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ABSTRACT

Productive infection of Trichoplusia ni cells by the baculovirus Autographa californica multiple nucleopolyhedrovirus
(AcMNPV) leads to expression of ~156 viral genes and results in dramatic cell remodeling. How the cell transcriptome responds
to viral infection was unknown due to the lack of a reference genome and transcriptome for 7. ni. We used an ~60-Gb RNA se-
quencing (RNA-seq) data set from infected and uninfected T. ni cells to generate and annotate a de novo transcriptome assembly
of approximately 70,322 T. ni unigenes (assembled transcripts), representing the 48-h infection cycle. Using differential gene
expression analysis, we found that the majority of host transcripts were downregulated after 6 h postinfection (p.i.) and through-
out the remainder of the infection. In contrast, 5.7% (4,028) of the T. ni unigenes were upregulated during the early period (0 to
6 h p.i.), followed by a decrease through the remainder of the infection cycle. Also, a small subset of genes related to metabolism
and stress response showed a significant elevation of transcript levels at 18 and 24 h p.i. but a decrease thereafter. We also exam-
ined the responses of genes belonging to a number of specific pathways of interest, including stress responses, apoptosis, immu-
nity, and protein trafficking. We identified specific pathway members that were upregulated during the early phase of the infec-
tion. Combined with the parallel analysis of AcMNPV expression, these results provide both a broad and a detailed view of how
baculovirus infection impacts the host cell transcriptome to evade cellular defensive responses, to modify cellular biosynthetic
pathways, and to remodel cell structure.

IMPORTANCE

Baculoviruses are insect-specific DNA viruses that are highly pathogenic to their insect hosts. In addition to their use for biologi-
cal control of certain insects, baculoviruses also serve as viral vectors for numerous biotechnological applications, such as mam-
malian cell transduction and protein expression for vaccine production. While there is considerable information regarding viral
gene expression in infected cells, little is known regarding responses of the host cell to baculovirus infection. In these studies, we
assembled a cell transcriptome from the host Trichoplusia ni and used that transcriptome to analyze changes in host cell gene
expression throughout the infection cycle. The study was performed in parallel with a prior study of changes in viral gene ex-
pression. Combined, these studies provide an unprecedented new level of detail and an overview of events in the infection cycle,
and they will stimulate new experimental approaches to understand, modify, and utilize baculoviruses for a variety of applica-
tions.

aculoviridae is a family of enveloped viruses with circular,

double-stranded DNA genomes ranging from approximately
80 to 180 kbp in size. Baculoviruses replicate only in invertebrates,
and because many baculoviruses are highly pathogenic to impor-
tant insect pest species, baculoviruses have been used as biological
control agents in agriculture and forestry. Because exceptionally
high levels of viral gene expression occur in infected cells, baculo-
viruses were also developed and are used widely as vectors for
protein expression in cultured insect cells (1-3). Applications
have included production of proteins for research and medicine,
with more specific applications such as therapeutics, subunit vac-
cines, and virus-like-particle vaccines (4). Baculoviruses have also
been developed and used as transduction vectors for protein ex-
pression in mammalian cells (5, 6) and for viral display (7, 8).
Thus, in addition to their roles in regulating insect populations in
natural ecosystems and in agriculture, these large viruses are also
used for a wide variety of important biotechnological applica-
tions.

Baculoviruses have a complex infection cycle that produces
two structurally and functionally distinct types of infectious viri-
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ons. In nature, the virus is typically found on plant foliage in an
environmentally stable form. Infectious baculovirus virions of
this type are embedded within a crystalline matrix of protein in
occlusion bodies (OBs), which are resistant to heat and desicca-
tion. Virions found within OBs are referred to as occlusion-de-
rived virus (ODV), and this form of the virus is highly infectious to
cells of the insect midgut. Once infected, midgut cells produce a
second form of the virus that buds from the basal plasma mem-
brane into the insect hemocoel, the open circulatory system. This
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second form of the virus, referred to as the budded virus (BV), is
highly promiscuous and infects most tissues of the animal. Viral
entry by both forms of the virus (BV and ODV) delivers nucleo-
capsids to the nucleus where viral transcription and DNA replica-
tion occur. After progeny capsids assemble within the nucleus and
package the viral genome, some nucleocapsids are transported out
of the nucleus and to the plasma membrane, where they bud to
form the BV. This process may occur very rapidly after infection
(9). Other nucleocapsids are retained within the nucleus, where
they are enveloped to form the ODV. ODVs are later embedded,
or occluded, within the crystallized occlusion body protein, Poly-
hedrin (10). Near the end of the infection cycle, two viral proteins
are produced in the cell in enormous quantities. One is the occlu-
sion body protein, Polyhedrin, and the other is P10, a protein
associated with maturation of occlusion bodies. The production
of enormous quantities of Polyhedrin and P10 and the crystalliza-
tion of Polyhedrin around ODV:s are precisely coordinated events
very late in the infection cycle, and little is understood about how
viral and cellular gene expression are coordinated to facilitate this
process.

The baculovirus Autographa californica multiple nucleopoly-
hedrovirus (AcMNPV) has a large genome (~134 kbp) that en-
codes =156 proteins. In addition to genes that regulate and/or
mediate viral transcription, translation, and DNA replication, the
virus also encodes a variety of genes that modify cellular and or-
ganismal physiology, architecture, and defenses. These viral ma-
nipulations include effects on development and behavior of the
host insect through hormonal control and perhaps other mecha-
nisms (11-14), a profound modification of cellular physiology
and architecture (15-17), and host tissue breakdown, which re-
sults in release of the virus into the environment (18-21). The
AcMNPV infection is completed in a relatively short time period
(approximately 24 to 48 h), producing infectious budded and oc-
cluded viruses. Although the timing is variable and depends on
experimental conditions, transcription from the viral genome
may be detected as early as 1 h postinfection (p.i.), viral DNA
replication may begin as early as 4 to 6 h p.i (22, 23), and viral late
gene transcription begins simultaneously with or shortly after
DNA replication (reviewed in reference 10). A number of cellular
responses to baculovirus infection have been documented previ-
ously, and those that are observed by light microscopy are collec-
tively referred to as the cytopathic effect (CPE). Examples of spe-
cific cellular responses to baculovirus infection include an early
rearrangement and induction of actin polymerization (10, 24, 25),
the triggering of apoptotic responses (17, 26, 27) and DNA dam-
age responses (28, 29), dramatic modifications of the cell architec-
ture (expansion of the nuclear volume, formation of virogenic
stroma within the nucleus, and cell rounding), reduction of host
protein synthesis, plasma membrane ruffling (30), modification
of the cell cycle (10, 31, 32), and cell lysis (10, 30-32). While many
of the cellular responses to AcMNPV infection have been de-
scribed and documented, it is clear that these responses are com-
plex and that our understanding of them is rudimentary at best.

