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Abstract
Analysis of orthology is important for understanding protein conservation, function and phylogenomics.
This study performed a comprehensive identi�cation of Ascoviridae orthology based on identi�cation of
366 ascoviridae protein homologue groups and phylogenetic analysis of 34 non-single copy proteins. Our
fondings revealed 90 newly annotated proteins, �ve new identi�ed Ascoviridae core proteins and 14
Ascovirus core proteins. Moreover, a phylogenomic tree of 11 ascoviridae species was inferred based on
the concatenation of 35 of 45 Ascoviridae ortholog groups. In combination with phosphoproteomic
results and conservation estimations, 30 conserved phosphorylation sites on 17 phosphoproteins were
identi�ed from a total of 176 phosphosites on 57 phosphoproteins from Heliothis virescens ascovirus 3h
(HvAV-3h), supplying potential research targets for exploration of the detailed role of these protein in the
regulation of viral infection mechanisms. This study would facilitates further Ascoviridae genome
annotation and comparison and other functional genomic investigations.

Introduction
The family Ascoviridae is a group of insect-speci�c large DNA viruses that have been isolated from
members of the orders Lepidoptera, Diptera and Neoptera, and is transmitted by endoparasitic wasps.
Ascoviridae is divided into two genera, Ascovirus and Toursvirus [2]. The Ascoviridae genome is a double
stranded circular DNA genome with a length of about 110–200 kb encoding 119–194 genes [2] (Table
S1). Ascoviridae virions initiate replication in the nuclei of infected cells, which results in the enlargement
of the nucleus rupture and then cleavage of the cell into a cluster of virion-containing vesicles. Infection
by this virus results in decreased food intake and retarded growth of infected larvae [6, 9]. Thus
Ascoviridae species represent as a new candidate for the biological control of pest insect species [9].

To date, only a few of investigations have focused on the Ascoviridae infection mechanism. The viral
caspase has been demonstrated to function in inducing cell apoptosis [5]. The viral caspase [5, 55] and
viral lipase [44] play important roles in cell cleavage and thus facilitate the formation of viral vesicles and
function in viral reproduction. Transcriptomic analyses have demonstrated that Ascoviridae infection
affects host molting and inhibits host innate immunity in vivo [54–56], and it also stimulates host larval
lipid and protein syntheses, including mitochondrial ATP6, ATP synthase, and NADH dehydrogenase
subunits, and inhibits carbohydrate synthesis [31, 56], which promotes the formation of viral vesicles. It
has been also demonstrated that viral RNase III functions in suppressing host cell RNAi (RNA
interference) defense responses [25] and the virion-associated P64 [10, 46] is a DNA binding protein that
is incorporated into the viral DNA core during virion assembly [47]. Nevertheless, functional analysis of
Ascoviridae genomics has been hindered due to a lack of molecular operation platforms, such as cloning
viral genomes into infectious bacterial arti�cial chromosomes [58].

Comprehensive identi�cation of the conservation of genes and proteins promotes the investigation and
understanding of their biological functions, particularly those involved in DNA replication, RNA
transcription, virion assembly and regulation of host metabolism. This also hold true for the protein
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interaction network for virus reproduction [18, 52], and this fact facilitates the construction of arti�cial
chromosomes and further medication targeting viral vectors [4, 21, 37, 43, 49]. To date, 11 Ascoviridae
genomes have been fully sequenced, including nine ascoviruses and two toursviruses (Table S1). A total
of 37 core genes in all of these sequenced Ascoviridae genomes have been identi�ed [50]. Nevertheless,
the identi�cation of homologs and orthologs of core genes is often obscured by the presence of paralogs
[3, 16, 20, 30] (for non-single copy genes) and missing genes during the annotation of sequenced
genomes [27] (see Glossary relevant to gene homology relationships such orthology and homology in [16,
17]). Previously, Garavaglia et al. optimized several BLAST approaches for the identi�cation of
baculovirus orthology, and supplied a comprehensive view of protein conservation, leading to increased
identi�cation of novel core genes [18]. Furthermore, for comparative genomic and phylogenomic
analyses, identi�cation of orthologs is a key step that can be achieved through differentiating gene
homology relationships and selection of orthologs based on constructed gene trees with different branch
lengths [3, 17, 34, 48].

To facilitate understanding protein conservation and species phylogenomics, in this study, we performed
comprehensive identi�cation of Ascoviridae orthology and phylogenomic inference, and updated the
global view of Ascoviridae protein conservation. Further identi�cation of phosphorylation sites on HvAV-
3h proteins with orthologs were found to be virion-associated, and can be used to promote functional
investigation of orthologs in the future.

