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ABSTRACT. Baculovirus is the only virus that has been found to encode
the ubiquitin protein. In this study, ubiquitin sequences from 16 insects
and 49 viruses were collected and compared. The resulting sequences
were aligned with virus genomes. Then MAGE 5.0, k-estimated software,
as well as other software programs were used for systemic evolutionary,
selection pressure, and evolutionary distance analysis. The results of the
pairwise ratio of non-synonymous to synonymous substitution values
and evolutionary distances showed that ubiquitin from baculovirus
and insect hosts have been under purifying selection during evolution
and are thus evolutionarily conserved. Moreover, genes from insect
hosts were more conserved than those in baculovirus. Analysis of the
non-synonymous to synonymous substitution rates at each site and
entropy calculations revealed the evolutionary status of every site in the
ubiquitin genes of baculovirus and their hosts. Genome locations and
phylogenetic trees indicated that granuloviruses and non-photosynthetic
vegetation evolved, and granulovirus evolution was more similar to that
of insect hosts. Our results suggest that the ubiquitin gene in baculovirus
may have been acquired through horizontal transfer from the host.
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INTRODUCTION

Baculovirus exists in insects and parts of crustacean arthropods. Baculoviruses are
divided into 2 genera, nuclear polyhedrosis virus (NPV) and granulovirus (GV), and include
more than 600 species (Theilmann et al., 2005). Baculovirus is the only virus that has been
shown to encode the ubiquitin protein. All sequenced baculoviruses that have been tested
encode ubiquitin protein except Leucania separata NPV, Culex nigripalpus NPV, Neodiprion
abietis NPV, Neodiprion lecontei NPV, and Neodiprion sertifer NPV.

Ubiquitin is highly conserved in eukaryotes and has similar functions and immu-
nological effects. Ubiquitin degrades nuclear and cytoplasmic proteins effectively and spe-
cifically mainly through the ATP-dependent ubiquitin-proteasome pathway. In addition, as a
molecular chaperone, ubiquitin is involved in many other physiological functions. Ubiquitin
from baculovirus is anchored in the membrane of budding virus particles by binding with
phospholipids through covalent bonding (Guarino et al., 1995). A study of Autographa cali-
fornica NPV revealed that the ubiquitin gene has no direct relationship with replication of the
virus genome, but the absence of the ubiquitin gene decreases baculovirus particle production
by 5-10 times (Relly and Guarino, 1996). In another study, deletion of viral ubiquitin from the
Bombyx mori NPV (BmNPV) genome did not affect baculovirus and occlusion body produc-
tion in BmNPV-infected BmN cells, differing from A. californica NPV (Katsuma et al., 2011).
In addition, the viral ubiquitin molecule surface does not possess the locus Lys48 identifica-
tion signal for the formation of polyubiquitin chains, but the ubiquitin of baculovirus may
also be involved in the ubiquitin-proteasome pathway, which is similar to eukaryotic ubiquitin
protein (Haas et al., 1996).

Long-term interactions between viruses and hosts lead to co-evolution. These two
compete, mutually selecting and adapting with each other during the evolutionary process. For
example, polyhedrin of BmNPV can release virus particles for launch infection only under the
larval midgut alkaline pH condition. The alkaline environment in the insect host intestine and
the dissolution of virus polyhedrin crystals under alkaline conditions are the result of long-
term evolution of hosts and viruses. At the molecular level, the evolution of virus proteins
shows the same pattern. In previous studies, various baculovirus genes were used as the basis
of viral evolution, such as lef-2 (Chen et al., 1999), egt (Chen et al., 1997), DNA polymerase
(Bulach et al., 1999; Nielsen et al., 2002), chid, lef-8, ac22 (Kang et al., 1998), gp41 (Liu and
Maruniak, 1999), and polh (Rohrmann, 1986; Zanotto et al., 1993). Interestingly, some pro-
teins in baculovirus exhibit horizontal transfer, including horizontal communication between
the host and virus gene. Hughes and Friedman (2003) detected this transfer between host cells
and baculovirus using 13 different baculovirus genomes, and found that 6 genes in baculovirus
indicated horizontal transfer of the ubiquitin gene. Among these 6 genes, the ancestors of UDP
glucuronosyltransferase, inhibitor of apoptosis 1, and Chi originated in the hosts (Hairong,
2011), but there is no conclusive evidence to indicate the source of the ubiquitin gene.

