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Although microarray and expressed sequence tag (EST)-based approaches have been used to profile gene expression during
baculovirus infection, the response of host genes to baculovirus infection and the interaction between baculovirus and its
host remain largely unknown. To determine the host response to Bombyx mori nucleopolyhedrovirus infection and the
dynamic interaction between the virus and its host, eight digital gene expression libraries were examined in a Bm5 cell line
before infection and at 1.5, 3, 6, 12, 24, 48, and 96 h postinfection. Gene set enrichment analysis of differentially expressed

genes at each time point following infection showed that gene sets including cytoskeleton, transcription, translation, en-
ergy metabolism, iron ion metabolism, and the ubiquitin-proteasome pathway were altered after viral infection. In addi-
tion, a time course depicting protein-protein interaction networks between the baculovirus and the host were constructed
and revealed that viral proteins interact with a multitude of cellular machineries, such as the proteasome, cytoskeleton,
and spliceosome. Several viral proteins, including IE2, CG30, PE38, and PK-1/2, were predicted to play key roles in mediat-
ing virus-host interactions. Based on these results, we tested the role of the ubiquitin-proteasome pathway and iron ion
metabolism in the viral infection cycle. Treatment with a proteasome inhibitor and deferoxamine mesylate in vitro and in
vivo confirmed that these pathways regulate viral infection. Taken together, these findings provide new insights into the
interaction between the baculovirus and its host and identify molecular mechanisms that can be used to block viral infec-

tion and improve baculovirus expression systems.

ombyx mori nucleopolyhedrovirus (BmNPV) is a member of

Baculoviridae, which is a large family of enveloped viruses that
contain a large, circular, double-stranded, supercoiled DNA ge-
nome (80 to 180 kb) that carries between 90 and 180 genes (56).
The BmNPV genome is packaged into rod-shaped virions, which
are produced in the host cell during late infection. Baculoviruses
are pathogenic for invertebrates, particularly members of Insecta,
such as orders of Lepidoptera, Hymenoptera, and Diptera. Bacu-
loviruses can be utilized as versatile vectors for protein expression
in both insect and mammalian cell lines (29). BmNPV has a
128-kb genome and carries more than 100 genes (19). The
genomic content of BmNPV is similar to that of Autographa cali-
fornica multicapsid NPV (AcMNPV) (20).

Upon entry into a cell, baculovirus must outcompete compo-
nents of the cellular machinery for gene transcription and genome
replication. In insect cells, baculovirus genes have four temporally
regulated transcription phases in the infection process: immediate
early, early, late, and very late. In the initial steps of viral infection,
transcriptional activators elevate the expression of baculovirus
genes, which is a process that requires no viral factors, allows the
virus to establish infection, and selectively modulates certain cat-
egories of host genes. Additionally, the upregulation of cellular
actin-related proteins facilitates the movement of the nucleocap-
sid through the cytoplasm, which is essential for controlling host
gene expression and producing viral progeny (18, 44). The late
transcription phase is focused mainly on DNA replication and
structural gene expression. After the initiation of viral-DNA rep-
lication, there is a switch from early dependence on a host RNA
polymerase II to a novel, virus-encoded RNA polymerase. Re-
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cently, important aspects of virion binding and fusion on the cel-
lular surface, intracellular transportation, genetic material trans-
portation, DNA replication and transcription, RNA translation,
virion assembly, and secondary infection have been revealed.
Conversely, host resistance strategies such as the immune system,
apoptosis, and RNA interference, among others, serve to block
viral infection (58).

Changes in host gene expression in response to baculovirus
infection are of great interest. The sequencing of the first genome
of alepidopteran insect, the silkworm, greatly facilitated the study
of global host genes in response to baculovirus infection. Iwanaga
et al. (21) reported the upregulation of seven genes and down-
regulation of four genes in the early phase of infection by subtrac-
tive hybridization and Northern blot analysis. Using suppression
subtractive hybridization (SSH), Bao et al. (4, 5) reported that a
total of 100 genes might be involved in the host antiviral mecha-
nism. Specifically, a total of 15 viral proteins show similarity to
silkworm proteins, which are categorized into the following
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groups: DNA polymerases, protein kinases, inhibitors of apopto-
sis, ubiquitin, chitinase, ecdysteroid UDP-glucosyltransferase, su-
peroxide dismutase, fibroblast growth factor, SNF2 homolog, des-
moplakin, methyltransferase, cathepsin, and protein tyrosine
phosphatase (26). A recent study analyzing the global transcrip-
tional profile of host genes in the silkworm cell line 12 h after
infection with BmNPV by oligonucleotide microarray reported
that a total of 35 host genes were significantly upregulated and 17
downregulated (59). Salem et al. (60) found that gene sets related
to protein trafficking and processing in the endoplasmic reticu-
lum (ER) and the Golgi apparatus were affected by ACMNPV in-
fection. Nonetheless, changes in the global gene expression pat-
tern following the infection process and the resulting information
are limited, and the interactions between baculovirus and the host
remain largely unknown.

During viral infection, each process involves a series of pro-
tein-protein interactions (PPIs). Therefore, identifying these in-
teractions may clarify the mechanisms controlling the viral infec-
tion program. To date, most of the PPI studies have been
performed on AcMNPV and Helicoverpa armigera nucleopolyhe-
drovirus (HearNPV) (45). A total of 45 viral and 5 host genes have
been reported as PPIs at present (45). However, no large-scale
experimental data describing baculovirus and host interactions
are available. To our knowledge, previous studies could not reveal
the systematic program of viral infection due to limited technol-
ogy and analysis methods.

In recent years, next-generation, high-throughput DNA se-
quencing techniques have provided fascinating opportunities in
the life sciences and dramatically improved the efficiency and
speed of gene discovery (3). For example, Illumina sequencing
technology offers millions of sequence reads from a single instru-
ment run. This capacity allows for gene expression profiling ex-
periments with an improved dynamic range and considerable cost
savings. In this study, to analyze genome-wide differential gene
expression following BmNPV infection in Bm5 cells, we first as-
sembled the transcriptome sequences using next-generation se-
quencing. Next, we adopted global approaches to analyze the
changes in gene expression. Based on the results of our transcrip-
tome analysis and predicted domain-domain interactions, we
constructed a PPI network between baculovirus and host proteins.
Finally, the roles of the ubiquitin-proteasome pathway and iron
ion metabolism in the viral infection cycle were validated in vitro
and in vivo.

MATERIALS AND METHODS

Silkworm, cell lines, and virus maintenance. Bm5 cells were maintained
at 27°C in TC-100 insect medium (Gibco, NY) supplemented with 10%
(vol/vol) fetal bovine serum (Gibco-BRL) (28). BmNPV (T3 strain) was
proliferated in Bmb5 cells. The silkworm B. mori Qiufeng X Baiyu was
reared at 27°C on fresh mulberry leaves.

Virus interval infection and cell collection. Bm5 cells were collected
as uninfected cells (UIC) and at different intervals after infection (1.5, 3, 6,
12, 24, 48, and 96 h postinfection [hpi]). Each sample was subsequently
washed with diethylpyrocarbonate (DEPC)-treated phosphate-buffered
saline (PBS) solution (137 mM Na(l, 2.68 mM KCl, 8.1 mM Na,HPO,,
1.47 mM KH,PO, [pH 7.4]) three times, and total RNA was immediately
extracted.