Materials And Methods

Insects, viral infection and production of viral vesicles
Laboratory stocks of H. armigera were reared on an arti�cial diet and the third-instar larvae were infected
with a laboratory stock HvAV-3h strain [9]. Virus-containing hemolymph was collected from infected
larvae 10 days after infection [10], diluted with four volume of 0.1 × TE (TE, 10 mM Tris, 1.0 mM EDTA, pH
7.4) containing protease and phosphatase inhibitor cocktail (Sigma, Germany), and centrifuged at 3000 g
for 10 min at 4°C to collect virion-containing vesicles [15].

Genome and protein databases
Individual genomes from nine ascoviruses and two toursvirus were collected from the NCBI GenBank
database (Table S1). The non-redundant annotated protein dataset of each ascoviridae genome was also
acquired from NCBI. Proteins were repredicted for all genome sequences using getorf
(http://emboss.bioinformatics.nl/cgi-bin/emboss/getorf) and proteins ≥ 50 aa were kept. Thus, each
Ascoviridea species had three different datasets: a) the Individual Genome DataSet (IGD), containing the
corresponding genome sequence, b) the Individual Proteome DataSet (IPD), containing the corresponding
annotated proteins, and c) the Individual Repredicted Proteome DataSet (IRPD), containing the
corresponding repredicted proteins.

Identi��cation of protein homologue groups
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An overview of the identi�cation of Ascoviridae homologue groups is demonstrated in a schematic
diagram (Fig. S1). In the �rst round, OrthoFinder (v2.5.1) [13] was used to all-versus-all BLAST search
among all IPDs for the identi�cation of homologue groups, using the settings -S blast -M msa -os. To
decrease the disability of orthology prediction tools for identi�cation of all orthologs [18], the OrthoFinder
identi�ed homologue groups were used as a Primary Homologous Group Database (PHGD), and were
then subjected to an all-versus-all search using OrthoFinder against the IRPD in the second round to
screen candidate homologues that were not annotated in the IPD. The candidate homologues were then
manually checked using BLASP [32] in NCBI to search homologues with an inclusion threshold of 1e-5.
This resulted in a Revised Homologous Group Database (RHGD). Further, local TBLASTN was performed
by searching against the corresponding viral genome sequences using BioEdit 7.5.2 [1] with an expect
threshold of 1e-5 to identify candidate homologues, and all the selected candidate homologues were
manually checked using BLASP [32] as described above. Thus, a Final Homologous Group Database
(FHGD) was obtained, which contained all the sequences of individual homologue groups and statistical
matrix of the presence of homologous proteins in each virus was used for further analysis below.

Identi�cation of orthologs in non-single-copy protein
homologue groups
For non-single-copy protein homologue groups, orthologs were determined by screening single
representative proteins or paralogs for each genome [34]. Protein homologue groups were then subjected
to MAFFT (v7.310-1) alignment using the G-INS-i progressive method [35], and maximum likelihood (ML)
trees of proteins were inferred using IQ-TREE (v1.6.2) [28, 33] with the best model being screened using
the standard algorithm while 10,000 ultrafast bootstrap replicates were used for BROs (baculovirus
repeat ORFs).

Phylogenomic analysis of 11 ascoviridae species
Ortholog groups present in all 11 Ascoviridae genomes were subjected to MAFFT alignment using the G-
INS-i Progressive method [35]. The alignment proteins from each genome were �ltered using the Gblocks
(v0.91b) [45] with the settings -t=p -b1=6 -b2 =7 -b3 =10 -b4 =2 -b5 = h -e =-gb. These were then
concatenated in a stationary order (HvAV-3h ORF order) using TBtools (v1.046) [8] and PhyloSuite
(v1.2.2) [57]. Furthermore, a full tree search for protein models and phylogenetic inference was performed
using IQ-TREE [28, 33]. FigTree (http://tree.bio.ed.ac.uk/software/�gtree/) was used for viewing the
acquired ML tree �les and further construction of a phylogenetic tree.