In viruses, the existence of ubiquitin in baculovirus is a unique feature. Whether its
presence is associated with host evolution or its own evolution is currently unclear. In this
study, ubiquitin sequences from 16 insects and 49 viruses were identified and compared. In
addition, the evolution and classification of ubiquitin genes in baculovirus and hosts were
subjected to bioinformatic analysis to analyze the evolution of the system, selection pressure,
and evolutionary distance.
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MATERIAL AND METHODS
Sequence collection and location of ubiquitin in baculovirus genomes

Ubiquitin cDNA sequences and amino acid sequences of B. mori and BmNPV were used
as reference sequences and were searched in the silkbase database and National Center for Bio-
technology Information (NCBI) database using the BLASTn and TblastN tools. Sequences were
selected when the e value <10~ and the coverage rate was more than 90% as candidate sequences;
49 viruses were identified. Ubiquitin from 16 insects were identified manually, including 8 insects
containing a corresponding virus and 8 other insects. In the NCBI genome database, ubiquitin
localization was determined by analyzing 3 up- and 3 downstream genes of the ubiquitin gene.

Sequence alignment and phylogenetic reconstruction

All virus and host ubiquitin gene cDNA sequences were compared using the Muscle algo-
rithm in the MEGAS software (Tamura et al., 2011). Using the MEME online tool (Bailey et al., 2009),
amino acid-level multiple sequence alignment was conducted for 49 baculoviruses and 16 insect host
ubiquitin sequences. The maximum likelihood (ML) algorithm in MEGAS was used for phyloge-
netic tree reconstruction of all sequences, the bootstrap value was set to 1000, and the optimal model
K2+I+G was calculated using the JmodelTest. PAUP and phyML were used to construct the neighbor
joining and ML trees, respectively, within bootstrap values of 1000 and a best fit model of K2+I+G.
Both trees were reconstructed to supplement the phylogenetic tree reconstructed using MEGAS.

Evolutionary distance and positive selection

The 65 sequences were grouped into the virus ubiquitin group (49 sequences) and host
ubiquitin group (16 sequences). MEGAS was used to calculate the evolutionary distance within
and between the 2 groups. Within each group, the ratio of non-synonymous to synonymous sub-
stitution (dN/dS) values of every 2 sequences of all the sequences were calculated and drawn in
a dN/dS scatter diagram. The HYPHY algorithm was used to calculate selection pressure at each
site of all sequences within each group, obtain the dN/dS value, and draw the dN/dS curve. The
k-estimated software was used to analyze the sliding-window dN/dS values for both virus and
host ubiquitin proteins. The window was 90 base pairs (bp) and the step was 30 bp.

The Boltzmann-Shannon entropy H value was used to quantify the sequence variabil-
ity of amino acid residues at each site and was calculated as

H(P)= _z i(; P; logzo (pj) (Equation 1)

where p, is the probability of an amino acid being of the j™kind, and 0 < H (P) < 1 (Atchley
and Fernandes, 2005).

RESULTS
Gene search and linear relationship

Sixty-five ubiquitin gene sequences from 16 hosts and 49 viruses were searched (Ta-
ble 1), of which the 16 hosts of virus had corresponding accession numbers in GenBank; the
other 34 were not found. We collected 3 upstream and 3 downstream genes to investigate the
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synteny of ubiquitin genes in the viral genome. According to the difference between upstream
and downstream sequences of the ubiquitin gene, 49 types of baculovirus could be divided
into 2 categories, including the GV group with the DUF1443 and DUF816 genes upstream
and the DUF673 and 39K genes downstream; the other group was NPV, which included the
DUF1247 and 39K genes and the LEF-11 DBP genes upstream and downstream, respectively
(Figure 1). This suggests that the location of ubiquitin in the GV and NPV genus are different,
and implies that the 2 genus viruses may have undergone different evolutionary processes.