Chemicals. PS-341 (Bortezomib) was obtained from LC Laboratories
(Woburn, MA) and dissolved in dimethyl sulfoxide (DMSO) at a concen-
tration of 10 mM, and N-succinyl-Leu-Leu-Val-Tyr-amido-4-methyl-

7346 jviasm.org

coumarin (Ys substrate) and deferoxamine (DFO) mesylate were pur-
chased from Sigma-Aldrich (St. Louis, MO).

cDNA library preparation and Illumina sequencing for transcrip-
tome analysis. Total RNA was extracted using the SV Total RNA isolation
system (Promega, WI) according to the manufacturer’s protocol. To ob-
tain complete gene expression information, RNA samples from all differ-
ent time points (UIC, 1.5, 3, 6, 12, 24, 48, and 96 hpi) were pooled and
used for transcriptome analysis. According to the Illumina manufactur-
er’s instructions, poly(A) ™ RNA was purified from 20 pg of pooled total
RNA using oligo(dT) magnetic beads and fragmented into short se-
quences in the presence of divalent cations at 94°C for 5 min. Next, the
cleaved poly(A) ™ RNA was transcribed, and second-strand cDNA synthe-
sis was performed. After end repair and ligation of adaptors, the products
were amplified by PCR and purified using a QIAquick PCR purification
kit to create a cDNA library.

The cDNA library was sequenced on the [llumina sequencing platform
(GAII). The raw reads from the images were generated using Solexa GA
pipeline 1.6. After the removal of low-quality reads, processed reads with
an identity value of 95% and a coverage length of 100 bp were assembled
using SOAP de novo software and clustered using TGI Clustering (TGICL)
tools (3, 47). In order to obtain an accurate and complete sequence li-
brary, Bm5 cell line sequences were combined with three sequence librar-
ies (Bombyx mori UniGene library from NCBI, Bombyx mori coding
sequences [CDS] from Beijing Genomics Institute [BGI], and transcrip-
tome sequences performed in-house [data not shown]) using the TGICL
tool to serve as a reference (47). The combined sequences were subse-
quently analyzed by searching the GenBank database with the BLASTX
algorithm (http://www.ncbi.nlm.nih.gov/). Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations of the
reference sequences were determined using Blast2go (http://www
.blast2go.org/), and the reference whole-genome sequence (128,413 bp)
of BmNPV T3 was downloaded from NCBIL

Digital gene expression (DGE) library preparation and sequencing.
Total RNA was extracted from cell line samples using the SV Total RNA
isolation system (Promega, WI). DGE libraries were prepared using the
Illumina gene expression sample preparation kit. Briefly, poly(A)* RNA
was purified from 6 pg of total RNA using oligo(dT) magnetic beads.
Double-stranded cDNAs were directly synthesized on the poly(A) " RNA-
bound beads and were digested with NlallIl. The fragmentized cDNAs
containing 3’ ends were purified from the magnetic beads, and the Illu-
mina adaptor 1 was added to the 5" ends of these cDNA fragments. After
digestion with Mmel, an enzyme that recognizes the junction of the Illu-
mina adaptor 1 (sense: 5’ ACACTCTTTCCCTACACGACGCTCTTCCG
ATC3') and the CATG site, 21-bp tags containing the adaptor 1 sequence
were produced. Subsequently, the Illumina adaptor 2 (sense: 5'GATCGG
AAGAGCGGTTCAGCAGGAATGCCGAG3') was ligated to the 3’ end of
the tags to create a tag library. The library was amplified by PCR for 15
cycles, and 85-bp strips were purified from 6% PAGE gels. Next, the sin-
gle-stranded molecules were attached to the Illumina sequencing chip for
sequencing, and adaptor 1 was used as the sequencing primer. Each tunnel
of chip (flow cell) generated millions of raw tags with a length of 35 bp.

Analysis and mapping of DGE tags. To map the DGE tags, the raw
sequencing data were filtered to remove low-quality tags (tags with un-
known nucleotide, “N”), empty tags (no tag sequence between the adap-
tors), and tags with only one copy number (which might result from
sequencing errors). For tag annotation, the clean tags containing CATG
and 21-bp tag sequences were mapped to our transcriptome reference
database, allowing no more than one nucleotide mismatch. The clean tags
were designated unambiguous clean tags. For gene expression analysis,
the number of unambiguous clean tags for each gene was calculated and
normalized to TPM (number of transcripts per million clean tags).

PCA. To reveal the relationships between all samples according to
gene expression patterns, we performed principal-component analysis
(PCA) using the statistical software R (http://www.r-project.org). PCA is
a mathematical procedure for reducing the dimensionality of data while
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retaining as much of the variation present in the original data set as pos-
sible, which is suitable for gene expression profiling data analysis. The first
component concentrates the greatest of the variance and thus extracts the
maximum amount of information.

Evaluation of DGE libraries. The statistical package edgeR (http:
/Iwww.bioconductor.org/packages/2.3/bioc/html/edgeR.html) was used
to identify the differentially expressed genes (DEGs) between each time
point postinfection and control (false-discovery rate [FDR] < 0.05) (55).

PPIs predicted between virus and host. To analyze PPIs between the
virus and the host, we annotated specific domains of each virus and host
protein by using Inter-ProScan. Then, we mapped them to the domain-
domain interactions predicted with high confidence (42% of which is
known to be true) or those observed in Protein Data Bank (PDB) crystal
structures from the DOMINE database (http://domine.utdallas.edu/cgi
-bin/Domine). Next, we constructed networks at each time point using
the DEGs determined by edgeR. Other than the predicted domain-do-
main interactions, the network also includes PPIs from KEGG (24) and
FlyBase (62) annotated interactions, and high-confidence STRING (22)
(confidence score > 0.7) and IntNetDB (65) (likelihood ratio > 7) inter-
actions. The Markov Clustering (MCL) algorithm (http://www.micans
.org/mcl/) was subsequently used to find the modules (clusters) in the PPI
network with the information obtained from DEGs, and enriched GO/
KEGG functions were calculated within each cluster as described by Xia et
al. (66).

qRT-PCR. To detect and quantify viral-DNA and host cDNA se-
quences, quantitative real-time PCR (qRT-PCR) was used. The primer
sets for BmNPV-DNA and Bm5 cell line-cDNA amplifications are listed
in Table S1 in the supplemental material. Total RNA was extracted from
Bm5 cells, as described previously. Bombyx 18S rRNA and GAPDH genes
were used as internal controls in cDNA and genomic DNA samples, re-
spectively. Amplification and real-time detection of PCR products were
performed with the ABI Prism 7500 Real-Time PCR system (Applied
Biosystems, Foster City, CA) using the SYBR Premix Ex Taq kit (TaKaRa,
Dalian, China) according to the manufacturer’s protocol. Each amplifi-
cation reaction was performed using a 20-pl reaction mixture under the
following conditions: denaturation at 95°C for 30 s followed by 40 cycles
of 95°C for 5 s and 60°C for 34 s. Following cycling, melting curves were
constructed. The results were normalized to the expression level of the
constitutive internal gene. A no-template control (NTC) sample (nu-
clease-free water) was included in the experiment to detect contamination
and to determine the degree of dimer formation. A relative quantitative
method (threshold cycle [AAC;]) was used to evaluate the quantitative
variation.

