [19,20].
These replicative proteins begin transcribing smaller negative-sense (—) sub-genomic RNA
covering only a subset of ORFs from the positive-sense (+) viral genome [19,20]. These
nested sub-genomic RNAs are where the name Nidovirales (“nested viruses”) originates.
The sub-genomic (—) RNA is then transcribed back into (+) mRNA which is used to
produce viral proteins with host ribosomes [19,20]. Some viral proteins are translated
in the cytoplasm, while membrane-bound proteins are translated in the endoplasmic
reticulum [18-20]. Through poorly characterized mechanisms, structural proteins coalesce
with nucleoprotein-bound full length viral genomes within Golgi vesicles, and release
mature virions are released from the cell through exocytosis [19,20].

Coronaviruses also deploy other tools to enhance infection. Alternative splicing of
coronaviral mRNA can aid in infection through a dysregulation of normal splicing of host
genes [22-25]. Additionally, genome recombination is documented in coronaviruses at
varying rates and is proposed as critical for maintaining viral diversity [26-28]. In vitro
knock-out of the proofreading coronaviral ExoN resulted in fewer recombinants, indicating
an additional function for this protein supporting viral recombination [26]. Coronaviral
protein glycosylation varies between different organ systems as well as by host species,
and represents another virulence factor [29]. Changes in glycosylation not only affect host
range by changing receptor binding, but also aid in immune evasion [29-31].

The aims of this study are first, to characterize the genomes of eleven novel serpen-
toviruses, and second, to place the viruses in the wider context of the subfamily Serpentoviri-
nae through a number of modeling techniques. Serpentovirus diversity was characterized
by examining genome templates, protein composition, potential protein function, protein
glycosylation sites, differences in phylogenetic history between ORFs, and recombination
analysis between serpentovirus clades.
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2. Materials and Methods
2.1. Sample Origin and Diagnostic Screening

Ten novel serpentovirus genomes generated for this study originated from diagnostic
samples representing eight captive python species originating from multiple collections
within the United States submitted to the Zoological Medicine Diagnostic (ZMDx) Labo-
ratory at the University of Florida. Samples subjected to rtPCR included extracted RNA
from both oral tissue and oral swabs. One additional novel genome was generated from
cell culture lysate extraction of isolated green tree python serpentovirus (GTSV) as previ-
ously described [14]. Upon receipt, samples were extracted immediately using the Zymo
Quick-RNA MiniPrep Kit (Zymo Research, Irvine, CA, USA), per manufacturer’s recom-
mendation. Diagnostic samples were subjected to a modified rtPCR protocol as previously
described using sense primer BarniPVTF and antisense primer BarniDYTR [6]. The rtPCR
mix for each primer pair included 4 pL of 10 uM forward/sense primer, 4 puL of 10 uM re-
verse/antisense primer, 25 pL. of 2x PCRBio rt-PCR mix, 11.5 uL of H,O, 2.5 pL of 20Xrtase
Tag, and 3 uL RNA extract. Reactions were run in a MJ Research PTC-100 Thermal Cycler
with conditions for each as follows: 50 °C for 10 min; 94 °C for 2 min; 94 °C for 30 s, 46 °C
for 30 s, and 72 °C for 30 s for 40 cycles; and 72 °C for 7 min followed by holding at 4 °C.
rtPCR products were visualized on a 1% agarose gel, and bands of approximately 150 base
pairs (bp) in length were excised. Nucleic acids were extracted using Zymo Clean Gel DNA
Recovery Kit (Zymo Research) per the manufacturer’s recommendation. Samples were
submitted for bidirectional Sanger sequencing (Genewiz, South Plainfield, NJ, USA) and
were edited and aligned using Geneious Prime (Version 11.0.18, Auckland, New Zealand);
samples were considered positive if a serpentovirus sequence was returned as the closest
match on NCBI BLASTX [32].

2.2. llumina Next-Generation Sequencing

To capture serpentoviral genomic variation, samples were subjected to Illumina MiSeq
next-generation sequencing. Previously extracted RNA was concentrated using a Zymo
RNA Clean and Concentrator kit (Zymo Research). Ribosomal RNA was depleted using
the NEBNext rRNA Depletion Kit (Human/Mouse/Rat) (NEBNext, Ipswich, MA, USA)
according to manufacturer’s recommendations supplemented with AMPure XP beads
(NEBNext). Libraries were generated using NEBNext Ultra II RNA Library Prep kit
(NEBNext) using the manufacturer’s protocols. Sample libraries were pooled and loaded
into an Illumina 600 cycle V3 MiSeq cartridge (Illumina Inc., San Diego, CA, USA) and run
on an [llumina MiSeq system. Contigs of generated MiSeq reads were assembled De Novo
in CLC Genomics Benchtop software (Version 20, CLC BIO). Sequences generated from
the project were deposited in the Sequence Read Archive (SRA) and GenBank database.
Assembled genomic sequence generated from Sanger and Illumina MiSeq sequencing
can be found in Genbank accession numbers [OR131594-OR131648] and raw reads from
[llumina MiSeq sequencing in Sequence Read Archive accession number [PRJINA982273].
Fragmented genomes were mapped to their closest existing published genomes determined
by NCBI BLASTN and putative gaps were mapped in a composite alignment sequence
using Geneious Prime. The GenBank accession numbers, host species, reference genome
used to map genome gaps, number of sequenced base pairs, and the estimated portion
represented by novel genomes are included in Supplementary Table S1. Assemblies of
fragmented genomes can be found at [33].

2.3. Filling Genome Gaps with rtPCR

While the majority of extracted RNA from diagnostic samples was used in generating
MiSeq libraries, extracted RNA remained for three samples; rtPCR was used to close gaps
between generated genome fragments. Samples were subjected to an rtPCR process similar
to the initial diagnostic PCR except for the annealing temperature and primer pair. The
target virus, primer pair sequence, amplicon size, and annealing temperature used to close
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genome gaps are shown in Supplementary Table S2. Determined gap sequences were
mapped onto genomic fragments using Geneious Prime.

2.4. 3" and 5' Rapid Amplification of cDNA Ends

Rapid amplification of cDNA ends (RACE) was performed for Bredl’s python ser-
pentovirus [OR131621-622]. FirstChoice RLM-RACE Kit (Thermo Fisher, Waltham, MA,
USA) was used with virus specific primers using the manufacture’s protocol. For 5 RACE
heminested primers were used to amplify unknown regions and included kit 5 outer
primer with primer BRSRACE-A (5'-AGG CTG GCT AAG TAG TTG TGC-3') and kit 5
inner primer and primer BRSRACE-B (5'-AGT AGT TGT GCT GGT ACA CTA AT-3'). For
3’ RACE heminested primers were used to amplify unknown regions and included kit 3’
outer primer with primer BR3RACE-C (5-GAG ACC CTG AAC ACC ACT GG-3') and kit
3’ inner primer with primer BRBRACE-D (5'-CCA CTG GGT CGT TTC CTC AT-3'). RACE
amplicons were then Sanger sequenced to complete the terminal ends of the genome.

2.5. Genome Organization

In addition to the eleven novel genomes generated from this study, 57 previously
published serpentoviruses and 4 related outgroup nidoviruses were used in all genomic
and phylogenetic analyses where applicable genome portions were available. GenBank
accession numbers for these viruses can be viewed in Figure 1 and Supplementary Table S3.

Using both published genome annotations and Geneious Prime open-reading-frame
(ORF) finding tools, putative ORFs were annotated for each genome and translated se-
quence for each ORF was used for analysis. Easily recognized ORF motifs such as ORFla,
ORF1b, and ORF2 (Spike protein, S) were grouped together, and the remaining translated
ORFs were aligned via fast Fourier transform (MAFFT) [34]. The next most common
proteins, Nucleoprotein (N) and Matrix protein (M), were grouped together while the
alignment process was repeated for remaining, ungrouped ORFs. The grouping process
was repeated with the next most common protein while the alignment process continued
for remaining ungrouped ORFs. These successive rounds of alignments and grouping
continued until no more homologous ORFs between viruses could be identified. While
some ORFs that shared homology between serpentovirus genera were given a common
name and labeled with the ORF number as a subscript as needed to aid in clarity, other
ORFs that were unique to clades were labeled as viral protein (VP) followed by the protein
kilodalton weight and the ORF number as a subscript.

The next step of the analysis was to attempt to determine putative functions for each
OREF via multiple methods. Amino acid sequences were first submitted to the Predict
Protein server (https:/ /PredictProtein.org, accessed on 3 April 2023) to examine membrane
topology and binding domains [35]. Next, protein sequence similarity examination was
performed on the HMMER web server (https:/ /www.ebi.ac.uk/Tools/hmmer/, accessed
on 3 April 2023) to compare against other characterized proteins [36]. E-scores less than
0.05 were considered statistically significant as a high-similarity protein match, while
E-scores between 0.10 and 0.05 were considered a low-similarity match. E-scores greater
than 0.10 were not considered as similar proteins. If no similar proteins or potential func-
tion could be determined, amino acid sequence was submitted to the ITASSER server
(https://zhanggroup.org, accessed on 3 April 2023) for structural modeling [37-39]. Se-
quences were also screened for N-linked glycosylation sites using the NetNGlyc-1.0
server (https://services.healthtech.dtu.dk/services/NetNGlyc-1.0/, accessed on 3 April
2023) [40]. For proteins with multiple predicted N-linked glycosylation sites, only the site
with the highest likelihood was reported in the analysis.
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Figure 1. Phylogenetic tree of serpentovirus open reading frame 1b (ORF1b) amino acid sequence.
Bayesian posterior probabilities are shown at branch points. Novel genomes reported in this study
are highlighted in red. The seven currently recognized serpentovirus genera are label and color
coordinated to corresponding branches (Pregotovirus: blue, Lyctovirus: purple, Vebetovirus: orange,
Sectovirus: brown, Septovirus: teal, Infratovirus: green, Sertovirus: pink, outgroup taxa: black).