In-solution digestion, IMAC-enrichment of phosphopeptides
and mass spectrometry analysis
The pellets of vesicles above were resuspended in 1% Triton X-100 in 0.1×TE and sonicated [15]. After
centrifugation at 10,000 g for 15 min at 4°C, the supernatant was collected and precipitated with three
volumes of 50% acetone/50% methanol/0.1% acetic acid. The precipitated proteins were resuspended in
lysis buffer (8 M urea, 100 mM TEAB [pH 8.0]), reduced, alkylated, and subjected to in-solution trypsin
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digestion as described previously [22, 53]. Peptides digested from 2 mg of proteins were then dissolved in
1% acetic acid and loaded onto immobilized metal a�nity chromatography (IMAC)-Fe3+ resin to enrich
phosphopeptides [22, 53]. Theses peptides were then subjected to LC-MS/MS analysis using an Orbitrap
Exploris™ 480 mass spectrometer (Thermo Scienti�c, USA) coupled with an Easy-nLC 1200 system.
Peptides were loaded using an auto-sampler and separated in a C18 analytical column (75µm × 25cm,
C18, 1.9µm, 100Å). Mobile phase A (0.1% formic acid) and mobile phase B (80% ACN, 0.1% formic acid)
were used to establish the separation gradient. A constant �ow rate was set at 300 nL/min. For the DDA
mode analysis, each scan cycle is consisted of one full-scan mass spectrum (R = 60 K, AGC = 300%, max
IT = 20 ms, scan range = 350–1500 m/z) followed by 20 MS/MS events (R = 15 K, AGC = 100%, max IT =
auto, cycle time = 2 s). The HCD collision energy was set to 30. The isolation window for precursor
selection was set to 1.6 Da. Former target ion exclusion was set for 35 s.

Database search for protein identi�cation and
phosphorylation site identi�cation
The acquired raw MS/MS data were formatted in Mascot generic format (.mgf) using MSconvert from
ProteoWizard (v3.0) [7, 29] and then the processed MS/MS spectra were searched using the Mascot
search engine (Version 2.3, Matrix Science, London, UK) [39] against a database including 21038 host
proteins from the annotated Helicoverpa armigera genome [38], 185 annotated HvAV-3h proteins [23], and
seven newly identi�ed HvAV-3h proteins. Trypsin was speci�ed as the digestion enzyme, allowing up to
two missed cleavage sites. The carbamidomethylation of cysteine was set as a �xed modi�cation, while
protein N-terminal acetylation, oxidation of methionine, deamidation of asparagine and glutamine, pyro-
glutamate formation from glutamine, and phosphorylation of tyrosine, serine and threonine were
considered as variable modi�cations. The mass tolerance was set to 20 ppm and 0.1 Da for peptide
precursors and MS/MS fragment ions, respectively. Data were �ltered using a 1% false discovery rate
(FDR) on peptide spectrum matches (PSMs) using automatic decoy searching. Peptides were considered
if the matching score was higher than the score threshold. Phosphorylation Site Localization was
manually checked and labeled using pLabel (version 2.4) [51].

Bioinformatic analysis
The conserved motifs in proteins were searched using the MEME suite (Bailey and Elkan, 1994). The
minimum motif was set to 10 and the number of motifs that MEME was allowed to �nd was set to 5,
while the other parameters were set to defalt. Putative signal peptide (SP) and transmembrane (TM)
domains were predicted using SignaIP 5.0 (Almagro Armenteros et al., 2019) and TMHMM 2.0 (Krogh et
al., 2001) respectively. And the PHOSIDA [19] was used for searching phosphopeptide sequence matches
against annotated motifs targeted by eukaryotic kinases.

Results
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Comprehensive identi�cation of Ascoviridae homologue
groups
A total of 366 homologue groups were identi�ed, covering 1934 proteins from 11 genomes (Table S2, and
Table S3 with accession numbers of previous annotated proteins and locations of newly annotated
proteins). A total of 90 proteins with distribution in 63 homologue groups were newly identi�ed in 10
genomes (Table S2). This facilitated identi�cation of �ve new protein homologues that were present in all
Ascoviridae genomes, including HvAV-3h ORF46, HvAV-3h ORF46a (DjTV-2a ORF125), HvAV-3h ORF56,
Myristylated membrane protein-like protein (HvAV-3h ORF62) and Transcription elongation factor S-II
(HvAV-3h ORF112), and the identi�cation of 14 new protein homologues that were present in all
Ascovirus,genomes, including HvAV-3h ORF12, HvAV-3h ORF29, HvAV-3h ORF44, GIY-YIG-like
endonuclease (HvAV-3h ORF49), HvAV-3h ORF68, HvAV-3h ORF69, Phenylalanyl-tRNA synthetase subunit
(HvAV-3h ORF72), Nicotinate-nucleotide pyrophosphorylase (HvAV-3h ORF100), HvAV-3h ORF115,
Hemolysin-like protein (HvAV-3h ORF137), HvAV-3h ORF140, HvAV-3h ORF141, HvAV-3h ORF142 and
DEAD-like helicase (HvAV-3h ORF147). Furthermore, 46 homologue groups were found to be present in all
ascoviridae genomes, among which, 33 were single-copy homologue groups. Among all the 336
homologue groups, including 106 single-copy species-speci�c homologue groups, 260 were identi�ed
with a taxon occupancy of ≥ 2 species, and most of them (226/260) were single-copy homologue
groups.