To confirm DEGs, total RNA samples were extracted as described for
the DGE library preparation. The concentration of each RNA sample was
adjusted to 1 pg/pl with nuclease-free water, and 2 pg of total RNA was
reverse transcribed with random primer in a 20-pl reaction volume using
the Quant reverse transcriptase kit (Tiangen, China). The Bombyx 18S
rRNA gene was used as an internal control, and a total of 11 Bombyx genes
were tested.

Proteasome inhibitor treatment. To determine if the ubiquitin-pro-
teasome pathway is involved in the BmNPV infection, we treated Bm5
cells with a proteasome inhibitor, PS-341, at a concentration of 5 wWM.
Three milliliters of TC-100 medium, with or without PS-341, was added
to 35-mm cell culture dishes, and each dish was infected with BmNPV at
a multiplicity of infection (MOI) of 10 for 1 h at 27°C. Next, the infected
cells were washed three times with TC-100 medium, and 3 ml of fresh
TC-100 medium, with or without PS-341, was added. At different inter-
vals, 100 pl of supernatant was removed, which was used to analyze bud-
ded virus (BV) genome copies. To assess the impact of PS-341 (5 wM) on
BmNPV-DNA replication, Bmb5 cells were treated at different intervals (0,
3, and 6 hpi). We also studied the transcription regulation of viral genes
with proteasome inhibitor. PS-341 was added to the culture supernatant
of virally infected cells at both 1.5 and 4.5 hpi. Total RNA samples were
extracted at 6 and 12 hpi, and the cDNA was synthesized as described
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above. Two viral genes, the immediate-early gene iel and the very late
gene polh, were used to test the effects on gene expression. We also sought
to identify the function of the ubiquitin-proteasome pathway in vivo in B.
mori Qiufeng X Baiyu. BmNPV-infected fifth-instar larvae, with or with-
out PS-341, were dissected, and hemocytes and fat bodies were collected at
different time points (3, 6, 12, 24, 36, and 48 hpi). All experiments were
performed in triplicate. Genomic DNA was extracted using the Universal
Genomic DNA extraction kit Ver 3.0 (TaKaRa, Dalian, China). Next, the
DNA samples obtained from hemocytes and fat bodies were evaluated by
qRT-PCR. A pair of DNApol primers was designed according to the se-
quence of the BmNPV T3 DNApol gene, and Bombyx GAPDH was used as
an internal control.

Proteasome activity assay. Bm5 cells were seeded in 35-mm cell cul-
ture dishes. After incubation for 1 day, the cells were treated with PS-341
(5 wM) and harvested at a series of time points (0.5, 1, 1.5, 3, and 6 h).
Proteasome activity assays were also performed for hemocytes and fat
bodies. Briefly, B. mori larvae were injected with PS-341 (10 pl of 0.5 mM
PS-341 in DMSO), and tissue and cells were obtained at 6, 12, 24, and 48
h after treatment. Then, treated samples were subjected to fluorometric
measurement of 20S proteasome activity assay using Ys substrate, as pre-
viously described with slight modifications (1, 68). After incubation at
37°C for 30 min, plates were read using a Synergy HT multidetection
microplate reader (Bio-TEK) at an excitation wavelength of 380 nm and
emission wavelength of 460 nm.

Treatment of iron ion binding reagent. To investigate the effect of
iron ion on BmNPV T3 infection, we used DFO mesylate to bind free iron
in cells. Bm5 cells were treated with DFO mesylate (0.05, 0.5, and 1 mM)
for 1 day before BmNPV T3 infection, control cells were treated with
distilled water (the diluents used for DFO mesylate), and virus DNA rep-
lication was assessed as described previously.

Cell mortality assay. After treatment with PS-341, DFO, or (for con-
trols) DMSO or H,O for 12, 24, 48, and 72 h, Bm5 cells were stained using
a cell viability assay kit (Beyotime Institute of Biotechnology, China), and
cell mortality was calculated in random visual fields.

Statistical analysis. Statistical comparisons among groups were per-
formed with Student’s ¢ tests. P values of =0.05 were considered signifi-
cant.

Nucleotide sequence accession numbers. The raw transcriptome and
tag data have been deposited in SRA under accession numbers SRX098100
and SRX098087, respectively.

RESULTS

Reference sequence library construction and annotation. We
were able to obtain 24,720 sequences with a mean reference data
length 0f 1,042 bp. The N50, a statistical measure of average length
of transcriptome library sequences, was 1,434 bp, and 88.6% of the
sequences had a length of more than 300 bp. To annotate these
sequences, BLASTX was used to search the nonredundant (nr)
NCBI protein database for reference sequences with a cutoff E
value of 10~°. We found that a total of 17,433 sequences provided
BLAST results (70.5% of all distinct sequences) (see Table S2 in
the supplemental material). GO and KEGG annotations were sub-
sequently used to classify the functions of these reference se-
quences. Our results revealed that a total of 4,106 GO and 251
KEGG gene sets had been annotated (see Table S2 in the supple-
mental material).

DGE library sequencing and quantitative gene expression
data. Complete transcriptome profiles were compared at different
time points (UIC, 1.5, 3, 6, 12, 24, 48, and 96 hpi) to generate
between 3.1 and 4.1 million raw tags of these samples (see Table S3
in the supplemental material). After low-quality tags were re-
moved, the total number of clean tags per sample ranged from 2.8
to 3.6 million (see Table S3 in the supplemental material). On
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FIG 1 Principal component analysis (PCA) across libraries. The first three
components from the principal component analysis, PC1, PC2, and PC3, de-
fine the x, y, and z axes of the 3-dimensional space, so the distance between any
two points indicates the variances between them. Shown are 3-dimensional
scatter plots of the PCA of viral genes (A) and of host genes (B).

average, 91.09% of the raw tags were found to be clean tags within
a range of 86.87 to 94.93% (see Table S3 in the supplemental
material). Furthermore, the percentage of unknown tags that
could not be mapped to the reference library ranged from 3.76 to
8.61%, except for the samples collected at 48 and 96 hpi, which

TABLE 1 Virus gene clusters according to transcription start time

ranged from 67.05 to 78.18% (see Table S3 in the supplemental
material). Saturation analysis demonstrated that the number of
detected genes decreased as the number of sequence tags in-
creased, and the capacity of the library reached saturation when
the number of sequence tags approached 2.5 million (see Fig. S1in
the supplemental material). A total of 17,883 genes were mapped
using clean tags (137 viral genes and 17,746 host genes).

Overall transcriptome variations among samples. To obtain
an overview of the relationships among the eight samples, PCA
was performed using the total gene expression profiles. PCA re-
vealed the internal structure of the data in a way that best ex-
plained the variances in the data. The first three principal compo-
nents, PCA1, PCA2, and PCA3, contribute a great percentage
(99.97% for the viral data; 71.49% for the host data) of the total
variability of the data when using a 3-dimensional scatter plot to
plot the first three components of each time point (Fig. 1A and B).
The time points varied according to the three largest variations in
the data. Accordingly, we found that viral samples taken at 1.5, 3,
6, and 12 hpi only showed small variances, while the samples col-
lected at 24, 48, and 96 hpi showed great variances (Fig. 1A). Com-
paratively, for the host samples, only small variances were ob-
served between the samples taken at the last two time points (48
and 96 hpi).