The 5" and 3’ UTRs were also examined. Secondary stem and loop structure were
modeled with alpha, beta, gamma, and delta coronavirus templates on the R2DT server
(https:/ /rnacentral.org/r2dt, accessed on 3 April 2023) [41].

2.6. Phylogenetic Analysis

Both novel and previously published serpentovirus genomes and outgroup genomes
were subjected to phylogenetic analysis across common ORF1b, S, M and N ORFs. GenBank
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accession numbers for viruses used in phylogenetic analysis can be viewed in Figure 1 and
Supplementary Table S3. All ORFs were translated, and the amino acid sequences were
aligned using MAFFT [42]. Putative gaps in amino acid sequence for fragmented genomes
were filled with an “X” as ambiguity. A Bayesian method of phylogenetic inference (Mr.
Bayes 3.2.7a with gamma distributed rate variation, 4 chains of 2.5 x 10° generations with
25% burn-in) for each ORF was performed on the CIPRES server [43-45]. Phylogenetic
trees were visualized using FigTree software (http:/ /tree.bio.ed.ac.uk/software/figtree/)
(accessed on 8 January 2021). Viruses not yet recognized by the ICTV were given pre-
liminary assessment of classification by pairwise uncorrected distances (PUD) analy-
sis. Identity between amino acid sequences was examined from partial alignments of
the ORF1b gene starting at the junction of ppla/b to DEAD-like helicase C domain
(1380 amino acids in length for BPNV1: KJ541759). Viruses were classified using ICTV
previously proposed serpentovirus classification cutoffs of family (>25.6-31.9% homol-
ogy), subfamily (>36.1-42.3% homology), genus (>45.0-58.1% homology), subgenus
(>90.2-93.7% homology), and species (>95.6-97.0% homology) [46].

2.7. Recombination Analysis

Viral recombination analysis was performed with the Recombination Detection Pro-
gram (RDP4) for the following ORFs: ORFla, ORF1b, S, M and N [47]. Nucleotide align-
ments for each ORF were aligned using MAFFT. After alignment putative nucleotide gaps
were removed to allow the RDP4 software to run. Recombination analyses performed
include the Recombination Detection Program (RDP) method (window size of 30) [48], a
Bootscan analysis (window size of 200, step size of 20, replicates of 100, random number
seed of 3, and cutoff percentage of 70) [49], and a MaxChi analysis (variable sites per
window of 70) [50].

3. Results
3.1. Genome Organization

MiSeq NGS successfully generated large portions of genomic sequence (estimated 48—
97% of genomes represented, Supplementary Table S1) for 11 novel viruses included in this
study that fit within existing serpentovirus genera clades. The genome organization of these
novel viruses was included along with 57 other serpentoviruses and four outgroup viruses to
create a genome template for serpentoviral clades (Figure 2, Supplementary Table S3).

Serpentovirus genomes show diversity in both sequence and protein composition, with
genome lengths varying from approximately 27,000 base pairs (bp) to 36,000 bp (Figure 2).
Of the nine serpentovirus genera currently recognized by the ICTV, the shortest genomes
belonged to the genus Septovirus, and the longest is Veiled Chameleon Serpentovirus B in
the genus Vebetovirus. The genus Sectovirus is comprised of only two partially sequenced
genomes, which lack the 5 UTR sequence necessary to determine genus genome lengths.

While the length of serpentovirus genomes varied, most genera had a consistent
genome structure organization (Figure 2, Supplementary Table S3). Untranslated regions
are positioned at the 5 and 3’ ends of each virus. The most 5 portion of the genomic
coding region consists of non-structural polyprotein lab (pplab). The second portion of
the genome contains structural and accessory proteins. Although the composition of ORFs
in this latter region is variable, at a minimum, all serpentoviruses contain S, M and N
structural proteins (Figure 2, Supplementary Table S3).

Both the 5" and 3’ UTR are predicted to utilize RNA secondary structure to circularize
the genome, enabling ribosomal translation. Based on coronavirus templates, models of
serpentovirus 5 UTRs predicted five small stem and loop structures using Betacoronavirus
5’ UTR templates in R2DT (Supplementary Table S3). The length of the 5" UTR varied from
289 bp up to 2271 bp for corn snake infratovirus [MZ971343], although complete terminal
ends were not determined for all viruses. In contrast, models of serpentovirus 3’ UTRs
predicted four small stem-loops and a fifth larger looped RNA using Gammacoronavirus
template 3’ UTR in R2DT (Supplementary Table S3). A subset of genera also formed viable
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models using Alphacoronavirus template 3’ UTR (Supplementary Table S3), forming two
small and one large stem-loop structures. Lengths for this region varied from 165 bp to
1653 bp in length for emerald tree boa sertovirus [MN161561].

Genus (Subgenus) |okb 10/kb 20/kb 30/kb
5
1A Em ’
—
31—34 kb
N
»»»»»» 0
Gap (0.1 kb)
4 -
1A 7

) Gap (0.1 kb)

(@]
S 1A
=

S

= :

c Vebetovirus 1A

S

O
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(1
Septovirus 5'¢ 1A

1 456
100% r_oo,?/_e_. Infratovirus B ) 1A E’ ‘
345
o
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100% “—100% -
. 5 3
L Bostovirus [) 1A
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100%. ... & 5% 1A
Oncotshavirus

%
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s -
:>:> Nested ORFs 5’ and 3’ Untranslated Regions Spike Transmembrane Protein 1 Glycoprotein 1
|:>:> Non-Nested ORFs ORF1A Nucleoprotein Transmembrane Protein 2 Glycoprotein 2
|:>:> Variably-Nested ORFs ORF1B Matrix Unique Proteins Misc. Glycoproteins

Figure 2. Genome organization and relatedness of the seven currently recognized serpentovirus
genera: Pregotovirus, Lyctovirus, Vebetovirus, Sectovirus, Septovirus, Infratovirus, and Sertovirus. Phy-
logeny between clades is shown with a collapsed open reading frame b (ORF1b) amino acid tree. The
viral subfamily Serpentovirinae is highlighted in gray. Genome templates were created by identifying
potential Open Reading Frames (ORFs) and grouping common ORFs via Multiple Alignment using
Fast Fourier Transform (MAFFT) alignments. Genome sections consist of colored arrows (ORFs)
and gray boxes (untranslated regions) that represent the length of each genome section. Genome
sections are separated by either a black dot (discrete ORF separation), red dot (variably nested ORF
separation), or no dot (overlapping, nested ORFs).
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Following the 5 untranslated region, translation begins at ORFlab coding for pplab.
At 13530 to 19713 bp in length, ORF1a is the longest ORF. Apart from the genus Sep-
tovirus, ORFla terminates with the slippery sequence 5-AAAAAAC-3' that enables a [—1]
frameshift for the translation of ORF1b to begin (Figure 2). While the novel blood python
septovirus [OR131603-605] still contains this slippery sequence, remaining septoviruses
uniquely lack this sequence. Instead, the ORFla coding region terminates, leaving an
8 bp gap before the start of ORF1b (Figure 2). ORF1b is the second largest ORF at 6516 to
7086 bp in length.

The predicted S(;) ORF follows ORF1b, and demarcates the start of structural and
accessory protein ORFs in the genome. For most serpentoviruses, the start of the S,y ORF
(2454 to 3618 bp, >17% amino acid [aa] homology) is nested within the end of ORF1b,
although this is not the case for Vebetovirus, or some members of Lyctovirus and Pregotovirus
(Figure 2).

In seven genera, the ORF that follows S(y) is a predicted transmembrane/minor
matrix protein 1 (TM13)), with the exception of both veiled chameleon serpentoviruses
(in Vebetovirus and Lyctovirus; Figure 2, Supplementary Table S3). For most genera the
TM13) ORF (546 to 1440 bp, >5% aa homology) is nested at the end of the S ORF. Predicted
membrane topology for this protein includes an extracellular portion sandwiched between
two transmembrane helixes with predicted N-linked glycosylation sites (73%). Although
this region is variable, no matches were found to existing characterized proteins (Table 1).

Table 1. Serpentoviral ORF characterization. The serpentovirus genus, host species, and the ORF
name are listed along with modeled membrane typology using the PredictProtein server. The closest
UnitProtKB protein matches as determined by HMMER for each ORF are listed along with support
values, amino acid similarity, and a basic description of matched protein function. Proteins with no
close matches were also modeled with ITASSER servers but did not produce close protein matches.

Genus or Virus ORF  Topolo N-Glvco. Sites Protein E-Value & % Matched Protein Name and
(Genus) pology yeo. Match AA Similarity Function (Origin)
Most TMlg — 2XTM 073 - - -
Serpentoviruses
Endothelial cell surface expressed
. 0.051 chemotaxis and apoptosis
*
Pregotovirus T™2¢  TM+SP 0.77 AQA4X2KKC5 56.9% regulator (Wombat; Vombatus
ursinus)
Pregotoviriis, — Gp1,,  TM4SP 070 - - -
Sectovirus
0.0094 ** Immunoglobulin (Ig)
Lyctovirus GP2;,7 TM+SP 0.77 * AO0AO0DOIPT2 '47 50, domain-containing protein
e (Bacteria; Leucobacter komagatae)
MG600029 MICAL-like protein 2:
—5 =% H i
Chinese Water ~ VP7,  TM ; AoA210ppMs 11X 10 Cytoskeleton reorganization &
Snake (Lyctovirus) 51.1% transport (Scallop; Mizuhopecten
yessoensis)
TPR_1 domain-containing protein:
MG600030 Red 2.8 x 10717*  Tetratricopeptide repeat domain
Banded Snake VP13,4 2xTM 0.71 L8WHF5 o . . .
(Lyctovirus) 75.0% for Multi-protein scaffolding

(Fungus; Thanatephorus cucumeris)
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Table 1. Cont.