We recently examined the dynamics of the viral transcriptome
throughout the infection cycle in the permissive T. ni cell line
Tnms42 (33). In the present study, we examined the dynamics of
host T. ni gene expression over the course of ACMNPV infection in
the same T. ni cell line. Tnms42 cells are derived from the BTT-Tn-
5B1-4 cell line (known as HighFive cells commercially), one of the
most widely used cell lines for protein production in research and
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biotechnology. In addition, T. #i is an important agricultural pest
that is highly permissive to ACMNPYV and serves as a model for
AcMNPV infection at both the organismal and cellular levels. Al-
though T. ni is a species of economic importance and widely used
in biotechnology, a reference T. ni genome is not yet available.
Therefore, to analyze T. ni gene expression in the absence of a
reference genome, we analyzed RNA from both uninfected and
AcMNPV-infected Tnms42 cells by strand-specific RNA sequenc-
ing (RNA-seq) on the [llumina platform and performed a de novo
assembly to generate the transcriptome of T. ni cells. We then
measured the expression levels of each of the assembled unigenes
(transcripts) throughout a 48-h time course of AcMNPV infec-
tion. Our results indicate that 27% of the differentially expressed
host transcripts (4,028 of 14,976 unigenes) were upregulated as an
initial response to infection, followed by a general global decline in
host transcripts as the infection progressed beyond approximately
6 to 12 h. The decline in host transcripts correlated with the rep-
lication of the virus and a dramatic increase in viral transcripts.
Specific unigenes associated with insect innate immunity and
stress responses were upregulated in the early stages of infection (0
to 6 h. p.i.) and then downregulated. We also identified a small
group of unigenes that was highly upregulated at either 18 or 24 h.
p.i., and this subset was enriched with genes associated with oxi-
dation-reduction, generation of precursor metabolites, and en-
ergy. These data provide a detailed view of the initial and continu-
ing host transcriptional responses to baculovirus AcCMNPV
infection in a model T. ni cell line. In addition, the T. ni transcrip-
tome generated for these studies represents a valuable resource for
continuing studies of cell biology and virus-host interactions and
for a future T. ni genome annotation.

MATERIALS AND METHODS

Cell line and viruses. For these studies, uninfected and AcMNPV-in-
fected T. ni cells were used to produce a single large RNA-seq data set that
was subsequently used for extensive analysis of ACMNPV transcripts and
dynamics of the AcMNPV transcriptome (published separately [33]) and
the detailed study of cellular responses to ACMNPV infection (the current
study). Methods for propagation of cells, AC(MNPV infection, and gener-
ation of raw RNA-seq data were reported previously (33) and are briefly
summarized below. The cell line Tnms42 is an alphanodavirus-free cell
line generated as a subclone of line Tn5B1-4 (HighFive cells). Tnms42
cells were cultured in TNM-FH medium (Invitrogen) supplemented with
10% fetal bovine serum (FBS) at 28°C as described previously (33) and
infected with wild-type ACMNPV strain E2. The AcCMNPV E2 sequence
was confirmed by de novo assembly of the genome from the viral tran-
scriptome. Virus titer measurements were performed as previously de-
scribed (2). For infections, 3 X 10° Tnms42 cells were infected with wild-
type (WT) AcMNPV (multiplicity of infection [MOI] = 10) ina T25 flask
as described previously (33). After a 1-hour incubation, the inoculum was
removed and the cells were rinsed with Grace’s medium and cultured in
TNM-FH medium supplemented with 10% FBS at 28°C. The time at
which the inoculum was removed was designated 0 h postinfection (p.1.).
Total RNA was isolated from AcMNPV-infected cells, as well as a set of
parallel control cells (uninfected or mock infected), at 0, 6, 12, 18, 24, 36,
and 48 h p.i. using a Qiagen RNeasy minikit.

Ilumina strand-specific RNA sequencing. Illumina sequencing li-
braries were constructed following a modified strand-specific RNA-seq
protocol (34) as described previously (33). Briefly, polyadenylated RNA
was isolated from 20 pg total RNA using Dynabeads oligo(dT),5 (Invit-
rogen) and then simultaneously eluted and fragmented in 2 X SuperScript
III buffer at 94°C for 7 min in the presence of 500 ng hexamer and 100 ng
oligo(dT) (VN (5" p-TTTTTTTTTTVN 3',IDT). First-strand cDNA syn-
thesis was carried out using SuperScriptIII (Invitrogen) and then purified
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using AMPure RNA Clean XP (Agencourt). Second-strand ¢cDNA was
synthesized using RNase H (NEB) and DNA polymerase I (NEB) with a
dUTP mix (final concentration of 1 mM each) at 16°C for 2.5 h. After end
repair and dA tailing, the DNA fragments were ligated with the custom-
ized TruSeq adapter. The sample was then treated with uracil DNA glyco-
sylase (NEB) and PCR amplified with TruSeq-indexed PCR primers. Se-
quencing was performed on the Illumina HiSeq2000 platform at Weill
Cornell Medical College.

T. ni transcriptome assembly and unigene annotation. Raw RNA-
seq reads were first trimmed with the ShortRead package (35) to remove
the low-quality nucleotides and adapter and PCR primer sequences.
Reads longer than 40 nucleotides (nt) and with no more than 2 Ns (am-
biguous nucleotides) were retained. In addition, reads that mapped to
either the rRNA or virus database were discarded. The cleaned reads were
assembled using the Trinity package (36). The assembled contigs were
further assembled using iAssembler (37) to remove redundancies. All the
contigs/unigenes were BLAST searched against the GenBank nonredun-
dant (nr) database with an E value of 1 X 10>.

Identification of differentially expressed unigenes and cluster anal-
ysis. To identify differentially expressed unigenes, the cleaned reads were
aligned to the assembled unigenes using Bowtie (38), allowing 1 nt mis-
match. Based on the alignments, the expression of each unigene derived
from different samples was estimated and normalized to RPKM (reads per
kilobase of exon model per million mapped reads) (39). The edgeR pack-
age (40) was used to identify differentially expressed unigenes at different
times postinfection, by comparing data from virus-infected cells to either
parallel control or 0-h uninfected control cells. Genes with a FDR (false
discovery rate) lower than 0.05 were categorized as differentially ex-
pressed. Cluster analysis was performed using hierarchical clustering by
the complete-linkage clustering method in the Cluster 3.0 package (41).

Analysis of expression patterns of specific functional groups and
pathways. T. ni homologs of several specific pathways and functional
groups were identified using a tBLASTn search query against the assem-
bled T. ni transcriptome. Protein homologs used for queries included
those from yeasts, human, Drosophila melanogaster, Bombyx mori,
Spodoptera exigua, or Spodoptera frugiperda. The T. ni unigenes identified
by these searches and the cellular homologs for members of each func-
tional group are listed in Tables S9 to S20 in the supplemental material
along with the calculated RPKM values above a background value of 5.

Gene ontology analysis. To identify gene ontology (GO) terms that
were significantly enriched within selected groups of differentially ex-
pressed genes, we applied a GO term enrichment analysis tool (http:
//bioinfo.bti.cornell.edu/tool/GO/GO_enrich.html) that is based on the
previously described GO::TermFinder tool (42). The tool identifies over-
represented GO terms from specified lists of genes, and uses three multi-
test correction methods (simulation, Bonferroni, and false discovery rate
[EDR]).

Data accession numbers. [llumina RNA-seq data were deposited in
the NCBI Sequence Read Archive (SRA) (http://www.ncbinlm.nih.gov
/sra/?term=SRA057390) under accession number SRA057390. This
Transcriptome Shotgun Assembly (TSA) project has been deposited at
DDBJ/EMBL/GenBank under accession number GBKU00000000 (http:
/[www.ncbi.nlm.nih.gov/Traces/wgs/?val=GBKUO01). The version de-
scribed in this paper is the first version, GBKU01000000 (http://www.ncbi
.nlm.nih.gov/nuccore/GBKU00000000.1).