Viral gene expression. All of the known BmNPV T3 genes
were expressed upon infection of Bmb5 cells (see Table S4 in the
supplemental material). Consistent with previous reports, these
genes could be classified into four transcription phases: immedi-
ate-early, early, late, and very late genes. According to the tran-
scription start time calculated in our study, five different gene
expression patterns were observed at each time point from 1.5 to
24 hpi, except for P47, in which expression was detected at only 48
hpi (Table 1 and Fig. 2). The following five genes, all of which are
classified as immediate-early genes and are important for the
function of transcription and translation, were expressed at 1.5
hpi: ie0, iel, ie2, me53, and pe38 (Table 1). A total of 14 genes
began to express at 3 hpi (Table 1). According to previous studies,
some of them are classified as early genes, such as 3% and arifl,
while others are classified as late genes, such as lefI1 and odv-ec27.
Two genes, lef11 and dnahel, are associated with viral-DNA repli-
cation, and several genes influence cell fate and host molting
(odv-ec27, fgf, and egt). At 6 and 12 hpi, we observed the expres-
sion of 43 and 50 genes, respectively (Table 1), all of which belong

Transcription No. of
start time transcribed Transcription
(hpi) genes Names of transcribed genes phase(s)
1.5 5 pe38, ie0, ie2, me53, iel Immediate early
3 14 orf4, 39k, orf9, arif1, lefl1, egt, orf14, odv-ec27, odv-e26, hel, dbp, fgf, gp64, orf20 Early
[ 43 orf5, lef3, he65, chitinase, polyhedrin, ubiquitin, lefl, pk-2, orf99, orf101, lef7, lef6, p10, vp39, orf10, Late and very late
orf35, orf36, orf54, orf56, an, p35, lef9, bro-a, lef2, bro-c, bro-b, bro-e, bro-d, vp80, lef4, orf64, orf65,
orf67, orf68, orf84, orf134, orf21, p26, orf41, orf46, dnapol, orf44, orf45
12 50 pkip, p94, pp34, vp91, iapl, odv-ec43, orf76, orfl122, orf74, vp15, orf98, orf129, 38k, iap2, orf17, orf109,
0rf59, p43, p12, orf34, orf51, p33, odv-e56, odv-el8, gta, gp41, lef10, pk-1, cathepsin, adprase, lef8,
orf25, lef5, sod, orf60, orf61, orf62, odv-e66, vp1054, orf133, orf118, pif3, mtase, pifl, orf22a, orf94,
0rf96, odv-e25, odv-c42, cg30
24 24 ets, gp37, gp16, 0rf90, orf93, dnaj, orfl21, p74, orf58a, orfl125, pif2, orf91, lef12, orf79, p78/83, ptp,
orf42, vif-1, p24, fp25k, pif4, chabl, p45, chab2
48 1 pa7
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to the late and very late transcription phases and are associated
with transcription, translation, structural protein, and inhibition
of apoptosis in the host. The transcription of 24 genes started at 24
hpi (Table 1), and the expression of almost all viral genes peaked at
48 hpi and decreased within 96 hpi. As all of the viral genes were
highly upregulated after infection, we further quantified the ex-
pression levels of host and viral genes. As shown in Fig. 3, the
percentage of host cell mRNA transcription gradually decreased
after 12 hpi and showed a marked decline at 48 hpi. The expression
of viral genes was greatly increased at 48 and 96 hpi.

DEGs and cellular function changes across libraries. To en-
sure that the differences between gene expression profiles were
related to the viral infection process, we compared all BmNPV
infection samples with UIC (see Table S4 in the supplemental
material and Fig. 4). As shown in Fig. 4, more than 1,000 genes
were differentially expressed at 1.5 hpi compared to the control. A
total of 637 of these genes were upregulated, and 448 genes were
downregulated, suggesting that BmNPV infection has a strong
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effect on gene expression in this cell line. As for the expression
patterns of samples collected at 3, 6, and 12 hpi, the numbers of
differentially expressed UniGene clusters were much lower (3 hpi,
413; 6 hpi, 592; 12 hpi, 298) than observed for the 1.5 hpi sample.
The majority of DEGs faded among these samples (Fig. 4); how-
ever, a subset of genes remained altered. A strong response was
also observed at 24 hpi with a total of 1,169 UniGene clusters that
were differentially expressed (Fig. 4), which might be attributed to
the second wave of BmNPV infection. At 48 and 96 hpi, most of
the host genes were downregulated (Fig. 4).

To gain further insight into the changes in cellular function
across libraries, we performed functional analyses for these DEGs
(Table 2; see also Table S5 in the supplemental material). The
DEGs at 48 and 96 hpi were not considered because most of them
were downregulated during these time points and, as a result, are
not so useful in understanding the process of BmNPV infection.
At 1.5 hpi, most upregulated genes were associated with transcrip-
tion, translation, energy metabolism, cytoskeleton, ubiquitin-
proteasome pathway, homeostasis, endopeptidase activity, and
organism development. Alternatively, most of the downregulated
gene sets were related to transcription, translation, cell cycle, mis-
match repair, and protein metabolism. Some of these gene sets
were both upregulated and downregulated, while a number of
genes associated with the initiation of translation (eukaryotic
translation initiation factor 3, 2B, and 1 complex) were dramati-
cally upregulated. Similar expression patterns were observed at 3
hpi compared to the 1.5 hpi sample. Specially, we found that the
following gene sets related to iron ion transport were upregulated
at 3 hpi: iron ion transport, transition metal ion binding, ferric
iron binding, and cellular iron ion homeostasis. Also, we observed
similar results at 6 hpi, with upregulation of gene sets being asso-
ciated with transcription, translation, ubiquitous-proteasome
pathway, energy metabolism, iron ion transport, and organism
development. At 12 hpi, the downregulation of translation initia-
tion factor-associated gene sets was significantly enriched under
the FDR threshold, and responses to stress gene sets were strongly
upregulated. At 24 hpi treatment, gene sets primarily related to
energy metabolism, homeostasis, and response to stress were
found to be downregulated, and gene sets related to translational
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FIG 3 Percentages and total numbers of transcripts between virus and host cells over the course of infection. The numbers of viral and host cell transcripts were

counted in different intervals on the y axis, and the percentages were calculated.

July 2012 Volume 86 Number 13

jviasm.org 7349

Downloaded from https://journals.asm.org/journal/jvi on 19 August 2022 by 2001:da8:201:3016:2df1:5087:a70:fadb.


http://jvi.asm.org

Xue et al.

7,000

6,000

5,000

4,000

downregulated

3,000

6,139 _ mupregulated

4,513

Number of genes

2,000

1,000 748

161 353

160
12h

15h 3h 6h

581

24h 48h 96h

FIG 4 Number of host genes in each DGE comparison. The DEGs were identified using edgeR between each time point postinfection (1.5 hpi to 96 hpi) and
control (FDR < 0.05). The numbers of upregulated and downregulated genes were determined.

initiation, mRNA splicing, protein metabolism, nucleosome,
ubiquitin-proteasome pathway, energy metabolism, response to
stress, and endopeptidase activity remained highly upregulated.
To confirm the validity of our gene profiles, the expression of
various genes associated with the ubiquitin-proteasome pathway,
spliceosome, transcription, translation, and nucleosome were ex-
amined by qRT-PCR. All of the genes examined exhibited overall
expression patterns similar to those observed at different time
points (see Fig. S2 in the supplemental material). Specifically the
expressions of the following genes were validated: proteasome sub-
unit beta 5 (PSMB5) and effete, which are related to the ubiquitin-
proteasome pathway; small nuclear ribonucleoprotein polypeptide
(SNRP) and LSM4 homolog (U6), which are components of the
spliceosome; eukaryotic translation initiation factor 3 subunit 6
(eIF3-6), eukaryotic translation initiation factor 1A (eIF1A), elon-

TABLE 2 Numbers of differentially expressed genes in gene set categories”

gation factor 1 delta (EF1d), and eukaryotic translation initiation
factor 3 subunit 2 beta (EIF3-2b), which are associated with tran-
scription and translation; and histone H2A-like protein 2 (H2A-12),
histone H2A variant (His2Av), and histone H3.3A (H3.3A), which
are related to histones. Overall, these results were consistent with
those of our DGE analysis.