Genus or Virus . Protein E-Value & % Matched Protein Name and
(Genus) ORF  Topology N-Glyco. Sites Match AA Similarity Function (Origin)
Dihydrolipoyllysine-residue
MT997160 Veiled ~ VP543  TM 0.78 * A7TSS1 0.055 succinyltransferase:
Chameleon 48.3% Acyltransferase enzyme (Fungus;
Serpentovirus A Vanderwaltozyma polyspora)
(Lyctovirus) C2H2-type domain;containing
0.03 ** protein: Zinc-finger
VP33 IM 061 ADALIZVSUS 58.6% domain-containing protein (Eye
worm; Loa loa)
VP12, - - - - -
TMV resistance protein N-like:
0.0014 ** Tobacco-Mosaic Virus
VP7s ) 070 AOA6P3ZZ82 60.0% resistance/avirulence protein
(Plant; Ziziphus jujuba)
MT997159 Veiled 0.00071 ** Calx-beta domain-containing
Chameleon VP123 2xTM - A0A4Y6I719 ’ 58.1% protein: Calcium binding and
Serpentovirus B o expulsion (Plant; Shewanella sp.)
(Vebetovirus) VP34, TM+SP 0.75 * - - -
MG600031 5.5 % 10-6 ** Uncharacterized protein: Anolis
Mandarin Rat VP38, TM+SP 0.75* H9GBL5 ’ 62.5% lizard transcription factor (Green
Snake (Sectovirus) e anole; Anolis carolinensis)
NC043490
Zinzhou Snake " 0.0051 ** Peroxidase enzyme (Plant;
Nematode VP43, TM+SP 0.77 AOAOD3GH98 47.7% Oryza barthii)
(Sectovirus)
Sectovirus VP37  TM+SP 0.70 - - -
[OR131603-605]
Blood Python VP8 - - - - -
(Septovirus)
Other Python VP13 . ) } . )
Septoviruses
Erythroid differentiation-related
MG%OOOI%)S Pko pes VP7h TM4+SP } AOA2A4JQ65 0.0002 ** factor 1: Transcription factor for
(In ff;toziius) 4 60.6% Globin gene (Plant;
Heliothis virescens)
MN161572
Honduran
Milksnake VP10, ) ) ) ) )
(Infratovirus)
KX883638
Xinzhou Snake 1.7 x 1072 **  Uncharacterized protein (Nematode;
Nematode VP13, TMASP ) AOAOI6UTC2 52.2% Ancylostoma ceylanicum)
(Infratovirus)
NC027199 Bovine VP, Sp ) _ ) }

Nido (Bostovirus)

* Highest Glycosylation Potential > 0.75. ** Statistically Significant E-Value < 0.05. TM: one transmembrane helix
with extracellular regions. 2xTM: two transmembrane helixes sandwiching extracellular regions. TM+SP: one
transmembrane helix with an extracellular region containing a signal peptide. SP: one region of signal peptide.

After Sp), TM13 (if present), and some unique proteins in some genera, a predicted
M,4/5) ORF (567 to 846 bp, >11% aa homology) is followed immediately by the predicted
Nw4/5/6) ORF (387 to 741 bp, >10% aa homology), except for the bovine torovirus out-
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group [LC088094], which contains a predicted glycoprotein between M 3) and Ns) (Figure 2,
Supplementary Table S3). Although for most serpentoviruses the 5’ end of the N ORF is nested
within the M OREF, this feature was absent in Infratovirus and some members of Pregotovirus
(Figure 2). For the simplest serpentovirus genomes, belonging to the genus Sertovirus, the N,
ORF is the fifth and final ORF before the 3' UTR (Figure 2, Supplementary Table S3).

After Sertovirus, the next simplest serpentovirus genomes belong to the genus In-
fratovirus. This genus had an additional ORF4 between TM1 3, and M5y ORFs. Predicted
Infratovirus ORF 4 protein variation includes VP7by, VP104, and VP13, (180-387 bp, >17%
aa homology). Predicted topology for VP7b, and VP13, includes a single predicted trans-
membrane helix with an extracellular portion ending in a signal peptide; protein VP10,
lacked predicted membrane topology (Table 1). Protein VP7bs had a significant high-
similarity match (E-value 0.0002, 60.6% similarity) to proteins associated with a globin
gene transcription factor while VP13, sequenced from a snake nematode, had a significant
high-similarity match (E-Value 1.7 x 1075, 52.2% similarity) to an uncharacterized nema-
tode protein from the hookworm Ancylostoma ceylanicum (Table 1). None of the Infratovirus
ORF4s had predicted N-linked glycosylation sites.

Septovirus genomes are also relatively simple. Septoviruses have a similar genome
layout to five-ORF Sertovirus, but contain an additional ORF6 (255-330 bp, >20% aa
homology). If the novel blood python Sertovirus [OR131603-605] VP8 is excluded, 50%
amino acid homology is shared for ORF6 in remaining members of this genus. Neither
VP8¢ nor VP13¢ had any close protein matches, predicted membrane topology, or predicted
N-linked glycosylation sites, although they were predicted to contain protein binding
domain regions (Table 1).

The genus Pregotovirus has the largest number of sequenced genomes, all containing
seven ORFs. In addition to Sp), TM1(3), My, and N5, pregotoviruses have a predicted
transmembrane /minor matrix protein 2 (TM2g)) (767 to 1434 bp, >8% aa homology) as
ORF6, and glycoprotein GP17) (1440 to 1533 bp, >13% aa homology) as ORF7 (Figure 2,
Supplementary Table S3). Both TM25, and GP1(7) have predicted membrane topology
that includes a transmembrane helix with extracellular portions terminating in a signal
peptide. TM2 has predicted N-linked glycosylation sites (77%) and a low-similarity
match (E-Value 0.051, 56.9% similarity) to a protein involved in cell surface chemotaxis and
apoptosis regulation (Table 1). GP1(7) has predicted N-linked glycosylation sites (70%) but
no close protein matches (Table 1).

The genus Sectovirus has a genome organization that includes eight ORFs. In addition
to S(2), TM1(3), M(4), Ni5), and GP1(7), sectoviruses have VP38, or VP43, as ORF4 and VP37
as ORF8 (Figure 2, Supplementary Table 53). VP38, (1017 bp) and VP43, (1146 bp) share 43%
amino acid homology and predicted N-linked glycosylation (75% and 77%, respectively).
Predicted topologies for VP38, VP43,, and VP37; all include a single transmembrane helix
with extracellular portions terminating in a signal peptide. VP38, has a significant match
(BE-Value 5.5 x 107, 62.5% similarity) with an uncharacterized Anolis lizard protein, while
VP43, had a significant match (E-Value 0.0051, 47.7% similarity) with a peroxidase enzyme
from a non-domesticated rice (Oryza barthii) (Table 1). At the end of the genome, VP375 is
(987 bp, >54% aa homology) has predicted N-linked glycosylation (70%) but no similar
protein matches (Table 1). GP1(7 from the genus Sectovirus has between 15 to 18% aa
homology to the GP17) from Pregotovirus, although they still clustered together in protein
alignments. Within the genus Pregotovirus, homology as low as 36% aa was observed
within GP1(7) .

The genus Lyctovirus includes two North American watersnake viruses with only
six ORFs (Figure 2). Related Chinese colubrid viruses also in the genus Lyctovirus have a
similar genome organization, except for the insertion of an additional 201-354 bp ORF4
between the TM1(3) and M(5) OREFs. The two proteins encoded by ORF4, VP74 and VP13,
(34% aa homology) are predicted to contain one or two predicted transmembrane helixes,
respectively. VP74 has a significant match (E-Value 1.1 x 107>, 51.1% similarity) with
a protein from the Japanese scallop (Mizuhopecten yessoensis) involved in cytoskeleton
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reorganization and transportation, with no predicted N-linked glycosylation sites (Table 1).
VP13, also has a significant match (E-Value 2.8 x 10717, 75% similarity) with a fungal
(Thanatephorus cucumeris) tetratricopeptide repeat domain involved with multi-protein
scaffolding and predicted N-linked glycosylation sites (71%) (Table 1). Regardless of
the host continent of origin, snake lyctoviruses all terminated with glycoprotein GP2,7)
(2028-2202 bp, >31% aa homology), which was unique in being separated by 85 to 130
bp from the previous ORFs. This is the largest gap observed between any serpentovirus
ORFs. GP24/7) has predicted N-linked glycosylation sites (77%) and a significant match (E-
Value 0.0094, 47.5% similarity) with a putative immunoglobulin domain containing protein
from the bacteria Leucobacter komagatae (Table 1). GP24 7y did not cluster in organizational
alignments with GP1(7 seen in other serpentovirus genera, sharing only 7 to 11% aa
homology with GP1y).

The most atypical serpentovirus genome organization was observed in veiled
chameleon serpentoviruses. Veiled Chameleon Serpentovirus A [MT997160], currently
in the genus Lyctovirus, subgenus Chalatovirus, has 8 ORFS including S(), VP543, My,
Ns), VP33¢, VP127, and VP7g (Figure 2, Supplementary Table S3). VP543 (1434 bp) has a
single transmembrane helix with extracellular components and predicted N-linked glyco-
sylation (78%). VP543 has a low-similarity match (E-Value 0.053, 48.3% similarity) to an
acyltransferase enzyme (Table 1). VP33 (882 bp) has a predicted extracellular component
sandwiched between two transmembrane helixes and predicted N-linked glycosylation
(61%). It has a significant match (E-Value 0.03, 58.6% similarity) to a zinc finger domain
containing protein from a filarid worm (Loa loa; Table 1). VP12; (309 bp) has no pre-
dicted topology nor N-linked glycosylation sites and no close protein matches (Table 1).
Lastly, VP75 (180 bp) has no predicted topology but a predicted N-linked glycosylation site
(70%). It has a significant match (E-Value 0.0014, 60.0% similarity) to Tobacco-Mosaic Virus
resistance protein (Table 1).