Comprehensive identi�cation of Ascoviridae orthologs
For all 34 non-single copy homologue groups, the groups were manually divided into �ve categories (A–
E). For the 15 homologue groups of category A in which only one genome contained two copies of the
homologue (Table S4), manual checking of the MAFFT alignment �les of homologue groups was
performed and it was found that the two homologues of Major capsid protein (HvAV-3h ORF53) in the
TnAV-6a (Trichoplusia ni ascovirus 6a) genome were completely the same, facilitating the clari�cation of
a representative protein ortholog in the TnAV-6a genome and the selection of the orthologous group of
the Major capsid protein (HvAV-3h ORF53) for the construction of a species tree. A representative protein
ortholog for each of the remaining homologue groups in category A was selected (indicated in red in
Table S2) based on a phylogenetic analysis [3]. Taking the HvAV-3h ORF46a as an example, for the
paralogs of DpTV (Diadromus pulchellus toursvirus) ORF56 and DpTV ORF57, DpTV ORF57 was not
orthologous with DjTV (Dasineura jujubifolia toursvirus) ORF125 (i.e., not on a terminal branch), while the
ortholog in DjTV-2a on the same terminal branch with DpTV ORF57 was missing. DpTV ORF56 was
observed on the same terminal branch with DjTV ORF125, and both were considered to be orthologous
with each other and single-copy homologues in other Ascoviridae species. Thus, this facilitated the
selection of orthologous groups from HvAV-3h ORF46a/DjTV-2a ORF125 (Fig. 1A) for the construction of
a species tree. Nevertheless, the representative protein ortholog and its paralogs were the truncated
homologues of RNaseIII (HvAV-3h ORF24), HvAV-3h ORF48, HvAV-3h ORF122, Serine/threonine protein
kinase (HvAV-3h ORF124), and ATPase (HvAV-3h ORF125) in the SfAV-1a genome, and Myristylated
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membrane protein-like protein (HvAV-3h ORF62), Serine/threonine protein kinase (HvAV-3h ORF75) and
RNA polymerase subunit (HvAV-3h ORF143) in the TnAV-6a genome, were not selected for construction of
a species tree.

For each of the seven homologue groups of category B (Table S4) with species occupancy ≥ 4 and with
homologue number ≥ 2 in ≥2 genomes, different orthologous groups could be classi�ed from the
homologous groups of category B due to the presence of orthologous pairs. For the homologous group of
P64 (HvAV-3h ORF58), both the orthologous pair DjTV ORF98 and DpTV ORF8 and the pair DjTV ORF95
and DpTV ORF80 could be combined with the orthologs of all other Ascoviridae species, and thus
resulted in orthologous groups 1 and 2 respectively. It should be noted that DpTV ORF80 was selected as
a representative protein ortholog for the paralogous pair of DpTV ORF80 and DpTV ORF115 (Fig. 1B).
The orthologous group with species occupancy equal to that of these homologue groups could be
chosen for the homologous groups of Virion S/T kinase cofactor (HvAV-3h ORF58) (Fig. 1B), Putative
S1/P1 nuclease (HvAV-3h ORF88/ORF139) (Fig.S2A), HvAV-3h ORF31/ORF34 (Fig.S2B), HvAV-3g
(Heliothis virescens ascovirus 3g) ORF10 (Fig.S2C), and TnAV-6a ORF71 (Fig.S2D), and even for the
homologous repeat (HR) (Fig.S2E) and inhibitor of apoptosis (IAP)–like protein (Fig. 2) homologues with
multiple copies. Two orthologous groups (Fig. 2A) could be selected from the IAP homologue group
among which all the members shared the Ringer domains (Fig. 2B). Nevertheless, orthologous groups for
P64 (HvAV-3h ORF58) and IAP were not selected for further construction of a species tree.