Prediction of BmNPV and host PPI network. Our PPI predic-
tions identified 8,907 interactions between BmNPV and silkworm
proteins. Among these genes, 22 viral genes were predicted to
interact with 2,326 host genes. Also, 147 host genes were predicted
to interact with greater than 10 viral genes (see Table S6 in the
supplemental material), most of which were related to immune
signaling pathways, cell cycle, and transcription.

Next, we constructed a subnetwork for each time point using
the DEGs determined by edgeR (see Fig. S3 in the supplemental

1.5 hpi 3 hpi 6 hpi 12 hpi 24 hpi
Gene function Up Down Up Down Up Down Up Down Up Down
Transcription 6 51 26 2 48 2 21 10
Translation 63 26 36 18 36 7 21 23 55 23
Translation initiation 12 6 4 3 4
Translation elongation 3 2 3
mRNA splicing 15 6 6 5 6 17
Protein metabolism 17 6 6 8 11 5 7 17 3
Nucleosome 4 3 2 5
Chromatin 4 3
Mismatch repair 3
Mitosis 9 5 11 5 8 5 4 4 9 8
Cell cycle 3 5 3
Ubiquitin-proteasome 26 14 12 5 20
Energy metabolism 42 23 32 21 32 17
Cytoskeleton 8 8 2
Ion transport 3 3
Homeostasis 6 7
Response to stress 4 2 10 11 7
Endopeptidase activity 10 7 6 3 10
Glycosylation 2 2
Organism development 5 17 11 3 3 7
Others 105 60 67 25 97 73 46 39 78 45

“ Values represent the number of genes regulated in gene set categories. Up, upregulated; down, downregulated.
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material) and observed that IE2, CG30, PE38, and PK-1/2 carried
the most virus-host PPIs. Other viral proteins (ubiquitin, PTP,
chitinase, DNApol, FGF, GTA, 1AP1/2, SOD, MTase, etc.) also
interacted with host proteins. Then, we performed the MCL algo-
rithm to identify network modules (densely connected regions)
within PPI networks and calculated enriched functions, providing
an indication of the functional diversity of each module (see Table
S7 in the supplemental material). These results are reflective of the
mechanisms involved in virus and host protein interactions. At
1.5 hpi, viral proteins of IE1, IE2, and PE38 were clustered in the
same module, and this module was enriched in the ubiquitin-
proteasome pathway. Next, at 6 hpi, the module contained IE2
and PE38, which regulate multiple functions involved in the ubiqg-
uitin-proteasome pathway, mitogen-activated protein kinase
(MAPK) signaling pathway, cell cycle, and antiapoptosis. PE38,
IE2, PK-1, and GTA were found to be in the same module at both
12 and 24 hpi. We observed that these gene sets were mainly in-
volved in cell cycle, host responses to stress, nucleic acid metabo-
lism, and ubiquitin-proteasome pathway (i.e., cell cycle, spliceo-
somal complex, Jun N-terminal protein kinase [JNK] cascade,
RNA processing, and response to stress).

Among the tested infection intervals, 24 hpi is the most impor-
tant time point for viral infection and showed the greatest number
of interactions between viral and host proteins in one module
(Fig. 5A). A total of eight subnetworks were separated from the
module according to gene set functions with a P value of less than
0.05. The functional activities of these subnetworks are involved in
transcription, protein metabolism, the spliceosome, the nucleo-
some, stress response, actin assembly, mitosis, and immunity (Fig.
5B through I). Additionally, 11 viral proteins, including MTase,
GTA, PK-2, PK-1, PE38, IE2, IAP2, PTP, DNApol, ubiquitin, and
GP41, were involved in interactions. Considering that the ubiqui-
tin-proteasome pathway is significantly enriched at most of the
infection intervals, we selected the differentially expressed ubiqui-
tin-proteasome pathway genes from each infection interval. The
interactions between viral and host proteins, including IE2, PE38,
PK-1, PK-2, ubiquitin, and CG30, increased as infection pro-
ceeded (Fig. 6).

Identification of proteasomal function. The ubiquitin-pro-
teasome pathway is involved in diverse cellular functions and has
been shown to be important to the viral life cycle (23). Consider-
ing that ubiquitin-proteasome pathway-related gene sets are
strongly upregulated after BmNPV infection, we suspected that
BmNPV requires this cellular machinery to facilitate infection. No
obvious cytotoxicity was observed in PS-341 and control treat-
ments at the indicated time courses (Fig. 7A). Similarly, pro-
pidium iodide staining revealed no difference in the number of
apoptotic cells following treatment with the inhibitor or DMSO
(data not shown). To test our hypothesis, we used qRT-PCR to
monitor the dynamic BV copies in Bmb5 cell culture supernatants,
viral-DNA proliferation in Bmb5 cells, and hemocyte and fat body
levels in response to proteasome inhibitor treatment. PS-341 ef-
fectively inhibited 20S proteasome activity immediately after
treatment, both in vitro and in vivo (Fig. 7B and C). Over the
course of infection, BV copies were dramatically increased in con-
trol cells after 24 hpi (Fig. 7D). In contrast, BV proliferation re-
mained low in the inhibitor-treated samples (Fig. 7D). Further-
more, with the inhibitor treatment, viral-DNA replication in Bm5
cells had a great decrease at each time point after inhibitor treat-
ment (Fig. 7E), similar to the pattern observed for BV copy
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changes. We further characterized the effect of proteasome inhi-
bition on viral gene transcriptions. Transcriptions of both the im-
mediate-early gene el and the very late gene polh were downregu-
lated with PS-341 treatment at 1.5 and 4.5 hpi (Fig. 7F). Moreover,
occlusion-derived virus (ODV) production in Bm5 cells was ex-
tremely restricted following PS-341 treatment (Fig. 8A, C, and E).
To study this effect in vivo, B. mori larvae were treated with PS-
341, and the results showed that viral-DNA proliferation was in-
hibited in hemocytes and fat bodies at 6, 12, 24, 36, and 48 hpi (Fig.
7G and H).

Identification of iron ion metabolism. In the early infection
phase (3 and 6 hpi), we observed that gene sets related to iron ion
metabolism (i.e., iron ion transport, ferric iron binding, and cel-
lular iron ion homeostasis) were highly upregulated after BmNPV
infection. To determine whether iron ion metabolism influences
BmNPV infection, DFO mesylate was added to media to bind free
iron in cells, and qRT-PCR was used to quantify the amount of
viral-DNA in Bm5 cells after 12, 24, and 48 hpi. Similar to PS-341,
DFO also showed no obvious cytotoxicity to Bm5 cells during the
test (Fig. 9A). As shown in Fig. 9B, DFO mesylate efficiently
blocked BmNPV-DNA replication after internalization at the in-
tervals examined, which showed a dose-dependent inhibition of
viral-DNA vyield in Bm5 cells. In contrast, no effect was observed
in control-treated cells (Fig. 9B). Meanwhile, DFO treatment of
Bmb5 cells kept them as stable as normal cells at 48 hpi (Fig. 8B, D,
and F).