The remaining serpentovirus genus, Vebetovirus, is currently a monotypic genus com-
prised of Veiled Chameleon Serpentovirus B [MT997159]. This virus has 6 ORFs including
S(), VP123, VP34, M5), and Ng) (Figure 2, Supplementary Table S3). VP123 (327 bp)
has an extracellular component sandwiched between two transmembrane helixes and no
predicted N-linked glycosylation sites. It has a significant match (E-Value 0.00071, 58.1%
similarity) to a bacterial (Shewanella sp.) protein involved with calcium binding and expul-
sion (Table 1). Lastly, VP344 (939 bp) has no predicted topology or similar protein matches,
but did contain predicted N-linked glycosylation sites (75%) (Table 1).

3.2. Phylogeny of Novel Viruses

The phylogenetic analysis of the ORF1b gene for the eleven novel python serpentovirus
genomes generated in this study compared to previously published serpentoviruses is
shown in Figure 1. Nine of the novel genomes fit into the existing Pregotovirus clade,
although two of the genomes represent more divergent taxa within the genus. The PUD
analysis supports the designation of novel subgenus and species for reticulated python
serpentovirus 2 (Retic-V2) (Host: Malayopython reticulatus, <89.9% similar) [OR131618-620]
and Papuan python serpentovirus (Host: Apodora papuana, <88.2% similar) [OR131606-607].
There was support for designation of species for white lip python serpentovirus (Host: Both-
rochilus albertisii, <94.1% similar) [OR131594-600]. The PUD analysis did not support the
designation of novel species for diamond python serpentovirus (Host: Morelia spilota spilota,
<98.2% similar) [OR131642-648], Bredl’s python serpentovirus (Host: Morelia bredli, <96.2%
similar) [OR131621-622], green tree python serpentovirus (Host: Morelia viridis, 95.7% sim-
ilar) [OR131641], black headed serpentoviruses (Host: Aspidites melanocephalus), <97.8%
[OR131631-640] and <97.1% [OR131623-630] similar), or green tree python serpentovirus
isolate (GTSV) (Host: Morelia viridis, <100% similar).

An oral swab sample from a captive reticulated python suffering from respiratory
disease resulted in the amplification of two coinfected serpentoviruses. While one virus
(Retic-V2) has support by PUD analysis as a novel species and subgenus within Pregotovirus,
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the other virus (Retic-V1) [OR131608-617] has support as the same viral species (97% similar)
as the existing reticulated python septovirus [MN161566]. There was inequivalent NGS
RNA sequence coverage for the two reticulated python viruses in the sample. For Retic-V1
13,184 bases of the genome were amplified at an average coverage of 6.68. Retic-V2 was
sequenced at almost six times the coverage, amplifying 31,475 bases of the genome at an
average coverage of 38.73.

Another divergent novel serpentovirus was found in a sample from a blood python
(Python brongersmai) [OR131603-605]. The sequence of this virus most closely matches ser-
pentoviruses in the genus Septovirus (Figure 1). The classification as a novel species and sub-
genus has support by PUD analysis (70.3% similar to Burmese python
clade 2 septovirus [MZ971286]).

3.3. Phylogenetic Incongruence

Phylogenetic trees of S, M, and N ORFs show phylogenetic incongruence (Figure 3),
suggesting different evolutionary histories between ORFs. The phylogenetic tree for the
spike protein has discrepancies from the ORF1b tree (Figure 3a). The genus Lyctovirus is
split into two clades: one clade of Asian colubrid viruses which cluster with other Asian
colubrid serpentoviruses in the genus Sectovirus with 100% posterior probability, and a
second clade of remaining lyctoviruses which remains weakly clustered (58% posterior
probability) with the genus Vebetovirus as seen in the ORF1b tree. Another discrepancy is the
clustering of Bovine Nidovirus [NC027199] S protein with Septovirus genus serpentoviruses
(91% posterior probability) instead of Sertovirus genus serpentoviruses as seen in the ORF1b
tree and M trees.

The phylogenetic tree of the matrix protein also has incongruence with the ORF1b tree
(Figure 3b). Veiled Chameleon Serpentovirus B in the genus Vebetovirus weakly clusters
with the genus Sectovirus (serpentoviruses of Asian origin) (74% posterior probability) and
the genus Pregotovirus (77% posterior probability), instead of clustering with the genus
Lyctovirus as seen in other trees.

The phylogenetic tree of the N protein also has aberrations in the clustering of the
genus Pregotovirus (Figure 3c). The majority of pregotoviruses weakly cluster with fish
bafiniviruses and oncotshaviruses (71% posterior probability), which is not found in other
trees. A lone, partially sequenced, Shingleback skink pregotovirus [KC184715] N protein
is placed far from other pregotoviruses in a weakly supported clade (74% posterior prob-
ability) with the genus Vebetovirus. Finally, Bovine Nidovirus [NC027199] is placed in a
weakly supported clade (53% posterior probability) with the genus Lyctovirus, which was
not modeled in other trees.

For all phylogenetic trees reported in our study, bovine nidovirus [NC027199] clustered
within the subfamily Serpentovirinae (Figures 2 and 3), although this virus is not currently
classified by the ICTV within this subfamily. PUD values determined for comparison of
bovine nidovirus to the Serpentovirinae show homologies as low as 36% to 41% against the
most closely related serpentoviruses of the genus Sertovirus. This PUD range supports
that bovine nidovirus should be excluded from the Serpentovirinae (subfamily threshold:
36.1-42.3% homology). PUD values for the genus Serfovirus support its current inclusion in
Serpentovirinae (39.1% to 42.5% similar).
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Figure 3. Phylogenetic trees of serpentovirus (a) spike, (b) matrix, and (c) nucleoprotein amino acid
sequences. Bayesian posterior probabilities are shown at branch points. Viral clades are collapsed
where appropriate. Areas of aberrant clustering different from ORF1b phylogeny are highlighted in
grey. Serpentovirus genera are color-coordinated between trees and labeled (Pregotovirus: blue, Lyc-
tovirus: purple, Vebetovirus: orange, Sectovirus: brown, Septovirus: teal, Infratovirus: green, Sertovirus:
pink, outgroup taxa: black).

3.4. Recombination Analysis

No evidence of recombination is detected within the ORFs M, N or S, but recombina-
tion events were supported in both ORFla and ORF1b.

A green tree python pregotovirus [MK182566] is predicted as a recombinant of major-
parent, closely clustered, green tree python pregotovirus [MN161559] and a more distant
blood python pregotovirus [MN161564] for portions of ORF1la (Figure 4a). Recombination
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in this region are supported by RDP (p-value: 1.3 x 1071%Y), Bootscan (p-value: 4.7 x 10-2?),
and MaxChi models (p-value: 1.0 x 10~%).

(a) 1.0F 1 qw-\
0.75r = (MN161559 Green Tree Python SV -
MN161564 Blood Python SV)
0.5} === (MN161559 Green Tree Python SV -
’ MK182566 Green Tree Python SV)
=== (MN161564 Blood Python SV -
0.25F MK182566 Green Tree Python SV)
O _I 1 L 1 L
1 8159 16,318 24,483 32,636
(b) 1.0}
>
B 0.75r == (MN161559 Green Tree Python SV -
QC) OR131601-602 Green Tree Python SV)
©
‘v 0.5} = (MN161559 Green Tree Python SV -
g MK722373 Green Tree Python SV)
'% === (OR131601-602 Green Tree Python SV -
o 0.25+ MK722373 Green Tree Python SV)
O _I 1 1 1 1
1 8159 16,318 24,483 32,636
(c) 1.0k
0.75F === (MZ971286 Burmese Python [Clade 2] SV -
MZ971304-305 Burmese Python [Clade 3] SV)
0.5k == (MZ971286 Burmese Python [Clade 2] SV -
MZ971330-340 Burmese Python [Clade 4] SV)
= (MZ971304-305 Burmese Python [Clade 3] SV -
0.25} MZ971330-340 Burmese Python [Clade 4] SV)
0 _I 1 1 1 1
1 2618 5236 7856 10,472

Position in alignment

= (Major Parent - Minor Parent)
== (Major Parent - Recombinant)
= (Minor Parent - Recombinant)

95% Breakpoint confidence interval
99% Breakpoint confidence interval
Tract of sequence with a recombinant origin

Figure 4. Graphs of genomes showing high support for recombination through Recombination
Detection Program (RDP) RDP4 software. Recombination events between viruses were supported in
regions of (a,b) pregotovirus open reading frame ORFla, and (c) Burmese python septovirus ORF1b.

In another green tree python pregotovirus [MK722373], a recombination event in
ORF1la was supported between major-parent green tree pregotovirus [MN161559] and a
GTSV isolate [OR131601-602] (Figure 4b). Recombination in this region was supported
by RDP (p-value: 6.0 x 10-%%), Bootscan (p-value: 4.6 x 107%), and MaxChi models
(p-value: 2.8 x 10~40).
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A final incidence of recombination was detected in portions of the ORF1b of Burmese
python septoviruses. Florida Burmese python virus clade 4 [MZ971330-MZ971340] is
predicted to be a recombinant of closely clustered Burmese python virus clade 2 [MZ971286]
with two regions from Burmese python virus clade 3 [MZ971304-MZ971305] (Figure 4c).
Recombination in these regions was supported by RDP (2 regions, p-value: 3.6 x 1072,
2.7 X 10_13), Bootscan (2 regions, p-value: 3.6 X 1074, 2.8 x 10_10), and MaxChi models
(1 region, p-value: 1.3 x 10~11).

4. Discussion

In this study, the genomes of eleven novel serpentoviruses are reported. By way of
a number of modeling and phylogenetic techniques, the genomes of these novel viruses
were compared with all other published serpentovirus genomes to characterize this rapidly
growing family of predominantly reptile viruses.