RESULTS AND DISCUSSION

Assembly and annotation of the T. ni Tnms42 transcriptome.
To analyze cellular responses to AcMNPV infection, a T. ni cell
line (Tnms42) was infected with wild-type baculovirus ACMNPV
(E2 strain) at a multiplicity of infection (MOI) of 10. RNAs were
isolated and analyzed at seven time points through the infection
cycle and were also obtained from control (mock-infected) cells.
From the collective data set of 586,818,840 Illumina reads (strand-
specific RNA-seq reads of 101 bases each), 175,797,789 reads, or
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TABLE 1 Assembly statistics for the Tnms42 transcriptome

Statistic Value
N,s 3,128
Ny, 1,681
N, 636
Longest 21,553
Mean 851.1
Median 395
Shortest 201
N_Contigs 70,810°
Annotated 22,723

“Includes both T. ni and AcMNPV unigenes. T. ni unigenes represent approximately
70,322 of the total unigenes.

approximately 30% of the total reads, were mapped to the
AcMNPYV genome (see Table S1 in the supplemental material) and
were analyzed separately in a prior study (33). After removing
viral reads, rRNA, and low-quality reads, we obtained 341,342,181
high-quality reads that were subsequently used to assemble a T. ni
transcriptome, which contained 70,322 transcripts (unigenes)
with an Ny, value of 1,681 ntand a mean length of 850 nt (Table 1).
BLAST analysis identified 22,305 T. ni unigenes (~31%) with sim-
ilarities to existing GenBank entries (see Table S2 in the supplemental
material). Approximately 44% of the unigenes with lengths longer
than 300 bp were annotated. Gene ontology (GO) terms were as-
signed to the T. ni unigenes based on their sequence matches in the
UniProt and Pfam domain databases. A total of 19,230 (27.3%)
unigenes were assigned at least one GO term, among which 16,527
(23.5%), 15,347 (21.8%), and 15,990 (22.7%) unigenes were as-
signed GO terms in the categories of cellular components, molec-
ular functions, and biological processes, respectively. In addition,
a substantial number of unigenes (14,777, or approximately 21%)
were assigned GO terms in two or more categories.

General cellular responses to ACMNPYV infection. To moni-
tor the expression of T. ni unigenes at various times postinfection,
the filtered RNA-seq reads from each time point were mapped to
the assembled T. ni transcriptome, and unigene expression levels
were calculated as RPKM values (39). Read counts and average
RPKM values for each unigene are provided in Tables S3 and S4 in
the supplemental material, respectively. In a prior study of viral
transcription, we examined overall viral mRNA levels based on the
reads mapped to the ACMNPV genome and compared with total
reads at various times after infection (33). In the current study,
nonviral reads were analyzed by first mapping them to the assem-
bled T. ni transcriptome. As a relative proportion, viral mRNAs
began to increase dramatically after 6 h p.i. and exceeded host
mRNA levelsby 18 hp.i. (Fig. 1A). By 48 h p.i., only approximately
10% of the measured total mRNA levels were derived from the
host. To analyze changes in T. ni unigene expression resulting
from viral infection, we compared the expression level of each
unigene at each time point postinfection, with that of the same
unigene from (i) mock-infected control cells at 0 h postinfection
or (ii) mock-infected control cells at the same time postinfection
(a parallel time point). Both comparisons showed similar trends,
with the proportion of downregulated T. ni unigenes increasing
throughout infection. Viral infection typically results in arrest of
cell division, and effects on the cell cycle have been documented
(10, 32, 43). In contrast, uninfected or mock-infected cells con-
tinue to grow and divide and may reach relatively high densities
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FIG 1 (A) Transcript profile of A MNPV mRNA versus T. ni Tnms42 mRNA
by comparison of Illumina RNA-seq reads. Each data point represents Illu-
mina reads as a percentage of total reads. (B) Proportions of unigenes up- or
downregulated at various times postinfection. For each time point, the pro-
portion of upregulated unigenes, downregulated unigenes, and unigenes with
no significant change or for which data are indeterminate are shown as a
combined single bar equal to 100%. (C) The numbers of unigenes up- and
downregulated are indicated above and below the horizontal line, respectively.
Upregulated unigenes are subdivided into those that are induced (unigenes
with RPKM values of <5 for uninfected controls) and those that are upregu-
lated (unigenes with RPKM values of =5 for uninfected controls). Downregu-
lated unigenes are also subdivided into those that are repressed (unigenes with
RPKM values of <5 for the specified time point postinfection) and those that
are downregulated (unigenes with RPKM values of =5 for the specified time
point postinfection).

compared to infected cells. Thus, stress responses or other re-
sponses related to cell density may occur in the control uninfected
cells at later times postinfection. Therefore, for comparisons of
differential expression resulting from viral infection, we used 0-h
mock-infected cells as the control representing the uninfected cell
state. At 0 h p.i. (one hour after addition of the virus inoculum),
approximately 6 to 9% of the total T. ni unigene population was
downregulated (Fig. 1B). By 48 h p.i., 39 to 40% of the T. ni
unigenes were downregulated. In contrast, the proportion of T. ni
unigenes that were upregulated decreased as infection progressed.
After the 1-h adsorption period (0 h p.i.), approximately 12% of
the T. niunigene population was upregulated, but that proportion
decreased to approximately 0.3 to 0.6% by 48 h p.i. Thus, the
majority of T. ni unigenes that showed detectable changes were
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downregulated and only a small proportion were upregulated
during the infection.

To identify significantly up- or downregulated unigenes and to
avoid artifacts resulting from unigenes that are expressed only at
very low levels, we selected only those unigenes for which expres-
sion levels were =5 RPKM in either the control or infected cells
(P = 0.05) at each of the time points postinfection. For reference,
an RPKM value of 3 represents a sensitivity of approximately 1
mRNA per cell in a mammalian cell (39). Thus, genes expressed at
very low levels both before and after infection are not represented
in this analysis, as they are thought to be insignificant and are
categorized as indeterminate and grouped with those genes with
no detectable change following infection (Fig. 1B).

We further subdivided the regulated unigenes based on the
degree of up- or downregulation. For unigenes in which one of the
RPKM values was below 5, these were classified as “induced” or
“repressed” genes, as appropriate (e.g., a gene with an RPKM
value below 5 in the 0-h control and with an RPKM value of >5 at
a time point postinfection was classified as “induced”). For uni-
genes in which both RPKM values were =5, these unigenes were
classified as up- or downregulated unigenes. The numbers of uni-
genes corresponding to the four categories (induced, upregulated,
repressed, and downregulated) are illustrated in Fig. 1C. In addi-
tion, to better understand the magnitude of up- and downregula-
tion, the numbers of unigenes that correspond to increasing fold
changes in unigene expression levels in response to infection are
also indicated as having 2- to 5-, 5- to 10-, and =10-fold changes
in expression in Table 2. After filtering, the numbers of unigenes
detected as regulated in response to infection are 3,924 (0 h), 6,782
(6 h), 7,199 (12 h), 8,791 (18 h), 9,976 (24 h), 11,656 (36 h), and
11,862 (48 h), respectively (Table 2). In summary, we identified
approximately 17% of the total T. ni transcripts that are signifi-
cantly regulated as a result of infection.

Asagroup, unigenes that were either upregulated or induced at
0 h p.i. represented 2.8% of the total transcriptome (1,994 unige-
nes). The number of upregulated or induced unigenes increased at
6 h p.i. (4,130 unigenes, representing 5.9% of the transcriptome)
but decreased thereafter, such that by 18 h, they represented less
than 1% of the transcriptome, and by 48 h, they represented less
than 0.1%. At 48 h p.i., only 6 unigenes were detected as upregu-
lated and 40 unigenes as induced. Thus, the upregulated and in-
duced unigenes show a trend, with numbers peaking at 6 h p.i. and
decreasing rather dramatically thereafter. In contrast to the trend
observed with upregulated and induced unigenes, we observed
increasing numbers of downregulated and repressed unigenes as
the infection cycle progressed. At 0 h p.i., approximately 2.7%
(1,930 unigenes) of the transcriptome was downregulated/re-
pressed, and this was followed by increasing numbers of down-
regulated/repressed unigenes throughout the infection cycle:
3.7% (2,652 unigenes) at 6 h, 8.0% (5,659 unigenes) at 12 h, and
16.8% (11,816 unigenes) by 48 h (Fig. 1C; Table 2).