DISCUSSION

In previous studies, gene expression profiling analysis of host and
NPV gene transcription has been performed at different infection
intervals (36, 41, 59, 60). However, due to limited data, the enrich-
ment of DEG sets could not be determined, and further analysis
could not be performed. In this study, we obtained a global ex-
pression profile for the BmNPV infection process by using next-
generation sequencing and transcriptome sequences as a reference
library. To our knowledge, this study represents the most compre-
hensive and accurate gene expression profiling for a baculovirus
infection process to date. Gene enrichment studies and further
analysis showed that BmNPV infection causes rapid and violent
transcriptional responses in cells at 1.5, 24, 48, and 96 hpi and
reduced transcription at 3, 6, and 12 hpi. According to gene ex-
pression kinetics, the peak responses appeared at 1.5 and 24 hpi.
However, at later time points following viral infection, the expres-
sion of most host genes was inhibited (Fig. 4). Many genes related
to transcription, mismatch repair, translation, cell cycle arrest,
energy metabolism, cytoskeleton, protein metabolism, and the
ubiquitin-proteasome pathway were modulated during the infec-
tion process.

The ubiquitin-proteasome pathway is required for virus rep-
lication and transcription. The ubiquitin-proteasome pathway is
a major regulator of intracellular protein levels and plays an im-
portant role in viral infections through the avoidance of host im-
mune surveillance, viral progeny release and budding, transcrip-
tional regulation of the virus, and suppression of apoptosis (17,
25). We observed that genes related to the ubiquitin-proteasome
pathway were upregulated throughout the course of the infection
(Table 2; see also Table S5 in the supplemental material). Network
analysis also revealed that viral proteins interact with multiple
host proteins in the ubiquitin-proteasome pathway (Fig. 6). Spe-
cifically, PE38, IE2, PK1, PK2, ubiquitin, and CG30 were pre-
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FIG 5 Subnetwork of virus-host PPIs in 24 hpi. The round nodes are host proteins, the diamond nodes are viral genes, and the color intensity of the nodes
denotes the upregulation (red) or downregulation (green) of the genes at 24 hpi. The dashed lines indicate virus-host interactions. (A) Compact modular PPI
network at 24 hpi. Virus-host PPI clusters were chosen for further analysis (black rectangle). (B through I) Subgroups for each functioned network module and
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FIG 6 Viral proteins interact with the host ubiquitin-proteasome pathway. Based on virus-host PPI predictions and network function enriched with P value of
<0.05, interactions between virus and the host ubiquitin-proteasome pathway-related genes were elucidated in a series of time courses, including 1.5 hpi (A), 3
hpi (B), 6 hpi (C), 12 hpi (D), and 24 hpi (E). The round nodes indicate host proteins, the diamond nodes are viral genes, and the color intensity of the nodes
denotes the upregulation (red) or downregulation (green) of the indicated gene at 24 hpi. The dashed lines indicate the virus-host interactions.

dicted to interact with ubiquitin-proteasome pathway-related
proteins (Fig. 6). Five of these viral proteins participated in tran-
scription, indicating that the ubiquitin-proteasome pathway may
play a key role in transcription during viral infection. Moreover,
we demonstrated that BV and viral genome production was dra-
matically decreased in response to PS-341 treatment both in vitro

July 2012 Volume 86 Number 13

and in vivo. And transcription of viral genes was strongly restricted
after proteasome activity was inhibited. These results suggest that
the ubiquitin-proteasome pathway plays a key role in BmNPV
infection.

Iron ion metabolism participates in BmNPV replication.
Iron ion metabolism is associated with the entry of the virus into
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FIG 7 Proteasome activity assays and effects of proteasomal interactions during infection. (A) Bmb5 cells were treated with PS-341 and DMSO, and cell mortality
was calculated at 12, 24, 48, and 96 h posttreatment. Bm5 cells were stained with trypan blue for 2 min after treatment, and dead cells were counted in random
visual fields. The percentage of nonviable cells is shown on the y axis. (B) Proteasome activity assay. Following treatment with PS-341 (5 wM) and DMSO over
a time course, Bmb5 cells were subjected to fluorometric measurement of 20S proteasome activity using Ys as a substrate (0.5 mM). Proteasome activity is shown
as a percentage of the DMSO treatment at each time point on the y axis. (C) Proteasome activity assay of hemocytes and fat bodies. PS-341 and DMSO were
injected into the fifth-instar silkworm larvae on the second day, and hemocytes and fat bodies were obtained and homogenized for proteasome activity assays. (D)
BV relative copy numbers in the cell culture supernatants. Bm5 cells were infected with BmNPV T3 at an MOI of 10 and treated with DMSO or PS-341 (5 uM).
Total DNA of BV was extracted at the indicated times after infection and subjected to qRT-PCR. (E) BmNPV proliferation in the Bm5 cells following treatment
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FIG 8 BmNPYV infection conditions in Bm5 cells treated with PS-341 and DFO mesylate. Bm5 cells were treated for 48 h. (A) Uninfected cells (UIC) were treated with
DMSO, as a negative control for PS-341 treatment. (B) UIC were treated with distilled water, as a negative control for DFO mesylate treatment. (C) Bm5 cells were
infected with virus (MOI of 10) in the presence of DMSO. (D) Bm5 cells were infected with virus (MOI of 10) in the presence of distilled water. (E) Bmb5 cells were infected
with virus (MOI of 10) and treated with PS-341 (5 pM). (F) Bm5 cells were infected with virus (MOI of 10) and treated with DFO mesylate (5 mM). Scale bar, 50 pm.

the cell, virus replication, virus budding, and host antivirus strat-
egy (14). In the present study, we observed that BmNPV replica-
tion was dramatically inhibited when iron ion was eliminated by
DFO mesylate. However, by measuring viral genome copies at 1.5
hpi, we found that viral entry was not decreased with DFO treat-
ment (data not shown), suggesting that iron ion is not associated
with BmNPV entry. Moreover, we found that ferritin, which is
responsible for the storage of ion in a soluble form in cells, was

related to these gene sets. Furthermore, ferritin concentrations are
known to increase in the presence of stress and infections (30, 42).
Thus, it is reasonable to hypothesize that the BmNPV infection
process requires the participation of iron ion and ferritin, which
play key roles in iron ion metabolism in BmNPV-infected cells.
However, this phenomenon requires further characterization.
Cell cycle regulation. Virus infection can cause cell cycle arrest
during G,/M (12). Previous studies indicate that baculovirus can