Some genome attributes are consistent across serpentovirus genera. Where available,
most serpentovirus 5 UTRs could be modeled after Betacoronavirus 5 UTRs, while 3’
UTRs could be modeled after Alphacoronavirus or Gammacoronavirus 3' UTRs. While
the specific functions of 3’ and 5" secondary RNA structure in coronaviruses remain poorly
characterized, high levels of conservation are likely necessary as secondary structure
alterations can inhibit viral reproduction [21,51].

Another common attribute to serpentoviruses is that ORFlab is always followed by the
predicted spike protein, which for most serpentoviruses is followed by a predicted minor
transmembrane protein (TM13)). A predicted matrix protein also immediately followed
by the predicted nucleoprotein is also a feature common to all serpentovirus genomes.
However, aside from these commonalities, serpentoviruses show wide genome variability
in both ORF composition and amino acid homology.

Outside of the ubiquitous structural proteins S, M, and N, it is unclear without fur-
ther in vitro experimentation if other serpentovirus ORFs serve as structural or acces-
sory proteins. Many of the uncharacterized serpentovirus ORFs encode proteins having
both membrane-associated topology and sites with a high likelihood of N-linked glyco-
sylation. Proteins GP2(,7) and VP334 have varying degrees of similarity to previously
characterized membrane-associated glycoproteins, suggesting potential roles as structural
proteins influencing membrane binding or immune recognition. The GP2,/7) protein
has a high-similarity (E-Value 0.0094, 47.5% similarity) to a bacterial immunoglobulin
domain-containing protein. A broad assemblage of viruses utilize similar immunoglobulin
domains, including SARS-CoV-2 and related viruses [52], to fulfill a number of roles relating
to pathogenicity and immune evasion [53].

A number of predicted serpentovirus proteins have high homology to proteins impli-
cated in cellular apoptosis. Viruses utilize multiple strategies to inhibit apoptosis both to
evade the immune system [54,55] as well as to paradoxically induce apoptosis to enable
virion release [56,57]. Viruses in the closely related subfamily Torovirinae can induce apopto-
sis in epithelial cells [58-60]. As epithelial hyperplasia, occasionally with pyknotic cellular
debris, is a common finding in numerous snakes infected with Pregotoviruses, including
ball pythons and green tree pythons, apoptosis of epithelial cells may play an important
role in viral pathogenesis [1,2,9,61]. Pregotovirus protein TM2) has low-similarity (E-Value
0.051, 56.9% similarity) to a protein regulating apoptosis, while Sectovirus protein VP43, has
high-similarity (E-Value 0.0051, 47.7% similarity) to a peroxidase enzyme. The regulation
of cellular hydrogen peroxide plays a critical role in regulating apoptosis [62-64]. Some
viruses, such as Human Betaherpesvirus 5 (HBHVD), subvert this mechanism to inhibit cellu-
lar apoptosis [65]. Similarly, Lyctovirus protein VP74 shows significant similarity (E-Value
1.1e—05, 51.1% similarity) to MICAL-like protein 2 (MICAL-2), a host protein that plays a
number of roles in diverse cellular processes, including regulating cellular cytoskeletal dy-
namics, exocytosis, and cell death [66]. MICAL-2 has been implicated in both intracellular
protein trafficking and the prevention of cell death by inhibiting Ca2+ ion signals within
mitochondria [67].
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Other serpentovirus ORFs have high-similarity matches to proteins involved in mul-
tiprotein scaffolding (VP134), transcription factors (VP7by, VP38,), and enzymes (VP123)
with varying potential roles in viral replication. A final protein of note, VP75 in Veiled
Chameleon Serpentovirus A (Lyctovirus), exhibits significant similarity (E-value 0.0014,
60.0% similarity) to tobacco mosaic virus resistance protein (TMVRP). In infected tobacco
plants, the binding of TMVRP to TMYV helicase proteins causes conformational changes
in TMVRP [68]. After said confirmational change, TMVRP interacts with down-stream
signaling factors that trigger immune inhibition of viral replication [68]. VP7g may act as
a non-functional analog competing for binding sites on signaling factors triggered by a
TMVRP-like molecule in reptiles. Such interactions could prevent signals to trigger the
host immune response. HBHV5 also produces proteins that outcompete host proteins,
subverting host immune responses in a similar manner [69].

Multiple discrepancies exist between the resultant trees of phylogenetic analysis of
ORF1b, S, M and N. While it is possible that the analysis of shorter ORFs could limit the
reliability of the results, some discrepancies may have plausible explanations supporting
ORF-dependent evolutionary histories. The ORF1b tree supports the genus Lyctovirus as
a monophyletic clade, but the S tree of the same genus splits Lycfovirus into two lineages
of spike proteins. Instead, Asian colubrid lyctoviruses are grouped with other Asian
colubrid-related viruses in the genus Sectovirus. This may indicate that the spike protein
for these viruses may share a common origin for Asian colubrid species that is not shared
with other lyctovirus S ORF or ORF1b portions of the same genomes, presumably due
to recombination.

Phylogenetic incongruence was also noted in the phylogenetic analysis for ORF N. In
this analysis the only documented lizard Pregotovirus, originally identified in free-ranging
Australian shingleback skinks, loosely clustered with Veiled Chameleon Serpentovirus B,
genus Vebetovirus. Unfortunately, further analysis of this phylogenetic relationship is lim-
ited to partial sequence of shingleback skink N ORF (107 aa) compared to Veiled Chameleon
Serpentovirus B (170 aa). Similar to this example in serpentoviruses, papillomaviruses also
have variable genomes that contain ORFs which may not share a common evolutionary
origins [70]. All papillomavirus genomes contain five common ORFs but may also contain
differing ‘adaptive protein” ORFs with unique evolutionary origins [70]. Many papillo-
maviruses are observed to have narrow host ranges and often co-speciate with host species
taxa [70]. It is hypothesized that the addition or loss of ‘adaptive protein” ORFs are a factor
that limits papillomavirus host range [70]. Likewise, in serpentoviruses the combination of
specific ORFs with differing evolutionary origins could drive viral speciation and define
the host range of serpentovirus lineages.

For the eleven novel serpentovirus genomes generated in this study, PUD analysis
supports the establishment of four novel viral species as well as three novel subgenera
existing within two current serpentovirus genera. However, this analysis alone does not
fully represent the multi-faceted evolutionary relationships between serpentoviruses. For
example, all serpentovirus genera followed a single genus-wide genome organization
template except for Lyctovirus. Three lineages of Lyctovirus can be split into three unique
genome organization templates. PUD analysis supports the designations of subgenera for
these three lineages all under the genus Lyctovirus. Although ORF1b PUD analysis supports
existing classification as three subgenera, differences in genome organization may warrant
consideration to elevate current Lyctovirus clades as unique genera.

A final point of discussion regarding our phylogenetic analyses is the consistent
placement of bovine nidovirus, genus Bostovirus, within the Serpentovirinae subfamily. The
genus Bostovirus is currently classified by the ICTV in the subfamily Remotovirinae, family
Tobaniviridae, along with three other subfamilies, including Serpentovirinae. The results of
our phylogenetic tree analysis suggest that the genus Bostovirus could represent another
genus in Serpentovirinae. Alternatively, our phylogenetic analysis could support the genus
Sertovirus as the first representative of a new subfamily. However, genome template analysis
may support current taxonomy, with Sertovirus-serpentoviruses sharing a common ORF
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(TM13y) with other serpentoviruses. Additional distinctions can also be made in both ORF
size and genome organization between the genus Bostovirus and current serpentoviruses.
Moreover, in additional support of the currently established ICTV taxonomy, PUD analysis
was consistent with currently established genus and subfamily taxonomic designations.
Regardless of evolutionary relationships, the conflicting taxonomic analyses of Bostovirus
and current serpentoviruses serves as an example that defining viral evolution can be
complicated, especially if different regions of viral genome do not share common origins.

One explanation for how different serpentovirus genome segments from distinct
evolutionary origins are found within a single viral genome is recombination [71]. In the
coronavirus murine hepatitis virus, up to 25% of viral progeny from samples co-infected
with two strains showed evidence of recombination [27]. We detected multiple instances
of recombination in this study. Serpentoviruses found in invasive, free-ranging Burmese
pythons from Florida formed five clades within the genus Septovirus: Clade 1A, 1B, 2, 3,
and 4 [5]. The discovered viral clades were locality dependent, however, and in one locality,
all snakes were positive for only viruses in Clade 3 on initial sampling [5]. Unexpectedly, a
single PCR negative snake from the Clade 3 locality converted to PCR positive a few weeks
after capture. The virus detected in that python was divergent, did not closely match any
other viruses detected in the study, and represented the sole Clade 4 virus detected [5]. The
recombination analysis in this study suggests that the divergent Burmese python Clade 4
virus represents a recombinant primarily comprised of a Clade 2 virus with two regions of
ORF1b replaced by Clade 3 viral sequences.

The analysis for this study was not comprehensive and did not include close exami-
nation of subdomains within ORFlab. Two reptile nidoviruses were not included in this
study including a pond slider nidovirus (Host: Trachemys scripta) which did not share
recognizable serpentovirus genome organization, and a chameleon serpentovirus (Host:
Kinyongia boehmei) with no publicly available sequence that clustered the closest to Veiled
Chameleon Serpentovirus B in the genus Vebetovirus [72]. Some genomes contained large
gaps limiting analysis for those genome regions, and the inclusion of multiple outgroups
with the genera of Bostovirus, Bafinivirus, Oncotshavirus, and Torovirus may introduce error
to phylogenetic tree models [73]. Although many proteins contained multiple predicted
N-linked glycosylation sites, only the site with the highest likelihood was reported in the
analysis. Finally, further in vitro and reverse genetics work would be needed to make a
real determination of protein function.