The most highly upregulated, induced, downregulated, and re-
pressed unigenes (in response to virus infection) are identified and
detailed in Tables 3, 4, 5, and 6, respectively. The most highly upregu-
lated unigenes were identified as those encoding the NADH dehydro-
genase subunit (UN031997; 20.7-fold), cytochrome b (UN005222,
16.2-fold), and cytochrome oxidase subunit IIT (UN068092; 11.7-
fold) (Table 3). Unigenes induced to the highest levels upon viral
infection were identified as those encoding 4-hydroxyphenylpyru-
vate dioxygenase (UN59730, UN59731, and UN59732), a predicted

Journal of Virology

Areiaqi Ayisianiun jpulo) Aq 810z ‘Z Ae uo /610 wseIal/:dpy wody papeojumoq


http://jvi.asm.org
http://jvi.asm.org/

Transcriptome of ACMNPV-Infected Tnms42 Cells

TABLE 2 Numbers of up- and downregulated unigenes at various times postinfection

No. of genes at:

Unigene category Fold change” Oh 6h 12h 18h 24h 36h 48 h
Up-regulated Induced” 1,219 2,140 1,053 315 162 69 40
=10 1 2 3
5-10 19 61 11 9 5 5 3
25 756 1,928 474 66 27 9 3
Down-regulated 2-5 600 817 1,794 2,400 2,382 1,267 164
5-10 21 94 245 376 518 831 318
=10 20 27 54 93 139 301 613
Repressedb 1,289 1,714 3,566 5,529 6,743 9,174 10,721
Total regulated 3,924 6,782 7,199 8,791 9,976 11,656 11,862

“To eliminate artifacts from unigenes with very low levels of expression, these data include only unigenes with RPKM values of >5 in both the control, and from infected cells at

each time point (P = 0.05).

? Includes only unigenes with RPKM values below 5 in the control (induced) and after infection (repressed).

peroxidase (UN008509 and UN008507), NADH dehydrogenase
subunit 2 (UN067842), an unknown protein (UN027117), and a ser-
ine protease (UN038864 and UN038865), a putative sprouty gene
(UNO043663) (an antagonist of FGF signaling that inhibits branching
of the trachea in Drosophila [44]), and a 3-dehydroecdysone 3a-
reductase gene (UN035226) (Table 4). In the highly upregulated
or induced unigenes, we also noted that several genes encode pro-
teins associated with mitochondria and energy/metabolism, such
as cytochrome oxidase subunit III (UN068092), NADH dehydro-
genase subunit 2 (UN067842), and ATP synthase FO (UN067090).
Xue et al. (45) also identified host genes related to the mitochon-
drial respiration pathway as highly upregulated over the course of
Bombyx mori NPV (BmNPV) infection of B. mori Bm5 cells (45).
In addition, prior studies showed that AcMNPV-infected Sf9 cells
have an increased metabolic flux through the tricarboxylic acid

(TCA) cycle (46). Thus, results from transcriptome studies of
AcMNPV-infected T. ni cells confirm that cellular energy/metabo-
lism pathways are modified during the baculovirus ACMNPV in-
fection (45-49), and here we document the effects on the regula-
tion of transcripts from these pathways. Prior studies have also
shown that supplementing the culture medium of Sf9 cells with
glutamine, pyruvate, or alpha-ketoglutarate can increase the yield
of baculovirus-expressed proteins and budded virus (47, 49). The
expression of most of the highly induced T. ni unigenes peaked in
the late stage of infection (Table 4), suggesting either a potential
role in viral processes (such as viral DNA replication, late viral
gene expression, or virion assembly), a role in managing cellular
metabolism late in infection, or both.

In the late stage of infection, the host cell nRNA decreased to less
than 10% of the total mRNA content (Fig. 1A), and approximately

TABLE 3 Most highly upregulated unigenes, with basal expression levels of >5 RPKM

RPKM

hp.i.  UnigeneID  Control Infected  Fold change  Accession no. Annotation E value

18 UN031997 10.49 217.83 20.7730 YP_003208283  NADH dehydrogenase subunit 4 (Diatraea saccharalis) 9.00E-111

12 UN005222 79.53 1,291.41 16.2382 YP_003587419 Cytochrome b (Parnassius bremeri) 4.00E-133

18 UN068092 185.71 2,178.42  11.7305 ABNO04114 Cytochrome oxidase subunit III (Spodoptera exigua) 8.00E-113

6 UNO029233 7.34 83.12 11.3279

12 UNO018930 5.57 53.43 9.5994

18 UN034582 20.54 194.73 9.4787 BAD27419 NADH dehydrogenase subunit 5 (Plusia festucae) 5.00E-96

6 UN013935 5.11 47.09 9.2092 XP_001651935  Epoxide hydrolase (Aedes aegypti) 3.00E-81

18 UNO024533 321.85 2,858.45  8.8814 YP_003433778  Cytochrome ¢ oxidase subunit III (Zonosagitta nagae) 1.00E-139

6 UN016530 9.98 85.25 8.5456 NP_001166775  Cuticular protein hypothetical 2 (Bombyx mori) 7.00E-36

6 UNO068416 22.51 189.26 8.4083

6 UN065933 18.89 149.68 7.9227 NP_001040107  Chaperonin subunit 4 delta (Bombyx mori) 3.00E-40

6 UNO069751 10.74 84.81 7.8939

36 UN067090 183.61 1,408.77  7.6727 YP_004021055  ATP synthase FO subunit 6 (Helicoverpa armigera) 5.00E-71

6 UN029232 35.61 272.20 7.6440

6 UNO001119 13.82 103.69 7.5001

6 UNO004359 12.59 93.49 7.4280 NP_989049 Proteasomal ubiquitin receptor ADRM1 [Xenopus 3.00E-09
(Silurana) tropicalis)

18 UNO025814 6.12 45.16 7.3834 XP_001648636  Hypothetical protein AaeL_AAEL014389 (Aedes aegypti) 1.00E-23

6 UNO004358 11.28 82.40 7.3056 NP_989049 Proteasomal ubiquitin receptor ADRM1 [Xenopus 9.00E-10
(Silurana) tropicalis)

6 UN014990 89.12 651.01 7.3051 CAI38848 Adipokinetic hormone precursor (Spodoptera frugiperda) ~ 5.00E-13

12 UN013935 5.11 37.29 7.2915 XP_001651935  Epoxide hydrolase (Aedes aegypti) 3.00E-81
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TABLE 4 Most highly induced unigenes, with basal expression levels of <5 RPKM

RPKM

hpi. UnigeneID Control Infected Fold change®  Accession no. Annotation E value

24 UNO059730  3.89 430.40 110.67 XP_973835 Predicted: similar to 4-hydroxyphenylpyruvate dioxygenase 3.00E-39
(Tribolium castaneum)

24 UN059732  1.89 406.12 214.65 XP_973835 Predicted: similar to 4-hydroxyphenylpyruvate dioxygenase 9.00E-28
(Tribolium castaneum)

24 UNO059731  1.53 311.85 203.40 XP_973835 Predicted: similar to 4-hydroxyphenylpyruvate dioxygenase 2.00E-28
(Tribolium castaneum)