For each of the �ve homologue groups of category C (Table S4) with the number of ≥ 4 homologues
present only in two genomes, the homologue group was further divided into two subgroups and
orthologous pairs were determined from these homologues (Fig. S3) including the homologue group of
TnAV-6a ORF36 (Fig. S3A), TnAV-6a ORF27 (Fig. S3B), TnAV-6a ORF66 (Fig. S3C), TnAV-6a ORF70 (Fig.
S3D) and TnAV-6a ORF73 (Fig. S3E). An ortholog was not further identi�ed through the construction of a
species tree due to there being fewer than four homologues for the three homologue groups of DjTV-2a
ORF134, TnAV-6a ORF48 and TnAV-6a ORF63 in category D (Table S4). Moreover, based on sequence
alignment, the two homologues of TnAV-6b ORF55 in TnAV-6a and the two homologues of TnAV-6a
ORF63 in TnAV-6b seems to be truncated forms. In addition, we failed to screen out an orthologous group
with species occupancy equal to that of the homologue groups for the four homologue groups of
category E (Table S4), including that of HvAV-3h ORF95 (Fig. 3A), RING-�nger-containing E3 ubiquitin
ligase (HvAV-3h ORF167/ORF175) (Fig. 3B), ARO (ascovirus repeat ORF) (Fig. S4), and BRO (Fig. S5).

Phylogenomic inference of Ascoviridae species
A total of 35 selected orthologs were used for the construction of our species tree, covering 33 single-
copy homologue groups and two orthologous groups selected from the non-single-copy homologue
groups of Major capsid protein (HvAV-3h ORF53) and the HvAV-3h ORF46a/DjTV-2a ORF that were
present among all the 11 genomes. Phylogenomic inference with concatenation of these 35 orthologs
was performed (Fig. 4A), using the bootstrap values for the branches of 100 with the exception of only
one, which was 98. The phylogenomic inference in this study was consistent with previous tree inference
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using DNA polymerase [24, 50] and major capsid protein[24], despite the minor adjustment of
phylogenetic positions between all of the species from HvAV-3i (Heliothis virescens ascovirus 3e) to
HvAV-3j (Heliothis virescens ascovirus 3j).

Identi�cation and classi�cation of conserved proteins in
HvAV-3h
Based on identi�cation and phylogenetic inference of homologous groups, orthologs of 45 HvAV-3h ORFs
were found among all other eight Ascovirus and two Toursvirus genomes (Table 1), and among the 45
HvAV-3h ORFs conserved in all Ascoviridae species, two copies of IAP-like proteins (HvAV-3h ORF25 and
ORF47) were orthologous to single-copy ones (DjTV-2a ORF108 and DpTV-1a ORF7) in Toursvirus
species (Fig. 2). These proteins were involved in DNA/RNA replication/transcription/metabolism, viral
packaging and assembly, signaling, and sugar and lipid metabolism (Table 1). The HvAV-3i orthologs of
all the 45 HvAV-3h ORFs were found to be associated with HvAV-3i virions, with the exception of ORF118
and RNA polymerase subunit (ORF143) (Table 1). In addition, orthologs of 37 HvAV-3h ORFs were also
found among all other eight Ascovirus species. It should be noted that GIY-YIG-like endonuclease (HvAV-
3h ORF49) and Helicase (HvAV-3h ORF129) were also found in Toursvirus species. Nevertheless, both of
these proteins were not conserved in Toursvirus species. Further investigations on proteins with unknown
functions are be also needed to unveil their functions in Ascoviridae infection (Table 1).
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Table 1
Classi�cation of the 45 ortholog groups found in all Ascoviridae species and 36 ortholog groups found in

all Ascovirus species.
Classi�cation Protein in all Ascoviridae species Protein in all Ascovirus species

Replication DNA polymerase (ORF1)#, DNA repair
exonuclease (ORF67)#, ATPases (ORF116#,
ORF125# and ORF126#)

Helicase (ORF129)

Transcription RNA polymerase subunit (ORF9)#, DEAD-like
helicase (ORF13)#, RNaseIII (ORF24)#, Poxvirus
late transcription factor VLTF3 like protein
(ORF30)#, RNA polymerase subunit (ORF61)#,
RNA polymerase subunit (ORF80)#, Transcription
elongationfactor S-II (ORF112)#, CDT
phosphatase transcription factor (ORF117)#,
Yabby-like transcription factor (ORF135)#, RNA
polymerase subunit (ORF143)

 

DNA/RNA
metabolism

Thymidine kinase (ORF52)# GIY-YIG-like endonuclease
(ORF49), Nuclease (ORF78),
Phenylalanyl-tRNA synthetase
subunit (ORF72), Nicotinate-
nucleotide pyrophosphorylase
(ORF100), Putative S1/P1
nuclease (ORF139)#, SP

Packaging
and
assembly

Major capsid protein (ORF53)#, P64 (ORF58)#,
Sulfhydry1 oxidase Erv1 like protein (ORF71)#

 

Sugar and
lipid
metabolism

Lysophospholipid acetyltransferase
(ORF113)#,TM, Patatin-like phospholipase
(ORF133)#, TM, Fatty acid elongase (ORF146)#, TM

 

Signaling Zinc-dependent metalloprotease (ORF17)#, IAP-
like proteins (ORF25 and ORF47) *,
Serine/threonine protein kinase (ORF75# and
ORF124#)*

BRCA1 like protein (ORF127)TM,
Caspase-like protein (ORF171)#,

Cell lysis Cathepsin B (ORF109)#, TM Hemolysin-like protein
(ORF137)#

Note:

#: homologue associated with HvAV-3i virions.