Through characterization of eleven novel serpentoviral genomes followed by pan-
serpentoviral phylogenetic analysis, this study explores the viral diversity of the rapidly
expanding Serpentovirinae subfamily. Study findings suggest that serpentoviruses utilize
a number of strategies to infect multiple reptile taxa. Serpentoviruses clades contain
variation in ORF characteristics including composition, amino acid homology, potential
evolutionary origin, potential translated protein function, and potential glycosylation
sites. Support for recombination in serpentovirus lineages provides a mechanism to
partially explain observed ORF diversity. While many specifics about serpentoviruses
genomes remain a mystery, this study organizes and characterizes novel and published
serpentovirus variation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v16020310/s1, Table S1: Novel Genome GenBank IDs and Sequencing
Information, Assemblies of fragmented genomes can be found at [33]. Table S2: rtPCR Primers.
Table S3: Serpentovirus Genbank IDs and Genome Information.

Author Contributions: Conceptualization, S.B.T., JEX.W]. and R.J.O.; methodology, ] EX.W.]J. and
R.]J.O.; software, ].EX.W].; validation, ] EX.W.J. and R.J.O.; formal analysis, S.B.T. and ] EX.W.].;
investigation, S.B.T., JEX.W]J. and R.J.O.; resources, R.J.O.; data curation, S.B.T.; writing—original
draft preparation, S.B.T.; writing—review and editing, R.J.O. and J.EX.W.J.; visualization, S.B.T. and
JEX.WJ.; supervision, R.J.O.; project administration, R.J.O.; funding acquisition, R.J.O. All authors
have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/v16020310/s1
https://www.mdpi.com/article/10.3390/v16020310/s1

Viruses 2024, 16, 310 18 of 21

Funding: S.B.T. was supported by a Graduate Student Block Award from University of Florida’s College
of Veterinary Medicine. This study was funded in part by private donations made to Southeastern
Carpetfest by snake enthusiasts and keepers with the intent of expanding serpentovirus research.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Assembled genomic sequence generated from Sanger and Illumina
MiSeq sequencing can be found in Genbank accession numbers [OR131594-OR131648] and raw
reads from Illumina MiSeq sequencing in Sequence Read Archive accession number [PRJNA982273].
Fragmented genomes were mapped to their closest existing published genomes determined by NCBI
BLASTN and putative gaps were mapped in a composite alignment sequence using Geneious Prime.
Assemblies for fragmented genomes with putative gaps mapped using the closest published genome
can be found at [33].

Acknowledgments: The authors would like to thank April Childress, Ann Chan, and Oscar Hernan-
dez (UF) for their assistance in developing and running experimental protocols.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

Uccellini, L.; Ossiboff, R.J.; De Matos, R.E.; Morrisey, ].K.; Petrosov, A.; Navarrete-Macias, I.; Jain, K.; Hicks, A.L.; Buckles, E.L.;
Tokarz, R.; et al. Identification of a Novel Nidovirus in an Outbreak of Fatal Respiratory Disease in Ball Pythons (Python Regius).
Virol. J. 2014, 11, 144. [CrossRef] [PubMed]

Dervas, E.; Hepojoki, ].; Laimbacher, A.; Romero-Palomo, F.; Jelinek, C.; Keller, S.; Smura, T.; Hepojoki, S.; Kipar, A.; Hetzel, U.
Nidovirus-Associated Proliferative Pneumonia in the Green Tree Python (Morelia Viridis). ]. Virol. 2017, 91, €00718-17. [CrossRef]
Hoon-Hanks, L.L.; Layton, M.L.; Ossiboff, R.].; Parker, ].S.L.; Dubovi, E.J.; Stenglein, M.D. Respiratory Disease in Ball Pythons
(Python Regius) Experimentally Infected with Ball Python Nidovirus. Virology 2018, 517, 77-87. [CrossRef]

Leineweber, C.; Marschang, R.E. Detection of Nidoviruses in Samples Collected from Captive Snakes in Europe between 2016
and 2021. Vet. Rec. 2023, 192, €2588. [CrossRef] [PubMed]

Tillis, S.B.; Josimovich, ].M.; Miller, M.A.; Hoon-Hanks, L.L.; Hartmann, A.M.; Claunch, N.M.; Iredale, M.E.; Logan, T.D.; Yackel
Adams, A.A.; Bartoszek, I.A.; et al. Divergent Serpentoviruses in Free-Ranging Invasive Pythons and Native Colubrids in
Southern Florida, United States. Viruses 2022, 14, 2726. [CrossRef] [PubMed]

Hoon-Hanks, L.L.; Ossiboff, R.J.; Bartolini, P.; Fogelson, S.B.; Perry, S.M.; Stohr, A.C.; Cross, S.T.; Wellehan, ]. EX_; Jacobson, E.R,;
Dubovi, E.J.; et al. Longitudinal and Cross-Sectional Sampling of Serpentovirus (Nidovirus) Infection in Captive Snakes Reveals
High Prevalence, Persistent Infection, and Increased Mortality in Pythons and Divergent Serpentovirus Infection in Boas and
Colubrids. Front. Vet. Sci. 2019, 6, 338. [CrossRef]

Blahak, S.; Jenckel, M.; Hoper, D.; Beer, M.; Hoffmann, B.; Schlottau, K. Investigations into the Presence of Nidoviruses in Pythons.
Virol. J. 2020, 17, 6. [CrossRef]

Bodewes, R.; Lempp, C.; Schiirch, A.C.; Habierski, A.; Hahn, K.; Lamers, M.; Von Dérnberg, K.; Wohlsein, P.; Drexler, J.F.;
Haagmans, B.L.; et al. Novel Divergent Nidovirus in a Python with Pneumonia. J. Gen. Virol. 2014, 95, 2480-2485. [CrossRef]
Stenglein, M.D.; Jacobson, E.R.; Wozniak, E.J.; Wellehan, J.F.X.; Kincaid, A.; Gordon, M.; Porter, B.F.; Baumgartner, W.; Stahl, S.;
Kelley, K.; et al. Ball Python Nidovirus: A Candidate Etiologic Agent for Severe Respiratory Disease in Python Regius. MBio 2014,
5,e01484-14. [CrossRef]

Shi, M,; Lin, X.; Chen, X; Tian, J.; Chen, L.; Li, K.; Wang, W.; Eden, J.; Shen, J.; Liu, L.; et al. The Evolutionary History of Vertebrate
RNA Viruses. Nature 2018, 556, 197-202. [CrossRef]

Zhang, J.; Finlaison, D.S.; Frost, M.].; Gestier, S.; Gu, X.; Hall, J.; Jenkins, C.; Parrish, K.; Read, A.].; Srivastava, M.; et al.
Identification of a Novel Nidovirus as a Potential Cause of Large Scale Mortalities in the Endangered Bellinger River Snapping
Turtle (Myuchelys Georgesi). PLoS ONE 2018, 13, €0205209. [CrossRef] [PubMed]

O’Dea, M.A; Jackson, B.; Jackson, C.; Xavier, P.; Warren, K. Discovery and Partial Genomic Characterisation of a Novel Nidovirus
Associated with Respiratory Disease in Wild Shingleback Lizards (Tiliqua Rugosa). PLoS ONE 2016, 11, €0165209. [CrossRef]
Hoon-Hanks, L.L.; Stohr, A.C.; Anderson, A.J.; Evans, D.E.; Nevarez, ].G.; Diaz, R.E.; Rodgers, C.P,; Cross, S.T.; Steiner, H.R,;
Parker, RR;; et al. Serpentovirus (Nidovirus) and Orthoreovirus Coinfection in Captive Veiled Chameleons (Chamaeleo Calyptratus)
with Respiratory Disease. Viruses 2020, 12, 1329. [CrossRef]

Tillis, S.B.; Holt, C.; Havens, S.; Logan, T.D.; Julander, ].G.; Ossiboff, R.J. In Vitro Characterization and Antiviral Susceptibility of
Ophidian Serpentoviruses. Microorganisms 2023, 11, 1371. [CrossRef] [PubMed]

Gorbalenya, A.E.; Enjuanes, L.; Ziebuhr, J.; Snijder, E.]. Nidovirales: Evolving the Largest RNA Virus Genome. Virus Res. 2006,
117,17-37. [CrossRef]


https://doi.org/10.1186/1743-422X-11-144
https://www.ncbi.nlm.nih.gov/pubmed/25106433
https://doi.org/10.1128/JVI.00718-17
https://doi.org/10.1016/j.virol.2017.12.008
https://doi.org/10.1002/vetr.2588
https://www.ncbi.nlm.nih.gov/pubmed/36719283
https://doi.org/10.3390/v14122726
https://www.ncbi.nlm.nih.gov/pubmed/36560729
https://doi.org/10.3389/fvets.2019.00338
https://doi.org/10.1186/s12985-020-1279-5
https://doi.org/10.1099/vir.0.068700-0
https://doi.org/10.1128/mBio.01484-14
https://doi.org/10.1038/s41586-018-0012-7
https://doi.org/10.1371/journal.pone.0205209
https://www.ncbi.nlm.nih.gov/pubmed/30356240
https://doi.org/10.1371/journal.pone.0165209
https://doi.org/10.3390/v12111329
https://doi.org/10.3390/microorganisms11061371
https://www.ncbi.nlm.nih.gov/pubmed/37374873
https://doi.org/10.1016/j.virusres.2006.01.017

Viruses 2024, 16, 310 19 of 21

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Enjuanes, L.; Gorbalenya, A.E.; de Groot, R.J.; Cowley, ].A.; Ziebubhr, J.; Snijder, E.J. Nidovirales. In Encyclopedia of Virology;
Academic Press: Cambridge, MA, USA, 2008; pp. 419-430. ISBN 9780123744104.

Liu, D.X.; Fung, T.S.; Chong, K.K.L.; Shukla, A.; Hilgenfeld, R. Accessory Proteins of SARS-CoV and Other Coronaviruses.
Antiviral Res. 2014, 109, 97-109. [CrossRef]

Weiss, S.R.; Leibowitz, J.L. Coronavirus Pathogenesis, 1st ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2011; Volume 81,
ISBN 9780123858856.