Table 1. Location of the 49 baculovirus ubiquitin sequences in the genomes of the virus and the corresponding
host.

Virus GenBank ID Location Hosts GenBank ID
AgseGV NC_005839 48,433-48,726

CrleGV NC_004968 43,891-44,121

AdorGV NC_004938 33,085-33,415

PhopGV NC_004062 42,825-43,109

HaGV NC_010240 41,975-42,208 Helicoverpa armigera AY456195
SpliGV NC_009493 33,846-34,127 Spodoptera litura AF436065
ChocGV NC_008168 38,030-38,317

XcGV NC_002331 42,949-43,183

CypoGV NC_002816 44,952-45,336

PlxyGV NC_002593 34,108-34,452 Plutella xylostella EU428781
PiraGV NC_013797 39,432-39,719 Pieris rapae DQ780001
PsunGV NC_013772 46,360-46,593

CfGV AY 048769

AcMNPV NC_001623 28,962-29,195

BomaNPV NC_012672 25,189-25,422 Bombyx mandarina DQ839401
CfDefMNPV NC_005137 19,975-20,208

CfMNPV NC_004778 18,805-19,089

RoMNPV NC_004323 27,109-27,342

AgMNPV NC_008520 21,555-21,791

EppoNPV NC_003083 18,095-18,325

OpMNPV NC_001875 20,894-21,175

BmNPV NC_001962 24,935-25,268 Bombyx mori AF308163
HycuNPV NC_007767 115,286-115,525

AnpeNPV NC_008035 16,705-16,935

MaviNPV NC_008725 21,834-22,067

PlxyMNPV NC_008349 30,232-30,465 Plutella xylostella EU428781
AnpeMNPV EF_207986 109,929-110,159

CIbiNPV NC_008293 24,999-25,249

TnSNPV NC_007383 23,991-24,224 Trichoplusia ni AY267009
ChchNPV NC_007151 26,769-27,005

HaMNPV NC_011615 138,600-138,902 Helicoverpa armigera AY456195
MacoNPV B NC_004117 142,882-143,184

HzSNPV NC_003349 24,652-24,903

SpltNPV NC_003102 31,136-32,191 Spodoptera litura AF436065
HaNPV Cl1 NC_003094 24,832-24,983 Helicoverpa armigera AY456195
SeMNPV NC_002169 118,496-118,738 Spodoptera exigua AY149883
LdMNPV NC_001973 40,690-41,142

EupsNPV NC_012639 45,104-45,340

HaNPV NNgl NC_011354 24,897-25,148 Helicoverpa armigera AY456195
AIMNPV NC_011345 138,365-138,614

OrleNPV NC_010276 64,192-64,443

EcobNPV NC_008586 22,219-22,458

AdhoNPV NC_004690 15,121-15,363

SfTMNPV NC_009011 114,140-114,382 Spodoptera frugiperda JX087454
MacoNPV A NC_003529 139,462-139,764

HaNPV G4 NC_002654 24,925-25,176 Helicoverpa armigera AY456195
SpItNPV 11 NC_011616 126,877-127,113 Spodoptera litura AF436065
AdorNPV NC_011423 14,934-15,176

AgseNPV NC_007921 130,998-131,234

LxMNPV NC_013953 38,244-38,699
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Figure 1. Linear relationship between ubiquitin proteins in both viruses and hosts. Linear relationship between
ubiquitin proteins in the virus genome. Different colors indicate different genes. The black box indicates that the 2
sequences overlap.

Motif analyses and Boltzmann-Shannon entropy

Using the muscle method in MEGAS5 for amino acid-level multiple sequences, we
aligned 49 baculovirus and 16 insect host ubiquitin sequences. At the amino acid level, ubig-
uitin sequences of virus and insect hosts were conserved, and only differed in some sites, while
the ubiquitin sequences of insect hosts were more conserved. MEME online analysis predicted
that virus ubiquitin has 2 motifs (Figure 2A); motif 1 corresponded to amino acid sites 1-20
in the ubiquitin sequence, while motif 2 corresponded to amino acid sites 26-75. Insect host
ubiquitin sequences were predicted to possess 3 motifs (Figure 2B), with motif 1 correspond-
ing to amino acid sites 1-15 in the ubiquitin sequence, motif 2 corresponding to amino acid
sites 19-68, and motif 3 corresponding to amino acid sites 69-76.
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Figure 2. Motif analyses by MEME online tool and line chart of Boltzmann-Shannon entropy both of virus and
host. A. motif analyses by MEME online tool and line chart of Boltzmann-Shannon entropy of virus. B. Motif
analyses by MEME online tool and line chart of Boltzmann-Shannon entropy of host.