36 UNO008509  0.52 212.13 404.15 XP_623940 Predicted: peroxidase (Apis mellifera) 5.00E-59

36 UN008507  0.52 211.80 403.75 XP_623940 Predicted: peroxidase (Apis mellifera) 5.00E-59

36 UNO008506  0.42 204.95 482.35 XP_002072893  GK13447 (Drosophila willistoni) 1.00E-21

36 UNO008508 0.42 204.87 488.60 XP_002072893  GK13447 (Drosophila willistoni) 1.00E-21

18 UN068862  2.22 202.65 91.40 XP_001490517  Predicted: hypothetical protein LOC100056916 (Equus caballus) ~ 5.00E-11

18 UN067842  0.35 111.11 320.27 ADO13501 NADH dehydrogenase subunit 2 (Maruca vitrata) 5.00E-37

48 UNO018195 1.82 103.75 56.91

18 UNO027117  1.78 83.77 47.10 ACY69027 Unknown (Helicoverpa armigera) 2.00E-32

36 UNO068863 0.00 60.38 Undefined

18 UNO038864  0.75 58.84 78.27 XP_001868268  Thymus-specific serine protease (Culex quinquefasciatus) 5.00E-81

18 UN038865  0.87 56.05 64.69 XP_001868268  Thymus-specific serine protease (Culex quinquefasciatus) 4.00E-81

0 UN043663 3.86 44.59 11.55 XP_002430973  Sprouty, putative (Pediculus humanus corporis) 2.00E-23

18 UNO068864  0.00 42.97 Undefined

6 UNO006074 3.69 40.51 10.97

12 UNO018933 3.60 40.49 11.24

6 UNO035226  3.17 40.12 12.67 AAF70499 3-Dehydroecdysone 3a-reductase (Spodoptera littoralis) 1.00E-54

6 UNO027771 2.86 39.33 13.74

“ Undefined, division by zero.

40% of the host transcripts (unigenes) were downregulated (Fig. 1B).
The most dramatically downregulated unigenes were identified as
those encoding protease inhibitor 1, a serine protease inhibitor
(UNO017433; —135-fold downregulated), asparaginyl-tRNA synthe-

tase (UN026539 and UN026538; —78 and —53-fold downregu-
lated), and immune-related Hdd13 (UN038604; —74-fold down-
regulated) (Table 5). Interestingly, heat shock protein 70 gene (hsp70)
mRNA was also greatly downregulated (UN049959; —60-fold down-

TABLE 5 Most highly downregulated unigenes, with basal expression levels of >5 RPKM

RPKM

hp.i. UnigeneID Control Infected Fold change  Accessionno.  Annotation E value

36 UNO017433  768.51 5.73 —134.12 NP_001040294  Protease inhibitor 1 (Bombyx mori) 4.00E-17

48 UNO060276  1,083.05 10.01 —108.20

48 UNO002341 738.75 8.76 —84.33

12 UNO070049  954.6317267 11.65854117 —81.88 EFZ21973 Hypothetical protein SINV_08163 (Solenopsis invicta) 8.00E-08

48 UNO059424  401.24 5.11 —78.52

48 UN026539  461.50 5.94 —77.69 XP_001606841  Predicted: asparaginyl-tRNA synthetase, cytoplasmic-like  3.00E-196
(Nasonia vitripennis)

48 UNO038604  376.10 5.07 —74.18 AAD09281 Immune-related Hdd13 (Hyphantria cunea) 1.00E-91

48 UNO039460  376.28 5.27 —71.40 ADHI16761 Microsomal glutathione transferase (Heliothis virescens) 3.00E-56

12 UN065168  463.95 6.93 —66.95 ADJ96631 Carboxylesterase (Helicoverpa armigera) 9.00E-64

48 UNO028887  638.85 10.11 —63.19 XP_973680 Predicted: similar to X box binding protein-1 CG9415- 2.00E-23
PA (Tribolium castaneum)

48 UNO040932  31,667.95 504.81 —62.73 BAB33421 Putative senescence-associated protein (Pisum sativum) 6.00E-39

36 UNO006916  465.37 7.44 —62.55

48 UNO003297  1,034.69 16.81 —61.55

48 UN049959  308.75 5.16 —59.84 ACM78945 Heat shock protein 70 (Spodoptera exigua) 4.00E-282

12 UNO043911  363.54 6.31 —57.61

48 UNO068918  650.29 11.36 —57.24

36 UNO062607  450.56 8.18 —55.08 EFA01172 Hypothetical protein TcasGA2_TC010495 9.00E-155
(Tribolium castaneum)

48 UNO003134  460.94 8.65 —53.29

48 UNO026538  438.65 8.24 —53.23 XP_001606841  Predicted: asparaginyl-tRNA synthetase, cytoplasmic-like ~ 3.00E-231
(Nasonia vitripennis)

36 UNO042088  355.60 6.79 —52.37 XP_001956217  GF24709 (Drosophila ananassae) 3.00E-54

24 UNO031769  273.37 5.36 —51.00
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TABLE 6 Most highly repressed unigenes, with basal expression levels of <5 RPKM

RPKM

hp.i. UnigeneID Control infected Fold change Accession no. Annotation E value

12 UNO004928  595.66 0.81 —735.38 AAS79891 Gstl (Spodoptera litura) 3.00E-59

48 UNO006916 465.37 3.46 —134.50

48 UNO065168  463.95 1.01 —459.36 ADJ96631 Carboxylesterase (Helicoverpa armigera) 9.00E-64

18 UNO001380  463.20 2.50 —185.28 ADJ96632 Carboxylesterase (Helicoverpa armigera) 4.00E-232

18 UNO043911 363.54 4.35 —83.57

48 UNO042088  355.60 3.90 —91.18 XP_001956217  GF24709 (Drosophila ananassae) 3.00E-54

48 UNO053524 27591 4.83 —57.12 ABK23217 Unknown (Picea sitchensis) 2.00E-87

12 UNO019562  266.84  3.84 —69.49 ADE05550 Carboxylesterase (Helicoverpa armigera) 6.00E-35

48 UNO036559 250.15 4.78 —52.33 XP_003394720  Predicted: hypothetical protein LOC100647415, isoform 2 1.00E-131
(Bombus terrestris)

48 UN036558  236.95  4.51 —52.54 EFN89744 Hypothetical protein EAI_01992 (Harpegnathos saltato) 2.00E-137

48 UNO053959  232.42 3.52 —66.03 XP_974195 Predicted: similar to sterol regulatory element-binding protein 1~ 4.00E-64
(Tribolium castaneum)

6 UN030103  229.51 0.95 —241.59 ACX53802 Hydroxybutyrate dehydrogenase (Heliothis virescens) 1.00E-79

48 UNO024251 217.19 0.79 —274.92 ACZ04356 Hemolin (Trichoplusia ni) 9.00E-245

48 UNO070693  209.45 2.70 —77.57 XP_973504 Predicted: similar to LOC398543 protein (Tribolium castaneum)  5.00E-19

48 UN067023  204.59 3.92 —52.19 AAF61949 Insulin-related peptide binding protein (Spodoptera frugiperda)  6.00E-90

48 UNO052628  200.75 3.29 —61.02 XP_002042993  GM16365 (Drosophila sechellia) 6.00E-263

48 UNO063467  200.43 4.17 —48.06

48 UNO058541 191.24 4.49 —42.59 NP_001091784  C-type lectin 10 (Bombyx mori) 4.00E-18

48 UNO070694 184.26 2.54 —72.54 XP_973504 Predicted: similar to LOC398543 protein (Tribolium castaneum)  4.00E-19

36 UN061625 175.83 4.90 —35.88 AAF90148 Tetraspanin D76 (Manduca sexta) 3.00E-125

regulated). In a prior study, hsp70 was found to be slightly induced in
AcMNPV-infected Sf9 cells and possibly important for viral DNA
replication (50, 51). In addition, in a prior microarray study, three
hsp70 genes were reported to be differentially regulated in Sf9 cells
infected with ACMNPV (52). While one hsp70 transcript was gradu-
ally downregulated throughout the infection, two other hsp70 genes
were dramatically upregulated at 6 h p.i., and the degree of upregula-
tion declined as infection progressed (52).