Alanagreh, L.; Alzoughool, F.; Atoum, M. The Human Coronavirus Disease COVID-19: Its Origin, Characteristics, and Insights
into Potential Drugs and Its Mechanisms. Pathogens 2020, 9, 331. [CrossRef] [PubMed]

Kung, Y.-A.; Lee, K.-M.; Chiang, H.-].; Huang, S.-Y.; Wu, C.-].; Shih, S.-R. Molecular Virology of SARS-CoV-2 and Related
Coronaviruses. Microbiol. Mol. Biol. Rev. 2022, 86, €0002621. [CrossRef]

Yang, D.; Leibowitz, J.L. The Structure and Functions of Coronavirus Genomic 3’ and 5" Ends. Virus Res. 2015, 206, 120-133.
[CrossRef]

Huang, R.; Chen, W.; Zhao, X,; Ma, Y,; Zhou, Q.; Chen, J.; Zhang, M.; Zhao, D.; Hou, Y,; He, C,; et al. Genome-Wide
Characterization of Alternative Splicing in Blood Cells of COVID-19 and Respiratory Infections of Relevance. Virol. Sin. 2023, 38,
309-312. [CrossRef]

Pouladi, N.; Abdolahi, S. Investigating the ACE2 Polymorphisms in COVID-19 Susceptibility: An in Silico Analysis. Mol. Genet.
Genom. Med. 2021, 9, e1672. [CrossRef]

Karlebach, G.; Aronow, B.; Baylin, S.B.; Butler, D.; Foox, J.; Levy, S.; Meydan, C.; Mozsary, C.; Saravia-Butler, A.M.; Taylor, D.M.;
et al. Betacoronavirus-Specific Alternate Splicing. Genomics 2022, 114, 110270. [CrossRef]

Wang, C.; Chen, L.; Chen, Y,; Jia, W.; Cai, X; Liu, Y.; Ji, F; Xiong, P,; Liang, A.; Liu, R,; et al. Abnormal Global Alternative RNA
Splicing in COVID-19 Patients. PLoS Genet. 2022, 18, €1010137. [CrossRef]

Gribble, J.; Stevens, L.J.; Agostini, M.L.; Anderson-Daniels, J.; Chappell, ].D.; Lu, X.; Pruijssers, A.].; Routh, A.L.; Denison,
M.R. The Coronavirus Proofreading Exoribonuclease Mediates Extensive Viral Recombination. PLoS Pathog. 2021, 17, €1009226.
[CrossRef] [PubMed]

Simon-Loriere, E.; Holmes, E.C. Why Do RNA Viruses Recombine? Nat. Rev. Microbiol. 2011, 9, 617-626. [CrossRef] [PubMed]
Graham, R.L.; Baric, R.S. Recombination, Reservoirs, and the Modular Spike: Mechanisms of Coronavirus Cross-Species
Transmission. J. Virol. 2010, 84, 3134-3146. [CrossRef] [PubMed]

Wang, Y.; Wu, Z.; Hu, W.; Hao, P; Yang, S. Impact of Expressing Cells on Glycosylation and Glycan of the SARS-CoV-2 Spike
Glycoprotein. ACS Omega 2021, 6, 15988-15999. [CrossRef] [PubMed]

Tusell, S.M.; Schittone, S.A.; Holmes, K.V. Mutational Analysis of Aminopeptidase N, a Receptor for Several Group 1 Coron-
aviruses, Identifies Key Determinants of Viral Host Range. J. Virol. 2007, 81, 1261-1273. [CrossRef]

Frana, M.E; Behnke, J.N.; Sturman, L.S.; Holmes, K. V Proteolytic Cleavage of the E2 Glycoprotein of Murine Coronavirus:
Host-Dependent Differences in Proteolytic Cleavage and Cell Fusion. J. Virol. 1985, 56, 912-920. [CrossRef]

Gish, W.; States, D.J. Identification of Protein Coding Regions by Database Similarity Search. Nat. Genet. 1993, 3, 266-272.
[CrossRef]

Tillis, S.B. Fragmented Serpentovirus Genome Alignments. figshare. Dataset. 2024. [CrossRef]

Katoh, K.; Toh, H. Improved Accuracy of Multiple NcRNA Alignment by Incorporating Structural Information into a MAFFT-
Based Framework. BMC Bioinform. 2008, 9, 212. [CrossRef] [PubMed]

Bernhofer, M.; Dallago, C.; Karl, T.; Satagopam, V.; Heinzinger, M.; Littmann, M.; Olenyi, T.; Qiu, J.; Schiitze, K.; Yachdav, G.; et al.
PredictProtein—Predicting Protein Structure and Function for 29 Years. Nucleic Acids Res. 2021, 49, W535-W540. [CrossRef]
Finn, R.D.; Clements, J.; Eddy, S.R. HMMER Web Server: Interactive Sequence Similarity Searching. Nucleic Acids Res. 2011, 39,
29-37. [CrossRef]

Zheng, W.; Zhang, C.; Li, Y.; Pearce, R.; Bell, EW.; Zhang, Y. Folding Non-Homologous Proteins by Coupling Deep-Learning
Contact Maps with I-TASSER Assembly Simulations. Cell Rep. Methods 2021, 1, 100014. [CrossRef]

Zhang, C.; Freddolino, P.L.; Zhang, Y. COFACTOR: Improved Protein Function Prediction by Combining Structure, Sequence and
Protein-Protein Interaction Information. Nucleic Acids Res. 2017, 45, W291-W299. [CrossRef] [PubMed]

Yang, J.; Zhang, Y. I-TASSER Server: New Development for Protein Structure and Function Predictions. Nucleic Acids Res. 2015,
43, W174-W181. [CrossRef]

Gupta, R.; Brunak, S. Prediction of Glycosylation across the Human Proteome and the Correlation to Protein Function. Pac. Symp.
Biocomput. 2002, 322, 310-322. [CrossRef]

Sweeney, B.A.; Hoksza, D.; Nawrocki, E.P.; Ribas, C.E.; Madeira, F; Cannone, ].].; Gutell, R.; Maddala, A.; Meade, C.D.; Williams,
L.D.; et al. R2DT Is a Framework for Predicting and Visualising RNA Secondary Structure Using Templates. Nat. Commun. 2021,
12, 3494. [CrossRef]

Katoh, K.; Misawa, K.; Kuma, K.I.; Miyata, T. MAFFT: A Novel Method for Rapid Multiple Sequence Alignment Based on Fast
Fourier Transform. Nucleic Acids Res. 2002, 30, 3059-3066. [CrossRef]

Miller, M.A.; Schwartz, T.; Pickett, B.E.; He, S.; Klem, E.B.; Scheuermann, R.H.; Passarotti, M.; Kaufman, S.; Oleary, M.A. A
RESTful API for Access to Phylogenetic Tools via the CIPRES Science Gateway. Evol. Bioinform. 2015, 11, 43-48. [CrossRef]


https://doi.org/10.1016/j.antiviral.2014.06.013
https://doi.org/10.3390/pathogens9050331
https://www.ncbi.nlm.nih.gov/pubmed/32365466
https://doi.org/10.1128/mmbr.00026-21
https://doi.org/10.1016/j.virusres.2015.02.025
https://doi.org/10.1016/j.virs.2023.01.007
https://doi.org/10.1002/mgg3.1672
https://doi.org/10.1016/j.ygeno.2022.110270
https://doi.org/10.1371/journal.pgen.1010137
https://doi.org/10.1371/journal.ppat.1009226
https://www.ncbi.nlm.nih.gov/pubmed/33465137
https://doi.org/10.1038/nrmicro2614
https://www.ncbi.nlm.nih.gov/pubmed/21725337
https://doi.org/10.1128/JVI.01394-09
https://www.ncbi.nlm.nih.gov/pubmed/19906932
https://doi.org/10.1021/acsomega.1c01785
https://www.ncbi.nlm.nih.gov/pubmed/34179644
https://doi.org/10.1128/JVI.01510-06
https://doi.org/10.1128/jvi.56.3.912-920.1985
https://doi.org/10.1038/ng0393-266
https://doi.org/10.6084/m9.figshare.23497649.v2
https://doi.org/10.1186/1471-2105-9-212
https://www.ncbi.nlm.nih.gov/pubmed/18439255
https://doi.org/10.1093/nar/gkab354
https://doi.org/10.1093/nar/gkr367
https://doi.org/10.1016/j.crmeth.2021.100014
https://doi.org/10.1093/nar/gkx366
https://www.ncbi.nlm.nih.gov/pubmed/28472402
https://doi.org/10.1093/nar/gkv342
https://doi.org/10.1142/9789812799623_0029
https://doi.org/10.1038/s41467-021-23555-5
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.4137/EBO.S21501

Viruses 2024, 16, 310 20 of 21

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

Ronquist, F; Teslenko, M.; Van Der Mark, P.; Ayres, D.L.; Darling, A.; Hohna, S.; Larget, B.; Liu, L.; Suchard, M.A.; Huelsenbeck,
J.P. Mrbayes 3.2: Efficient Bayesian Phylogenetic Inference and Model Choice across a Large Model Space. Syst. Biol. 2012, 61,
539-542. [CrossRef]

Stamatakis, A.; Hoover, P.; Rougemont, ]. A Rapid Bootstrap Algorithm for the RAXML Web Servers. Syst. Biol. 2008, 57, 758-771.
[CrossRef]

Gorbalenya, A.; Samborskiy, D.; Junglen, S.; Lauber, C.; Neuman, B.; Ziebuhr, J. Create 47 New Taxa in the Order, Ranging from
Subfamilies to Species (Nidovirales). Available online: https:/ /ictv.global/ictv/proposals/2021.005S.R.Nidovirales.zip (accessed
on 14 November 2022).