of PS-341 at 0, 3, and 6 hpi. Total DNA of Bm5 cells was extracted at 12, 24, and 48 hpi. Relative viral-DNA copy numbers were calculated, and Bombyx GAPDH
gene expression served as an internal control. (F) Regulation of viral gene transcription following PS-341 treatment. After BmS5 cells were infected with BmNPV
at an MOI of 10, PS-341 was added to cell culture supernatant at immediate-early and late viral gene expression start time points, 1.5 and 4.5 hpi, respectively.
Total RNA was extracted from cells at 6 or 12 hpi. The RNA was then diluted 10-fold, and first-strand cDNA was subjected to qRT-PCR with specific primers for
iel and polh. (G) BmNPV proliferation in hemocytes with PS-341 treatment. PS-341 (10 wl of 0.5 mM PS-341 in DMSO per larva) was injected into the
fifth-instar larvae for 1 day. Then, BmNPV viral suspension (10 pl) was injected into each larva after inhibitor treatment. Hemocytes were collected at 6, 12, 24,
36, and 48 hpi. Total DNA was extracted and subjected to qRT-PCR. (H) BmNPV proliferation in fat body with PS-341 treatment. Steps were followed as
described above. Samples from each time point were tested independently and in triplicate. Pairwise statistical comparisons to the DMSO group were performed
using Student’s ¢ test (*, P =< 0.05; **, P = 0.01; ***, P =< 0.001). Error bars indicate standard deviations (n = 3).
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FIG 9 Viral-DNA replication in the presence of DFO mesylate.(A) Bm5 cells were treated with DFO (1 mM) and distilled water, and cell mortality was calculated
at 12, 24, 48, and 96 h posttreatment. Bm5 cells were stained with trypan blue for 2 min after treatment, and dead cells were counted in random visual fields. The
percentage of nonviable cells is shown on the y axis. (B) Dose-dependent inhibition of BmNPV T3 (MOI of 10) in Bm5 cells treated with distilled water or various
concentrations of DFO mesylate (0.05, 0.5, and 1 mM). DNA was extracted at different time points postinfection (12, 24, 48, and 72 hpi). The relative viral-DNA
copy numbers were calculated using Bombyx GAPDH gene expression as an internal control. Samples from each time point were tested independently and in

triplicate. Error bars indicate standard deviations (n = 3).

arrest insect cell lines in the G,/M and S phases, induced by viral
genes iel and ie2, and resulting in enlarged cells with high quan-
tities of viral DNA (7, 51, 67). In our study, genes related to cell
cycle and cell cycle arrest, namely, cyclin B homolog, cullin-1, and
14-3-3 epsilon, were downregulated immediately after BmNPV
infection. A cyclin B homolog, which was also predicted to inter-
act with viral proteins, was immediately downregulated after
BmNPYV infection in our study. In contrast, Zhou et al. (67) have
shown that a significant increase in cyclin Bl is able to induce cell
cycle arrest at the G, phase. During G,, cyclin Bl can accumulate
and form a kinase complex with Cdkl. The active Cdk1/cyclin B1
complex plays a key role in the control of G,/M cell cycle arrest
(12). Cullin-1 is a component of Skpl/Cullin-1/F-box protein
(SCF) complex. The SCF complex is required for degradation of
Cdc25A, which prompted us to suspect that the modulation of
Cullin-1 expression has an effect on the SCF-mediated degrada-
tion of Cdc25A during the S and G, phases (9, 13). Moreover,
14-3-3 epsilon binds to Cdc25 to keep the Cdkl/cyclin Bl com-
plex inactive (12). At 6 and 12 hpi, the cell cycle pathway was
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significantly enriched in our network analysis, indicating that the
host cell cycle can be modulated during the virus life cycle (see
Table S7 in the supplemental material). The three previously men-
tioned upregulated genes are likely candidates for further study of
cell cycle regulation.

Regulation of energy metabolism. The energy metabolism of
insect cells is modulated after baculovirus infection (6, 10, 21, 43).
Carinhas et al. (10) suggested that baculovirus production can be
improved by manipulating energy metabolism. Iwanaga et al. (21)
suggested that BmNPV-infected cells need more ATP for abrupt
consumption. In our study, gene sets related to mitochondrial
function were dramatically altered immediately after viral infec-
tion, which might affect mitochondrial respiration and apoptosis.
These types of gene sets were highly upregulated in all of the
postinfection time points (Table 2; see also Table S5 in the supple-
mental material). This finding is consistent with an earlier report
indicating that energy metabolism-associated genes are overex-
pressed after BmNPV infection (21). Nevertheless, there is still a
lack of knowledge about the role of cellular energy modulation
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and baculovirus infection. In this study, we found that the regu-
lation of energy metabolism genes might be a beneficial strategy
for baculovirus infection.

RNA processing and remodeling. Baculovirus starts its infec-
tion cycle by employing enhancers and transcriptional activators
of the host. These strategies focus on establishing viral infection
and the production of key proteins necessary for its own replica-
tion and transcription (57). As shown in Fig. 3, host cell mRNA
transcription gradually decreased by 24 hpi and showed a marked
declined at 48 hpi. In contrast to previous reports (36, 60), the
expression of most genes declined at 24 hpi, which was not shut
down as quickly as in AcCMNPV-infected Sf21 cells. Here, we ob-
served a substantial number of differentially expressed genes at
this time, considering that a second wave of viral infection and
new virus assembly, which contribute to this phenomenon, might
stimulate host gene regulation. In the present study, we found that
gene sets related to translation initiation and cellular RNA synthe-
sis were strongly modulated throughout the infection process, and
some were predicted to interact with viral genes (Table 2 and Fig.
5B; see also Table S5 in the supplemental material). This finding
might be due to the fact that the virus manipulates the translation
and transcription resources of the host apparatus. To date, we
cannot define the mechanism of host cell transcription inhibition.
However, our study suggests that some host genes (data not
shown), which are necessary and could facilitate viral gene tran-
scription and translation, were upregulated, including a large
number of ribosomal genes, transcription initiation factor TFIID,
3, 1A, 4A, and 5A, and elongation factor genes.

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are
complexes of RNA and proteins that shuttle between the nucleus
and cytoplasm. hnRNPs bind to pre-mRNA molecules and serve
as signals for the pre-mRNA metabolism process, transport, and
localization. A total of seven viral proteins (CG30, GTA, IE2,
PE38, PK-1, PK-2, and PTP) were predicted to interact with
hnRNPs, namely, hnRNP A1, hnRNP H, and Squid (Sqd). hnRNP
Al and hnRNP H belong to the A/B hnRNPs subfamily, while Sqd
is a type of hnRNP that is required for the regulation of grk and
oskar mRNA nuclear export, localization, and translation during
Drosophila melanogaster oogenesis (38, 39). In previous studies,
these seven mediation viral proteins were mainly shown to be
involved in gene transcription (11, 33), suggesting that viral pre-
RNA might immediately bind to hnRNPs for metabolism and
transport during transcription.

Some viruses (adenovirus, HIV, and herpesvirus) depend on
cellular RNA splicing machinery for the expression of viral genes
(16, 35, 37). Puvion-Dutilleul et al. (52) found that in response to
adenoviral infection, the RNA processing machinery might play a
role in the protection of virally spliced, polyadenylated mRNAs
before exportation to the cytoplasm. Also, adenovirus infection
can utilize cellular RNA splicing to produce a complex set of viral
mRNAs during the infection process (2). Influenza virus nucleo-
protein can bind to a cellular splicing factor, RAF-2p438, leading to
enhanced viral RNA synthesis (34). In our study, spliceosome-
related pathways were upregulated at 1.5 and 24 hpi (see Table S5
in the supplemental material), suggesting that the processing of
BmNPV mRNA may depend on host RNA processing machinery.
Protein interaction analysis also revealed that viral genes belong to
transcription factors that can interact with spliceosome complex
proteins, suggesting that the cellular spliceosome machinery may
facilitate viral gene transcription and splicing (Fig. 5D). However,
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further investigation is necessary to determine how this pathway
participates in the production of viral mRNA and limits host gene
expression.