In the present study, we also found that hemolin mRNA was
repressed during AcMNPV infection of T. ni cells (Table 6). He-
molin is a hemolymph protein that is induced by bacterial infec-
tion of a number of lepidopterans (53-56). Functionally, it ap-
pears that hemolin may act as an opsonin and/or may function in
pattern recognition of pathogens (57). In one prior study, it was
found that the hemolin gene was induced in the Chinese oak moth
(Antheraea pernyi) when it was infected with a baculovirus
(AnpeNPV) (58). In addition, knockdown of the hemolin gene by
RNA interference (RNAI) resulted in an apparent enhancement of
AnpeNPV infection, suggesting that hemolin played an antiviral
role. The downregulation of the hemolin gene in AcMNPV-in-
fected T. ni cells may therefore represent viral repression of an
antiviral response by the cell. Additional studies will be necessary
to determine whether suppression of the hemolin gene plays any
role in the response of T. i cells or larvae to ACMNPV. In sum-
mary, we observed that a large number of host unigenes were
downregulated or repressed as the infection progressed. Tables 5
and 6 list the most dramatic examples of transcripts that were
present at relatively high levels in uninfected controls (RPKM val-
ues ranging from 175 to 595) but were severely downregulated
(Table 5) or repressed (Table 6) to levels below an RPKM value of
5 in infected cells.

GO analysis of differentially expressed unigenes during viral
infection. To identify differentially expressed unigenes and to
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more accurately determine the magnitude of changes, we exam-
ined only unigenes with expression levels of =5 RPKM in either
the control or infected cells. We then selected unigenes that were
>10-fold upregulated for GO term enrichment analysis (FDR <
0.05) (see Materials and Methods). All the significantly upregu-
lated unigenes identified from all time points were assigned to 215
processes (see Table S5 in the supplemental material). At 0 h p.i.
(representing the point 1 h after addition of the virus), the =10-
fold-upregulated host unigenes were enriched in the following
categories: processes relative to pattern specification process (6
out of 21 unigenes), regionalization (6 unigenes), regulation of
cell communication (5 unigenes), and positive regulation of gene
expression (4 unigenes). At 6 h p.i., the =10-fold-upregulated
gene set was enriched in those involved in lipid localization/trans-
port (6 out of 91 unigenes) and the steroid catabolic process (4
unigenes) (see Table S5 in the supplemental material). During the
late phase of infection (after 12 h p.i.), the most prominent GO
biological processes observed for =10-fold-upregulated genes
were establishment and maintenance of cellular component local-
ization, molecule transport, oxidation-reduction, and vesicle-me-
diated transport/endocytosis (see Table S5 in the supplemental
material). The downregulated and suppressed unigenes identified
from all time points were assigned to 6,691 processes (see Table S6
in the supplemental material). The total number of downregu-
lated or suppressed unigenes increased dramatically after viral in-
fection (Table 2), and we did not observe specific patterns from
the population.

Dramatic changes in transcripts at 6 h p.i. In a prior study
(33), we observed that viral DNA and RNA levels increased dra-
matically after 6 h p.i. and viral late genes were highly active, in-
dicating initiation of the late phase of the infection cycle around 6
h p.i. or between 6 and 12 h p.i. To examine significant changes or
regulation in host cell gene expression during the initial stages of
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FIG 2 Differentially expressed transcripts among different biological pro-
cesses. (Top) Distributions of upregulated unigenes at 6 h p.i.; (B) distribu-
tions of downregulated unigenes at 6 h p.i. Gene ontology (GO) analysis of
differentially expressed T. ni transcripts was performed as described in Mate-
rials and Methods.

the infection, we analyzed T. ni unigenes that are highly expressed
at 6 h p.i. By examining unigenes with RPKM values of =100
before or immediately after infection (control, 0 or 6 h p.i.), we
identified 24 T. ni unigene mRNAs that were induced 5- to 9-fold
at 6 h p.i., compared to uninfected cells (see Table S7 in the sup-
plemental material), including a NADH dehydrogenase subunit
4L mRNA (UN014990) and a 3-dehydroecdysone 3b-reductase
mRNA (UN029241). The functions of other unigenes were un-
known. In addition, using the same approach, we found an addi-
tional 112 of these highly expressed unigenes that are induced
>3-fold at 6 h p.i. (see Table S7 in the supplemental material).
Based on the GO term analysis, these genes are assigned functions
relative to transport activity, protein binding, hydrolase activity,
nucleotide binding, enzyme regulator activity, and transferase ac-
tivity (Fig. 2). Interestingly, a 3-dehydroecdysone 3b-reductase
gene was previously reported as induced in T. ni larvae challenged
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with bacteria (59). In healthy insects, 3-dehydroecdysone 3b-re-
ductase mediates production of ecdysone from 3-dehydroecdy-
sone, which is secreted from prothoracic glands. The gene is ex-
pressed in the fat body during development, and the protein is
found in the hemolymph and the integument (59). Of particular
note is the fact that ACMNPV encodes a secreted enzyme, EGT
(ecdysteroid UDP-glucosyl transferase), that catalyzes the conju-
gation of galactose and ecdysteroids, resulting in reduced levels of
active ecdysteroids in the hemolymph and preventing molting of
infected host larvae (16, 60). The viral egt gene is transcribed early
after infection in cultured cells, with peak transcript levels occur-
ring within the first 3 to 6 h p.i. and substantial transcript levels
remaining throughout infection (33, 61). The secreted extracellu-
lar EGT protein accumulates throughout infection. The upregu-
lation of the cellular 3-dehydroecdysone 3b-reductase gene may
be a defensive response to viral infection, but it is unclear how this
response is activated in cultured cells and whether this activation
is related to the presence of the viral EGT protein. However, these
results indicate that even in cultured cells, a mechanism for regu-
lating ecdysone metabolism is activated in response to baculovirus
infection. It would be of interest to determine whether transcrip-
tion of the cellular 3-dehydroecdysone 3b-reductase gene is up-
regulated by infection with an EGT-null virus and thus whether
this cellular upregulation is dependent on viral expression of EGT
or some other factor. The upregulation of the 3-dehydroecdysone
3b-reductase gene as a response to both bacterial challenge in the
larva and viral challenge in a clonal cell line could suggest that
3-dehydroecdysone 3b-reductase plays a general defensive role in
response to infection by microorganisms.

In contrast to mRNAs that are induced or upregulated in
response to ACMNPV infection, we identified a number of T. ni
mRNAs that were highly expressed in cells prior to infection
(RPKM values of >100, ranging from 100 to 32,000) but for which
mRNAs were rapidly and dramatically reduced within the first 6 h
postinfection. We identified 25 T. ni unigenes for which mRNA
levels were decreased =—10-fold compared with the levels ob-
served prior to infection (see Table S7 in the supplemental
material). These highly downregulated or repressed unigenes
include those encoding hydroxybutyrate dehydrogenase
(UNO030103), hemolin (UN024251), the facilitated trehalose
transporter Tretl (UNO003843), and ATP-citrate synthase
(UN002915 and UN002916). In addition, we identified 78 T. ni
unigenes for which mRNA levels decreased =—3-fold at 6 h p.i.,
compared with that from the uninfected control.