TM: protein with transmembrane domain(s).

SP: protein with signal peptide.
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Classi�cation Protein in all Ascoviridae species Protein in all Ascovirus species

Others Myristylated membrane protein-like protein
(ORF62)#, TM, Thioredoxin-like protein (ORF107)#,
Putative zinc-�nger DNA binding protein
(ORF111)#, Lipopolysaccharide modifying
enzyme (ORF136)#, Dynein-like chain (ORF152)#

 

Unknown ORF46#, ORF46a#, ORF48#, TM, ORF50#, ORF54#,
ORF56#, ORF63#, ORF64#, TM, ORF65#, ORF76#,
ORF118TM, ORF134#, TM

ORF5, ORF12, ORF14SP,
ORF19#, ORF21#, ORF22,
ORF23, ORF26#, ORF27#,
ORF29#, ORF31SP, ORF34TM,
ORF43, ORF44TM, ORF55#, TM,
ORF66#, ORF68, ORF69#, TM,
ORF74, ORF78, ORF81,
ORF115#, ORF122#, ORF128#,

TM, ORF140#, ORF141, ORF142,
ORF147TM

Note:

#: homologue associated with HvAV-3i virions.

TM: protein with transmembrane domain(s).

SP: protein with signal peptide.

Identi�cation of phosphorylated proteins and
phosphorylation sites of HvAV-3h proteins
A total of 68 HvAV-3h proteins were identi�ed using LC-MS/MS, among which, 63 proteins have orthologs
in HvAV-3i and 55 of the 63 orthologs had been found to be associated with HvAV-3i virions (Table S5).
Of these 68 proteins, 18 were conserved among all Ascovirus genomes and 25 were conserved among all
Ascoviridae genomes, respectively (Table S5). A total of 175 phosphorylation sites in 154
phosphopeptides from 58 viral proteins were identi�ed (Table S5), yielding a Ser/Thr/Tyr phosphorylation
ratio of 126:46:3 (72.0% / 26.3% / 1.7%). Eighty-nine phosphorylation sites and their surrounding motifs
were matched to consensus substrate sequences (motifs) for speci�c eukaryotic protein kinases using
PHOSIDA (Phosphorylation Site Database) analysis [19] (Table S6). Taken conservation into
consideration, 28 phosphorylation sites were conserved among all Ascovirus species, while two
phosphorylation sites were conserved among all Ascoviridae species (Table 2). For example, �ve
conserved phosphorylation sites were identi�ed on HvAV-3h ORF50 with unknown function. Among the
�ve phosphorylation sites, three sites (S125, S150 and T153) were conserved among all Ascovirus
proteins, one site (Y126) was conserved among all Ascoviridae proteins, and the phosphorylation site
S133 was also considered to be conserved among all Ascoviridae proteins, despite that the
corresponding site on Tousvirus proteins changed from serine to threonine (Fig. 4B).
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Table 2
Summary of conserved phosphorylation sites.

Protein Peptide sequence Phosphorylation
site

Motif (targeted by
eukaryotic kinase)

ORF19a IRpSHVDDNEDLAPSK S433a PKA (K-R-X-X-S/T),
CAMK2 (R-X-X-S/T), PKD
(L/V/I-X-R/K-X-X-S/T),
CHK1/2 (L-X-R-X-X-S/T),
CHK1 (M/I/L/V-X-R/K-X-X-
S/T)

LVDCpSTTR S556a  

ORF21a YNNDpSIR S33a  

ORF48b MGSpSISTAVSK S4a  

ATQNpTVQTLR T16a  

ORF50b CCpSpYRDYFLSpSK S125a  

Y126b  

S133b  

ApSCGpTIPDAR S150a  

T153a CK1 (S-X-X-S/T)

ORF55a IGQpTPKAYELANER T10a CDK1 (S/T-P-K/R)

LPQpSFTR S214a NEK6 (L-X-X-S/T)

DPLFRNpSV S224a  

P64 (ORF58)b AVpSPLTNKPIDVHGR S26a  

SPSPRPYTATpSVTR S272a  

LGGLpSPYR S515a  

Note:

a: conserved among all the Ascovirus genomes.

b: conserved among all the Ascoviridae genomes.