Martin, D.P,; Varsani, A.; Roumagnac, P.; Botha, G.; Maslamoney, S.; Schwab, T.; Kelz, Z.; Kumar, V.; Murrell, B. RDP5: A
Computer Program for Analyzing Recombination in, and Removing Signals of Recombination from, Nucleotide Sequence
Datasets. Virus Evol. 2021, 7, 5-7. [CrossRef]

Martin, D.; Rybicki, E. RDP: Detection of Recombination amongst Aligned Sequences. Bioinformatics. Oxf. J. 2000, 16, 562-563.
[CrossRef] [PubMed]

Martin, D.P,; Posada, D.; Crandall, K.A.; Williamson, C. A Modified Bootscan Algorithm for Automated Identification of
Recombinant Sequences and Recombination Breakpoints. AIDS Res. Hum. Retroviruses 2005, 21, 98-102. [CrossRef] [PubMed]
Smith, .M. Analyzing the Mosaic Structure of Genes. J. Mol. Evol. 1992, 34, 126-129. [CrossRef] [PubMed]

Huston, N.C.; Wan, H,; Strine, M.S.; de Cesaris Araujo Tavares, R.; Wilen, C.B.; Pyle, A.M. Comprehensive in Vivo Secondary
Structure of the SARS-CoV-2 Genome Reveals Novel Regulatory Motifs and Mechanisms. Mol. Cell 2021, 81, 584-598.e5.
[CrossRef] [PubMed]

Tan, Y.; Schneider, T.; Leong, M.; Aravind, L.; Zhang, D. Novel Immunoglobulin Domain Proteins Provide Insights into Evolution
and Pathogenesis of SARS-CoV-2-Related Viruses Yongjun. MBio 2020, 11, e00760-20. [CrossRef]

Farré, D.; Martinez-Vicente, P.; Engel, P.; Angulo, A. Immunoglobulin Superfamily Members Encoded by Viruses and Their
Multiple Roles in Immune Evasion. Eur. J. Immunol. 2017, 47, 780-796. [CrossRef] [PubMed]

Teodoro, ].G.; Branton, P.E. Regulation of Apoptosis by Viral Gene Products. J. Virol. 1997, 71, 1739-1746. [CrossRef]

Nichols, D.B.; De Martini, W.; Cottrell, J. Poxviruses Utilize Multiple Strategies to Inhibit Apoptosis. Viruses 2017, 9, 215.
[CrossRef]

Gioti, K,; Kottaridi, C.; Voyiatzaki, C.; Chaniotis, D.; Rampias, T.; Beloukas, A. Animal Coronaviruses Induced Apoptosis. Life
2021, 11, 185. [CrossRef] [PubMed]

Li, EQ.; Tam, J.P; Liu, D.X. Cell Cycle Arrest and Apoptosis Induced by the Coronavirus Infectious Bronchitis Virus in the
Absence of P53. Virology 2007, 365, 435-445. [CrossRef] [PubMed]

Kuwabara, M.; Wada, K.; Maeda, Y.; Miyazaki, A.; Tsunemitsu, H. First Isolation of Cytopathogenic Bovine Torovirus in Cell
Culture from a Calf with Diarrhea. Clin. Vaccine Immunol. 2007, 14, 998-1004. [CrossRef] [PubMed]

Maestre, A.M.; Garzén, A.; Rodriguez, D. Equine Torovirus (BEV) Induces Caspase-Mediated Apoptosis in Infected Cells. PLoS
ONE 2011, 6, €20972. [CrossRef] [PubMed]

Ding, X.; Xu, F.; Chen, H.; Tesh, R.B.; Xiao, S.Y. Apoptosis of Hepatocytes Caused by Punta Toro Virus (Bunyaviridae: Phlebovirus)
and Its Implication for Phlebovirus Pathogenesis. Am. J. Pathol. 2005, 167, 1043-1049. [CrossRef]

Ossiboff, R.J.; University of Florida, College of Veterinary Medicine, Gainesville, FL, USA. Personal communication, 2023.
Saito, Y.; Nishio, K.; Ogawa, Y.; Kimata, J.; Kinumi, T.; Yoshida, Y.; Noguchi, N.; Niki, E. Turning Point in Apoptosis/Necrosis
Induced by Hydrogen Peroxide. Free Radic. Res. 2006, 40, 619—-630. [CrossRef]

Mizutani, H.; Tada-Oikawa, S.; Hiraku, Y.; Kojima, M.; Kawanishi, S. Mechanism of Apoptosis Induced by Doxorubicin through
the Generation of Hydrogen Peroxide. Life Sci. 2005, 76, 1439-1453. [CrossRef]

Hampton, M.B.; Orrenius, S. Dual Regulation of Caspase Activity by Hydrogen Peroxide: Implications for Apoptosis. FEBS Lett.
1997, 414, 552-556. [CrossRef]

Wang, J.; Shen, Y.H.; Utama, B.; Wang, J.; LeMaire, S.A.; Coselli, ].S.; Vercellotti, G.M.; Wang, X.L. HCMYV Infection Attenuates
Hydrogen Peroxide Induced Endothelial Apoptosis—Involvement of ERK Pathway. FEBS Lett. 2006, 580, 2779-2787. [CrossRef]
Zhou, Y.; Gunput, R.A.E; Adolfs, Y.; Jeroen Pasterkamp, R. MICALs in Control of the Cytoskeleton, Exocytosis, and Cell Death.
Cell. Mol. Life Sci. 2011, 68, 4033-4044. [CrossRef]

Minagawa, N.; Kruglov, E.A.; Dranoff, ].A.; Robert, M.E.; Gores, G.J.; Nathanson, M.H. The Anti-Apoptotic Protein Mcl-1 Inhibits
Mitochondrial Ca2* Signals. J. Biol. Chem. 2005, 280, 33637-33644. [CrossRef]

Ueda, H.; Yamaguchi, Y.; Sano, H. Direct Interaction between the Tobacco Mosaic Virus Helicase Domain and the ATP-Bound
Resistance Protein, N Factor during the Hypersensitive Response in Tobacco Plants. Plant Mol. Biol. 2006, 61, 31-45. [CrossRef]
Chapman, T.L.; Heikema, A.P;; Bjorkman, P.J. The Inhibitory Receptor LIR-1 Uses a Common Binding Interaction to Recognize
Class | MHC Molecules and the Viral Homolog UL18. Immunity 1999, 11, 603-613. [CrossRef]

Van Doorslaer, K. Evolution of the Papillomaviridae. Virology 2013, 445, 11-20. [CrossRef]

Sawicki, S.G.; Sawicki, D.L.; Siddell, S.G. A Contemporary View of Coronavirus Transcription. J. Virol. 2007, 81, 20-29. [CrossRef]
[PubMed]


https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1080/10635150802429642
https://ictv.global/ictv/proposals/2021.005S.R.Nidovirales.zip
https://doi.org/10.1093/ve/veaa087
https://doi.org/10.1093/bioinformatics/16.6.562
https://www.ncbi.nlm.nih.gov/pubmed/10980155
https://doi.org/10.1089/aid.2005.21.98
https://www.ncbi.nlm.nih.gov/pubmed/15665649
https://doi.org/10.1007/BF00182389
https://www.ncbi.nlm.nih.gov/pubmed/1556748
https://doi.org/10.1016/j.molcel.2020.12.041
https://www.ncbi.nlm.nih.gov/pubmed/33444546
https://doi.org/10.1128/mBio.00760-20
https://doi.org/10.1002/eji.201746984
https://www.ncbi.nlm.nih.gov/pubmed/28383780
https://doi.org/10.1128/jvi.71.3.1739-1746.1997
https://doi.org/10.3390/v9080215
https://doi.org/10.3390/life11030185
https://www.ncbi.nlm.nih.gov/pubmed/33652685
https://doi.org/10.1016/j.virol.2007.04.015
https://www.ncbi.nlm.nih.gov/pubmed/17493653
https://doi.org/10.1128/CVI.00475-06
https://www.ncbi.nlm.nih.gov/pubmed/17567770
https://doi.org/10.1371/journal.pone.0020972
https://www.ncbi.nlm.nih.gov/pubmed/21698249
https://doi.org/10.1016/S0002-9440(10)61193-5
https://doi.org/10.1080/10715760600632552
https://doi.org/10.1016/j.lfs.2004.05.040
https://doi.org/10.1016/S0014-5793(97)01068-5
https://doi.org/10.1016/j.febslet.2006.04.041
https://doi.org/10.1007/s00018-011-0787-2
https://doi.org/10.1074/jbc.M503210200
https://doi.org/10.1007/s11103-005-5817-8
https://doi.org/10.1016/S1074-7613(00)80135-1
https://doi.org/10.1016/j.virol.2013.05.012
https://doi.org/10.1128/JVI.01358-06
https://www.ncbi.nlm.nih.gov/pubmed/16928755

Viruses 2024, 16, 310 21 of 21

72. Harding, E.F; Russo, A.G.; Yan, G.J.H.; Mercer, L.K.; White, P.A. Revealing the Uncharacterised Diversity of Amphibian and
Reptile Viruses. ISME Commun. 2022, 2, 95. [CrossRef] [PubMed]

73. DeSalle, R.; Narechania, A.; Tessler, M. Multiple Outgroups Can Cause Random Rooting in Phylogenomics. Mol. Phylogenet. Evol.
2023, 184, 107806. [CrossRef] [PubMed]

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.


https://doi.org/10.1038/s43705-022-00180-x
https://www.ncbi.nlm.nih.gov/pubmed/37938670
https://doi.org/10.1016/j.ympev.2023.107806
https://www.ncbi.nlm.nih.gov/pubmed/37172862

	Introduction 
	Materials and Methods 
	Sample Origin and Diagnostic Screening 
	Illumina Next-Generation Sequencing 
	Filling Genome Gaps with rtPCR 
	3' and 5' Rapid Amplification of cDNA Ends 
	Genome Organization 
	Phylogenetic Analysis 
	Recombination Analysis 

	Results 
	Genome Organization 
	Phylogeny of Novel Viruses 
	Phylogenetic Incongruence 
	Recombination Analysis 

	Discussion 
	References