The Boltzmann-Shannon entropy was calculated using equation (1), as the entropy
was between 0 and 1. At each site, a lower value indicated that evolution was more conserved.
At most sites, entropy was very low, particularly in the host group (Figure 2). This suggests
that evolution of the ubiquitin gene was conservative.

Phylogenetic tree

A phylogenetic tree was reconstructed with the ML method using all ubiquitin se-
quences obtained from baculovirus and insects. The results showed that baculovirus and host
ubiquitin genes gathered into a cluster. Interestingly, in terms of baculovirus, all GV ubiquitin
genes clustered together, while NPV's were divided into 2 groups: the OrleNPV and EcobNPV
cluster, which were named as NPV II and stood apart from the other NPV clusters (NPV I).
Genes form NPV II suggested that the 2 viruses play an important role in the evolution of the
ubiquitin gene (Figure 3). The ML tree (reconstructed using phyml) (Figure S1) and neighbor-
joining tree (using PAUP) (Figure S2) were consistent with this phylogenetic relationship.

Pairwise dN/dS values in different groups

Within each group, the dN/dS value of every 2 sequences of all the sequences was
calculated, and a dN/dS scatter diagram (Figure 4) was drawn. The results showed that the
dN/dS value of both baculovirus and insect host ubiquitin genes were much lower than 1,
suggesting that ubiquitin genes, both in viruses and in hosts, underwent negative selection. In
addition, the dN/dS value of host was less than that of the virus, implying that the ubiquitin
genes in hosts experienced stronger selection pressure than those in the virus. Thus, ubiquitin
from baculovirus and insect hosts were subject to the effects of purifying selection pressure in
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evolution and thus evolved conservatively; the genes of insect hosts were more conservative

than those of baculovirus during evolution.
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Figure 3. Phylogenetic tree of ubiquitin. Purple, green, blue, and red indicate host, NPV II, GV, and NPV I
clades, respectively. The bootstrap value was set to 1000, and the optimal model K2 + I + G was calculated using

JmodelTest.
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Synonymous and non-synonymous substitutions at each site in the ubiquitin sequence

The HYPHY algorithm was used to calculate the selection pressure at each site of all
sequences within each group to determine dN/dS and draw the dN/dS curve (Figure 5). The
results showed that dN/dS values at each site in ubiquitin sequences of both baculovirus and
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Figure 5. dN, dS, and dN/dS value of hosts and viruses ubiquitin proteins at each site.
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insect hosts were less than 0, indicating that each site of virus and host ubiquitin genes was un-
der purifying selection effects, and at most sites, purifying selection to the hosts were greater
than those to the virus. Thus, host sequences were more conserved at these sites. However,
the opposite trend was observed in some cases, such as at site No. 24 (dN/dS host = -16.581;
dN/dS virus = -13.563), site No. 29 (dN/dS host = -14.078; dN/dS virus = 4.065), site No. 48
(dN/dS host = -13.368; dN/dS virus = -13.247), and site No. 57 (dN/dS host = -4.421; dN/dS
virus = -3.257) (data not shown). Interestingly, amino acid No. 48 is an important active site in
the eukaryotic ubiquitin protein. Because the host and virus compete, mutually selecting and
adapting with each other in the evolutionary process, these different sites may result from their
interaction. Sliding window analysis showed inconsistent results (Figure S3).