*: newly annotated protein in this study.
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Protein Peptide sequence Phosphorylation
site

Motif (targeted by
eukaryotic kinase)

Myristylated
membrane
protein-like
protein (ORF62)b

DECWYKPCTSDGAMTLpSTQK S212a  

ORF63b GpSVSDLEFK S104a Aurora (R/K-X-S/T-I/L/V)

ORF64b ESGNNTNIpSPLNR S355a  

ORF76b SLWSpTDETLPR T136a CK1 (S-X-X-S/T), CK2
(S/T-X-X-E)

Lysophospholipid
acetyltransferase
(ORF113)b

TTLGGSTDpSVMR S189a CK1 (S-X-X-S/T)

ORF115a pSVGDDpSAPVQHK S245a  

pTVTVANR T268a PKA (R-X-S/T, R-R/K-X-
S/T, K-R-X-X-S/T), CAMK2
(R-X-X-S/T, R-X-X-S/T-V),
AKT (R-R/S/T-X-S/T-X-
S/T), Aurora (R/K-X-S/T-
I/L/V), Aurora-A (R/K/N-R-
X-S/T-M/L/V/I)

ATPase
(ORF116)b

IECpSPLPEPGR S82a  

ORF128a QTTTSRpSPSK S90a CK1 (S/T-X-X-X-S), CDK2
(S/T-P-X-K/R), CDK1 (S/T-
P-X-K/R)

ORF140a STGTTVGYTGpTTSNAAMK T17a  

pSGDEMTLSR S155a CK1 (S/T-X-X-X-S), CK2
(S/T-X-X-E)

ORF142a TPAIpSVTR S128a CK1 (S/T-X-X-X-S)

Caspase-like
protein
(ORF171)a

HApSCQCLMYPSSER S146a  

VFGHSSpSPR S179a CDK1 (S/T-P-K/R)

Note:

a: conserved among all the Ascovirus genomes.

b: conserved among all the Ascoviridae genomes.

*: newly annotated protein in this study.
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Discussion
Functional genomics studies of large DNA viruses have been facilitated by the construction of infectious
bacterial arti�cial chromosomes [58], which supply a useful molecular manipulation platform for serial
knock out and knock in of viral genes and examination of the subsequent effects on viral infection [11,
12, 36, 41], such as been done for human hepersviruses and baculoviruses. With increase in the number
of sequenced ascoviridae genomes, identi�cation of Acoviridae orthology and protein phosphorylation is
expected to facilitate an understanding Acoviridae phylogenomics and functional genomics which has
been hindered by a lack of constructed bacterial arti�cial chromosomes for the molecular manipulation
of Ascoviridae species.

The new annotation of 90 proteins missing in previous annotated genomes facilitates understanding of
the protein conservation among Ascoviridae genomes, and the comprehensive identi�cation of 366
homologous groups supplies a checklist for future annotation of Ascoviridae genomes. In a
comprehensive view, most of the core genes commonly found in Ascoviridae species or Ascovirus
species are single-copy and orthologous genes as well. Nevertheless, the orthology of non-single copy
core genes needs further differentiation based on phylogenetic inference of gene/protein trees. This
prompted the �rst construction of a phylogenetic tree of Ascoviridae species using concatenated
orthologous genes in this study, rather than using individual genes [14, 40, 50].

Conserved genes seem to be important for viral infection process, such as viral DNA replication, RNA
transcription and viral regulation by host (signaling and protein-protein interaction network) and these
facilitate virus reproduction. Among the 45 core genes in HvAV-3h, 27 proteins were involved in DNA/RNA
replication/transcription/metabolism, packaging and assembly, signaling, sugar and lipid metabolism,
and cell lysis (Table 1), while the involvement of viral proteins in viral entry into a host cell is unknown.
Apart from the membrane proteins of Cathepsin B (ORF109), Lysophospholipid acetyltransferase
(ORF113), Patatin-like phospholipase (ORF133), and Fatty acid elongase (ORF146), which can facilitate
formation and release of viral vesicles [10], the �ve HvAV-3h proteins including ORF48 (486aa),
Myristylated membrane protein-like protein (ORF62) (292aa), ORF64 (427aa), ORF118 (168aa), ORF134
(219aa) conserved in Ascoviridae genome, and three proteins including ORF55 (225aa), ORF69 (78aa)
and ORF128 (268aa), were conserved among Ascovirus genome, and were screened out as conserved
membrane proteins with unknown functions. Taking protein conservation and association with virions
into consideration [10], the involvement of these membrane proteins in viral entry needs to be further
elucidated.