Cluster analysis of T. ni unigene expression patterns. To cat-
egorize the expression patterns of T. ni unigenes after viral infec-
tion, we performed a cluster analysis of unigenes with RPKM val-
ues of =5, a level estimated to represent =1 mRNA molecule per
cell (39). A total of 14,824 unigenes that fit this category were
selected. The cluster analysis revealed 10 distinct groups (Fig. 3,
GO to G9; also, see Table S8 in the supplemental material) based
on the temporal transcript abundance as well as patterns of tran-
script abundance through the infection cycle. Expression of ap-
proximately 23% of the T. ni unigenes began to decrease immedi-
ately after viral infection (G1, G8, and G9), while around 76% of
the unigenes increased after infection but peaked at either 0 h p.i.
(G6 and G7) or 6 h p.i. (GO, G2, G3, and G4) and then decreased
through the remainder of the infection time course. Interestingly,
one small group of unigenes (G5) represents transcripts that are
absent or present in very low abundance in the uninfected control
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FIG 3 Cluster analysis of T. ni Tnms42 gene expression patterns throughout
the 48-h AcMNPYV infection cycle. A heat map of normalized gene expression
levels from 0 to 48 h p.i. shows each gene as a single horizontal line. Relative
expression levels are represented as high (red), intermediate (black), and low
(green). Based on gene expression levels and patterns of expression, unigenes
were clustered into groups G1 to G9 (indicated on the left).

but increased in abundance after viral infection and then peaked
at times ranging from 18 to 36 h p.i. (Fig. 3, G5; also, see Table S8
in the supplemental material). Some of these unigenes encode
homologs of NADH dehydrogenase subunits, cytochrome oxi-
dase subunits, ATP synthase subunits, and thymus-specific serine
protease. Thus, within this small subgroup are included a number
of genes with functions related to energy metabolism and regula-
tion. We further examined the unigenes that were =2-fold up-
regulated at either 18 h or 24 h in the G5 group, using GO analysis.
We found that those unigenes are enriched for genes related to
oxidation-reduction processes, generation of precursor metabo-
lites and energy (Table 7), oxidoreductase activity, and metal ion
binding (Table 8).

Pathways associated with viral processes. (i) Entry and egress.
The entry of budded baculovirus into host cells generally occurs
through a receptor-mediated endocytosis pathway (62-64). After
virion fusion within the endosome, nucleocapsids are released
into the cytoplasm and transported to the nuclear membrane via
actin filaments (25, 65, 66). Nucleocapsids then enter the nucleus
through a modified or distended nuclear pore (25, 67, 68). Fol-
lowing viral gene expression, DNA replication, and nucleocapsid
assembly in the nucleus, the progeny nucleocapsids exit the nu-
cleus by a poorly understood mechanism and are transported to
the plasma membrane, where they interact with the plasma mem-
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brane and assemble with envelope proteins into budded virions
that are released by budding from the cell surface. These complex
processes involve numerous membrane systems and their associ-
ated protein complexes, including the plasma membrane, nuclear
membranes, ER, Golgi, vesicular transport systems, etc. Previ-
ously, we found that proteins of the endosomal sorting complex
required for transport (ESCRT) pathway were involved in both
viral entry and egress (69). To determine whether viral infection
impacts gene expression for members of those membrane and
transport systems, we examined the effects of infection on mRNAs
encoding members of the clathrin-mediated endocytosis (CME)
pathway, the ESCRT pathway, the nuclear pore complex (NPC),
the transcription/export complex (TREX), and several other rele-
vant complexes (see Fig. S1 to S5 in the supplemental material).
For the majority of unigenes involved in these pathways, the gen-
eral trend was slight to moderate upregulation immediately upon
infection (0 and/or 6 h p.i.) followed by gradual reduction in
RPKM values as the infection progressed (see Fig. S1 to S5 in the
supplemental material). However, in most of these pathways, we
identified specific unigenes with a more dramatic upregulation or
higher levels of transcripts during the period from 0 to 12 h fol-
lowing infection. These may represent host genes that either are
regulated by the virus or respond to viral infection as a defensive
or stress response.

(ii) Endocytosis. HSC70 (UN059101), a heat shock protein, is
constitutively expressed in most cells. Normally, HSC70 plays a
role in the protein folding and also in the disassembly of clathrin-
coated vesicles. Interestingly, upon infection by ACMNPV, HSC70
mRNA spiked dramatically at 0 h p.i. (one hour after addition of
the viral inoculum) and declined thereafter (see Fig. S1 [HSC70]
in the supplemental material). While most of the endocytosis-
related mRNAs declined gradually through infection, several
mRNAs were either highly expressed or significantly upregulated
at 6 h p.i. These mRNAs included homologs of the mRNAs
for clathrin light chain (UN033438 and UNO033439), Arp3
(UN064270), AP2M1 (UN007037), and AP2S1 (UN063500). Af-
ter 6 h p.i., all these mRNAs declined in abundance. Arp3 tran-
scripts were most dramatically upregulated, with a >2-fold in-
crease in transcripts at 0 h p.i. and a >3-fold increase at 6 h p.i.
Afterwards, levels of Arp3 transcripts decreased dramatically be-
tween 6 and 18 h p.i.

(iii) ESCRT pathway and associated proteins. Many viruses
utilize components of the cellular ESCRT pathway to initiate and
execute virion budding and scission from the cellular plasma
membrane (70, 71). In a prior study of AcMNPV-infected cells
(69), it was found that inhibition of the cellular ESCRT pathway
negatively impacted both viral entry and egress. In this study, we
examined the effects of ACMNPYV infection on transcripts of the
ESCRT pathway and associated proteins (see Fig. S2 to S4 in the
supplemental material). Several of the ESCRT pathway homologs
(encoding Vps28 and CHMP2B) were substantially upregulated
within 1 h after virus addition (0 h p.i.), and another partially
overlapping subset of these genes was upregulated (some dramat-
ically) at 6 h p.i. (those encoding Vps28, EAP20, CHMPS5,
CHMP2B, and LIP5) (see Fig. S2A in the supplemental material).
For all of these, however, transcript levels decreased between 6 and
12 h p.i. and beyond. Indeed, all the ESCRT homolog transcripts
decreased after 12 h p.i., as was typical for host cell transcripts in
general. We also examined transcripts of ESCRT-associated and
other VPS proteins. We identified a number of those T. ni ho-
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mologs that were substantially upregulated at 0 and/or 6 h p.i,
including genes for VPS8, VPS33A, VPS41 (see Fig. S2B in the
supplemental material), Ang2, Arel, SNX5, VPS35, VPS29 (see
Fig. S3A in the supplemental material), dynamin-like protein,
VPS45, LEPR (see Fig. S3B in the supplemental material), and
Akt/PKB (see Fig. S4A in the supplemental material). Although
the ESCRT pathway is important for viral entry and exit, the spe-
cific roles of components within these pathways in relation to viral
infection are not known. The observation that transcripts repre-
senting homologs of specific members of this pathway are upregu-
lated soon after viral infection while others are not may indicate
regulation of these pathways by the virus to benefit successful viral
entry, replication, and/or egress. Detailed mechanistic studies will
be required to understand the significance of the current genome-
level observations.

(iv) Signaling molecules and stress. Transcripts encoding
representative signaling molecules were also examined in our
analysis of host cell responses (see Fig. S4B in the supplemental
material). Among the genes examined, one (encoding Ras85D
[UN031780, UN050418, and UN067243]) was upregulated at 0
h p.i,, and two others (encoding mitogen-activated protein ki-
nase kinase [MAPKK] 3/4/6 [UN023339] and MAPKK 4
[UN028639, UN028641, UN049071, UN066579, UN066580,
and UN069980]) were primarily upregulated at 6 h postinfec-
tion.