Chromatin regulation. Histones are a type of protein that
packages and orders genomic DNA into nucleosomes and is a
main component of chromatin. Interestingly, our results indi-
cated that gene sets related to the nucleosome were upregulated,
including five histone genes (BmV09147, BmV03398, BmV00407,
BmV03559, and BmV04674). The increased expression of histone
proteins may be involved in regulating the host chromatin struc-
ture, which could create a barrier to some biological pathways,
such as DNA replication, transcription, and recombination. The
recruitment and dynamic modification of histone proteins are
also promoted by cytomegalovirus to regulate viral gene expres-
sion (53). Placek and Berger (50) reported that host histone can
also package the genome of herpes simplex virus 1 (HSV-1). How-
ever, the relationships between host histone overexpression and
baculovirus infection are unclear. Moreover, network analysis re-
vealed enrichment in virus-host protein interactions (at 3, 6, 12,
and 24 hpi) between gene sets related to the nucleosome and chro-
mosome assembly (Fig. 5E; see also Table S7 in the supplemental
material). Surprisingly, all of the histone genes that we found to be
modulated were predicted to interact with viral proteins. One pos-
sible explanation is that host transcription is inhibited by chroma-
tin regulation, and histones could also be utilized to promote viral
gene expression.

Interactions between viral proteins and cytoskeleton-related
proteins. The actin cytoskeleton of host cells is known to facilitate
baculovirus motility, translocation, transcription, and BV and occlu-
sion-derived virus (ODV) formation (32, 40, 63). In our study, two
viral proteins (PK-1 and PK-2) are predicted to interact with actin
filament polymerization and chaperonin-containing T-complex-re-
lated proteins (Cdc42, Cctgamma, T-cpl, CG7033, and CG5525),
which are required for cytoplasmic microtubule organization. PK-1
and PK-2 proteins are homologous to eukaryotic protein kinases,
which might associate to the enzymatic activity of these host proteins
(54). A previous study also showed that the viral Arif-1 is tyrosine
phosphorylated and involved in the remodeling of the actin cytoskel-
eton, but it has not been shown that PK-1 phosphorylates Arif-1 (15).
These data suggest that viral infection could change the enzymatic
activity of these actin organizers to affect actin filament polymeriza-
tion and act as mediators to influence gene transcription (Fig. 5G).
These results indicate an unsuspected role for the cytoskeleton in the
regulation of baculovirus gene transcription.

The immune pathway in relation to the viral process. The
MAPK signaling pathway and JNK cascade were identified as par-
ticipating in BmNPV infection (27). Our interaction network also
suggested that the immune pathway affects five viral transcriptional
proteins that could interact with Ras85D, including Pointed (pnt),
Cabut (cbt), and cell division cycle 42 (Cdc42, a Rho-GTPase). Con-
sidering the role of MAPK and JNK signaling pathways for efficient
BmNPV infection, these data suggest that the virus can utilize the
immune pathway for facilitating expression of its own genes (27).

Viral genes mediate interactions between the virus and host.
To date, few baculovirus proteins have been reported to interact
with host proteins (8, 18, 45). Considering that most known in-
teractions are dedicated to the characterization of viral proteins,
few host protein-associations have been reported. In the present
study, for BmNPV, a total of 22 viral proteins were predicted to
interact with host proteins.
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From network module analysis of the virus-host PPI network,
we found that viral genes dynamically mediate different functions
of host genes. For example, autophosphorylation and the ubiqui-
tin-proteasome pathway are enriched at the initial stages of infec-
tion (1.5 hpi) (see Table S7 in the supplemental material). During
this time, viruses enter into cells and face competition with well-
organized cellular machineries. At 6 hpi, as viral genes increase
expression, genes related to the ubiquitin-proteasome pathway,
protein modification process, chromatin, and cell cycle are en-
riched (see Table S7 in the supplemental material). Meanwhile, we
found that myosin genes also participated in viral gene interac-
tions. Pestic-Dragovich et al. (48) suggested that a nuclear isoform
of myosin I B (nuclear myosin 1) exists in a complex with RNA
polymerase IT and affects gene transcription. Similar to actin, both
of them are associated with ribosomal DNA (rDNA) transcription
and are necessary for RNA polymerase I transcription (49). Thus,
baculovirus might take advantage of interactions with myosin genes
to control host gene expression. As the infection proceeds from 12 to
24 hpi, most of the protein interaction is related to the functions of
mRNA metabolic processes, the ribonucleoproteins (RNP) complex,
cell response to stress, nucleosome assembly, and actin filament po-
lymerization (see Table S7 in the supplemental material). Functional
analysis of this module showed that viral genes participate in the host
RNA splicing machinery. Our results also confirmed that actin is
associated with gene transcription, especially RNP particles, and it is
associated with the regulation of chromatin structure (46). Protein
interactions of this module explain the high expression of viral genes
during this interval. At the end of the viral infection cycle (48 and 96
hpi), most of the host genes are downregulated, and no module
emerged between viral and host proteins. This result indicates that
virion assembly in the late infection stage has less help from host
proteins.

According to our results, five viral proteins showed approxi-
mately 1,000 interactions with host proteins. All of these viral
proteins are involved in transcriptional functions (PK-1, PK-2,
CG30, IE2, and PE38), suggesting that their interactions might
play a key role in viral gene transcription. Additionally, some
other viral proteins that interacted with host proteins remain un-
defined. For example, the viral proteins IAPs were reported to
block virus-induced apoptosis (61). In this study, we found that
IAPs interact with the serine/threonine-protein kinase, polo,
which is required for mitosis in Drosophila (31). Thus, [APs could
affect host mitosis through PPIs. A viral protein, SOD, is a ho-
molog of a host protein that is essential for viral replication and
might mitigate the effects of superoxide production by hemocytes.
Furthermore, we predicted that SOD could interact with the host
protein myosin light polypeptide 9 isoform B, which may be in-
volved in other processes during infection. Methyltransferase
(MTase) was observed to participate in gene transcription and
translation according to our predicted PPI network.

Additionally, we identified 335 BV-associated cellular pro-
teins, using LTQ Orbitrap (data not shown). A total of 92 proteins
were predicted to interact with 18 viral genes. Meanwhile, some
host proteins were also detected in AcCMNPV BV, such as actin,
14-3-3 zeta protein, Rab11, and annexin (64). Additionally, some
host proteins were included in the mass spectrometry results, such
as histone proteins (Histlh4c and histone H2A-like protein 2),
cell cycle proteins (14-3-3 epsilon protein and cullin-1), and cy-
toskeletal proteins (actin).

This virus-host PPI network could provide clues to aid in the
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understanding of the viral infection process and the interactions
between the virus and host at a systematic level. We identified a
larger number of interactions between cellular components and
virus than was anticipated, and the proteins that we analyzed are
important for the transfer of information between the virus and its
target proteins. The predicted virus-host protein interactions
identified in this study extend our knowledge of the viral infection
process and indicate novel functions for several viral genes.

In summary, we comprehensively analyzed changes in the gene
expression pattern of host cells after viral infection by using next-
generation sequencing. Additionally, we are the first to define an
interactome between BmNPV and host proteins at a systematic
level. Our data strongly suggest that BmNPV can fully utilize the
host cellular machinery for successful infection. This work pro-
vides a global view of the host response during infection that not
only is consistent with previous studies but also provides new
insights into the interaction between virus and host during infec-
tion. Overall, this work increases our understanding of the bacu-
lovirus infection process.
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