Protein phosphorylation targeted by various kinases are usually involved in regulation of protein function,
cellular location and interaction with other proteins [26]. Of the 175 phosphorylation sites identi�ed here,
89 sites and their surrounding motifs were matched with consensus motifs targeted by eukaryotic
kinases, especially by the CK1 CAMK2, and PKA kinases, and the eukaryotic kinase CK1 targeted six
conserved phosphorylation sites, indicating the involvement of eukaryotic kinases in the phosphorylation
of viral proteins. Furthermore, the presence of more phosphorylation sites with no matched motif targeted
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by eukaryotic kinases will enrich the set of known phosphorylation motifs of kinases [42]. For the
phosphoproteins conserved among all Ascoviridae species, HvAV-3h ORF50 of 189 amino acids in length
was highly phosphorylated with 10 phosphorylation sites, and contained �ve conserved phosphorylation
sites including one tyrosine site (Y126), supplying a potential research target for investigation of a protein
of unknown function. In addition, two serine/threonine protein kinases were found among all Ascoviridae
species and need further work to unveil their involvement in the phosphorylation of host and viral proteins
[26].

In sum, this study updated our understating of Ascoviridae protein conservation and species phylogeny
based on a comprehensive identi�cation of protein orthologs from homologue groups and phylogenetic
analysis of non-single copy proteins, and provides multiple phosphorylation sites, in particular the
conserved sites for virion-associated phosphoproteins. This should facilitate future annotation of
increasing numbers of Ascoviridae genomes and lays a foundation and identi�es potential research
targets for further understanding of virus infection mechanism especially viral entry into host cells,
despite the present circumstances of limited function genomic analysis of Ascoviridae species due to
lack of molecular manipulation platforms.
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Figures

Figure 1

Phylogenetic analysis based on alignment of complete amino acid (aa) sequences of HvAV-3h
ORF46a/DjTV-2a ORF125 (A) and P64 (B) homologues. Phylogenetic analysis was performed using the
ML method in IQ-TREE with 1000 bootstrap replicates with a protein model of VT and PMB+F+R2 for
HvAV-3h ORF46a/DjTV-2a and P64 homologues, respectively. The orthologous group was identi�ed
based on the phylogenetic analysis each of homologue group. The scale bar for branch length is shown
at the bottom left of each phylogenetic tree. * Newly annotated in this study. See full names of viruses in
Table S1.
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Figure 2

Phylogenetic and structural analysis based on alignment of complete aa sequences of IAP homologues.
A Phylogenetic analysis was performed using the maximum-likelihood method in IQ-TREE with 1000
bootstrap replicates with a protein model of WAG+F+I+G4 and the orthologous group was identi�ed
based on the phylogenetic analysis. The scale bar for branch length is shown at the bottom left of each
phylogenetic tree. See full names of viruses in Table S1. B The corresponding polypeptide sequences of
IAPs at the terminal of phylogenetic tree are represented as rectangles, with small rectangles in different
colors corresponding to motifs found using MEME. C The motifs corresponding to different colored
rectangles.
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Figure 3

Phylogenetic analysis based on alignment of complete aa sequences of Virokine (HvAV-3h
ORF95/ORF102) (A) and RING-�nger-containing E3 ubiquitin ligase (HvAV-3h ORF167/ORF175) (B)
homologues. Phylogenetic analysis was performed using the maximum-likelihood method in IQ-TREE
with 1000 bootstrap replicates with a protein model of WAG+G4 and FLU+I+G4 for Virokine (HvAV-3h
ORF95/ORF102) and RING-�nger-containing E3 ubiquitin ligase (HvAV-3h ORF167/ORF175) homologues,
respectively. The scale bar of branch length was demonstrated at the bottom left of each phylogenetic
tree. See full names of viruses in Table S1.
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Figure 4

Phylogenomic analysis of Ascoviridae species and multiple alignment of orthologs of HvAV-3h ORF50. A
Phylogenetic analysis based on concatenation of 35 orthologous proteins was performed using the
maximum-likelihood method in IQ-TREE with 10,000 bootstrap replicates with a protein model for
LG+F+R4. The scale bar of branch length is shown at the bottom left of each phylogenetic tree. See full
names of viruses in Table S1. B Multiple alignment of the orthologs of HvAV-3h ORF50. Phosphorylation
sites are indicated using rectangles. See full names of viruses in Table S1.
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