Evolutionary distance within groups and between groups

The distance function in MEGAS was used to calculate the evolutionary distance
within and between the 2 groups (Table 2). The results showed that the evolutionary distance
in the baculovirus group was 0.153 + 0.023, which was greater than the evolutionary distance
in the insect host group of 0.029 + 0.007; however, the evolutionary distance of the baculo-
virus and insect host group was 0.169 + 0.028, which is larger than the previous values. This
suggested that the ubiquitin gene of baculovirus is more conserved than that in insect hosts
during evolution, while the evolutionary rates between virus and host differed.

Table 2. Evolutionary distance within and between groups.

Distance
Virus within group 0.153+£0.023
Host within group 0.029 +0.007
Between host and virus groups 0.169 +0.028
All sequences 0.149 £ 0.024

DISCUSSION

Ubiquitin is a small and ubiquitous protein in eukaryotes, but baculovirus is the only
virus encoding for the ubiquitin protein. In this study, ubiquitin sequences from 16 insects and
49 viruses were identified and analyzed using evolutionary analysis methods. The results of
selection pressure and evolutionary distance analyses showed that ubiquitin of baculovirus and
insect hosts were subject to purifying selection pressure in evolution, evolved conservatively,
and the genes of insect hosts were more affected than baculovirus during evolution. At some
sites, the virus evolutionary rate was lower than that in the insect host, which may have resulted
from an interaction between viruses and hosts. Notably, the virus was more affected by purifying
selection pressure than hosts at the site Lys48, which is an important active site in eukaryotes.
Based on the phylogenetic tree, virus and hosts appear to have evolved together, while NPV and
GV evolved independently. Interestingly, the 2 viruses OrleNPV NVP and EcobNPV were not
clustered together with the others, but formed a separate cluster, implying that these NPV viruses
may have evolved independently and had a very close relationship with their hosts.

The phylogenetic tree of ubiquitin from this study was compared with other evolution-
ary trees from previous studies such as GP37 (Phanis et al., 1999), UDP glucuronosyltrans-
ferase, Chi, inhibitor of apoptosis (Hairong, 2011), alk-exo (Keeling and Palmer, 2008), and
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DNA polymerase (Herniou et al., 2003). According to the position of the ubiquitin gene in bac-
ulovirus, 3 upstream and 3 downstream sequences were found. The upstream and downstream
sequences from GV and NPV were different. For the GV genus, the upstream sequences of
the ubiquitin gene mainly contained DUF 1443 and DUF816, while the downstream sequences
included DUF673 and 39K. For the NPV genus, the upstream sequences of the ubiquitin gene
mainly contained DUF1247 and 39K, while the downstream sequences included LEF-11 and
DBP. This shows that GV and NPV differed in their evolutionary processes. In addition, the
results of phylogenetic analysis and the location in the genome indicated a relationship: the
species that clustered together in the genome location are similar, with similar upstream and
downstream sequences. Closer clustering indicates a more similar location.

In selection pressure analyses, there was no significant difference between ubiquitin
from baculovirus and hosts, but ubiquitin protein from hosts showed stronger purifying selec-
tion pressure than baculovirus. Thus, similar to other proteins, the evolutionary rate of ubiq-
uitin protein in the virus was faster than that in hosts after it was delivered. Positive selection
and entropy calculations indicate that each site of virus and host ubiquitin genes was under
purifying selection effects, resulting in conservative evolution.

It has been reported that some baculovirus genes may have been derived from the host,
such as inhibitor of apoptosis (Huang et al., 2000; Hughes, 2002) and eg? (O’Reilly and Miller,
1989). Alk-exo gene clustering suggested that baculovirus clustered according to the different
orders of insects. This demonstrates the existence of a co-evolutionary relationship between the
virus and its host; similar results have been obtained from cluster analysis of the /ef~8 gene and
AC22 gene studied by Herniou et al. (2004). Because the ubiquitin gene of baculovirus and hosts
have very high homology, the evolutionary distance between the ubiquitin gene in the virus and
insect hosts was not clear, both between and within groups. Phylogenetic analysis also showed
that they may have a common ancient ancestor. Thus, we speculate that the ubiquitin gene from
baculovirus may have undergone horizontal transfer from the host, similarly to the Chi and UDP
glucuronosyltransferase proteins. In this study, we verified the prediction that the ubiquitin gene
of baculovirus may have undergone horizontal transfer from the host.
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