(v) Nuclear entry and exit. During viral entry, nucleocapsids
of ACMNPYV are transported to and appear to interact with the
nuclear pore complex before moving through the nuclear pore
and subsequently uncoating in the nucleus (67, 68). Egress of
progeny nucleocapsids from the nucleus is not well studied but
does not appear to involve movement through nuclear pores. To
examine effects of infection on proteins associated with nucleo-
capsid entry into the nucleus, and subsequent events related to
mRNA export, we examined nuclear pore complex (NPC) proteins
and the transcription/export complex (TREX) (see Fig. S5 in the sup-
plemental material). Of the 15 NPC transcripts examined, three were
substantially upregulated at by 6 h p.i. These included homologs of
genes encoding Rael, Nup43-like protein, and Nup50-like protein
(see Fig. S5A in the supplemental material). We found that of the 13
TREX complex component genes examined, only those for
DDX39A/B and ALYREF were only slightly upregulated at 0 h and
that for DDX39B was upregulated at 6 h p.i. (see Fig. S5B in the
supplemental material).

Antiviral, immune, and stress response genes. Antiviral re-
sponses in insects include small interfering RNAs and Piwi RNAs
(siRNAs and piRNAs), apoptosis, and perhaps protein kinase
RNA-activated (PKR) and innate immune and stress responses
(72-75). How permissive and nonpermissive cells respond defen-
sively to baculovirus infection has not been well characterized. To
examine this question, we analyzed the transcriptional responses
of genes associated with several pathways associated with known
or potential antiviral defenses.

Small RNAs. While the RNAi response is an antiviral response
more typically associated with double-stranded RNAs (dsRNAs)
produced during infection by RNA viruses, DNA viruses are also
known to elicitan RNAi response (76, 77). Several lines of circum-
stantial evidence also suggest that baculoviruses might modify or
suppress the RNAi response. We previously found that relatively
large numbers of overlapping baculovirus transcripts occur in the
AcMNPV infection cycle (33), potentially resulting in dsSRNA and
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a RNAI response. In addition, it was also previously observed that
an alphanodavirus (TNCL virus) that persistently infects Tn5B1-4
cells appears to be released from suppression upon infection of the
cell by ACMNPV (78). Previous studies have also documented
viral siRNAs directed against specific hotspots in the Helicov-
erpa armigera SNPV (HaSNPV) genome (77). Together, these ob-
servations suggest that a cellular RNAi response may occur in
AcMNPV-infected cells, a response that may be inhibited by
AcMNPV. To examine transcripts of RNAi pathway components
during AcMNPV infection, we identified and examined levels of
transcripts (unigenes) that represent T. ni homologs of the genes
for Argonaute (Ago-1, Ago-2, and Ago-3), Dicer (Dcr-1 and Dcr-
2), Drosha, Pasha, Piwi, Aubergine, R2D2, and R3D1. At 6 h p.i.,
transcripts of R3D1 were >2-fold upregulated and those of Ago-3
were slightly upregulated (see Fig. S6 in the supplemental mate-
rial). All others remained at low levels or were downregulated as
the infection progressed. In the case of two genes (encoding Dcr-2
and Ago-2), transcript levels were relatively high in uninfected
cells and were then decreased dramatically immediately following
infection (see Fig. S6 in the supplemental material). Interestingly,
Dcr-2 and Ago-2 are key components of insect cell siRNA re-
sponses to long dsRNAs. Dcr-2 is an RNase III enzyme that pro-
cesses dsRNAs into the 21-nt guide RNAs that direct cleavage of
the homologous target RNA by Ago-2, another RNase III found in
the RISC complex. Since dsRNAs are present in substantial quan-
tities in ACMNPV-infected cells (33), a dramatic downregulation
of these specific components of the RNAi pathway could be im-
portant for successful viral replication. While other mechanisms
may directly inhibit the RNAi pathway at the protein level, down-
regulation of the transcripts encoding these key proteins may pro-
vide an important or redundant mechanism for inhibiting the cell
response to baculovirus dsRNAs. Future experiments to under-
stand the functional effects of these transcriptional changes will be
required to determine whether these changes have biological sig-
nificance, and such experiments should provide important insight
into the potential viral regulation of the host RNAi pathway.
Apoptosis. Apoptosis is a major antiviral defense mechanism
at the cellular level. A number of viruses directly inhibit apoptosis
by expressing inhibitors of the initiator and/or effector caspases
that regulate and mediate apoptosis. Baculoviruses encode several
inhibitors of apoptosis, including P35 or P35-like proteins, and a
variety of inhibitor of apoptosis (IAP) proteins that are similar to
cellular TAP proteins (26). To determine whether the host cell
apoptotic cascade is modified at the transcriptional level by
AcMNPYV infection, we measured the effects of AcCMNPV infec-
tion on the transcript levels of a variety of apoptosis-related genes
(see Fig. S7A in the supplemental material). For the purpose of
this analysis, caspase genes are named according to the homologs
identified in B. mori, D. melanogaster, S. exigua, and S. frugiperda
(see Table S16 and Fig. S7A in the supplemental material). We
observed relatively dramatic increases in transcript levels of genes
for cytochrome ¢, caspase-5, and VIAF1 after addition of the virus
and through 6 h p.i. These increases in transcript levels were fol-
lowed by a reduction of their levels through the remainder of the
infection cycle. In contrast, transcript levels of most other apop-
tosis-associated genes examined were very minimally increased at
6 h p.i. and then reduced through the remainder of the infection.
In particular, transcript levels of a caspase-1 gene were relatively
high in uninfected cells and dropped precipitously between 1 and
12 h following virus addition (see Fig. S7 in the supplemental
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material). Caspase-1 of Sf9 cells is an effector caspase that was
previously identified as a target of AC(MNPV P35 (79, 80). The viral
P35 gene is expressed immediately after infection, and transcript
levels remain high through the infection cycle (33), indicating that
the P35 inhibitor protein is continually present. In addition to the
inhibition of caspase proteins by the P35 protein, the observed
decreases in the levels of caspase transcripts (such as that of
caspase-1) should also result in a reduced likelihood of triggering
apoptosis. It will be of interest in future studies to examine both
the causes and effects of changes in transcript levels of these host
genes associated with the apoptotic cascade.

Heat shock proteins. Heat shock proteins (HSPs) represent a
class of stress response genes, and some of the best studied HSPs
are associated with protein folding or unfolding. Of the approxi-
mately 20 HSP family members examined in this study, we found
that viral infection resulted in substantial upregulation of only 2
members, a homolog of Hsp25.4 and a 10-kDa mitochondrial
heat shock protein homolog (see Fig. S7B in the supplemental
material). After 6 h p.i., almost all of the heat shock protein RNAs
declined, some precipitously.

Reactive oxygen species (ROS). Levels of reactive oxygen spe-
cies may rise in cells under stress, and in some cases the produc-
tion of ROS is thought to serve as a defensive response to infection
or invasion. The response may be direct, resulting in damage to
viral and cellular structures, or indirect, with ROS serving in a
signaling role (81). Prior evidence of oxidative stress induced by
AcMNPV infection includes increased oxidation of proteins and
membrane lipids (82, 83). Baculoviruses such as ACMNPV encode
a Cu/Zn superoxide dismutase (SOD) which is expressed at mod-
erate levels beginning between 6 and 12 h p.i. and extending
through the infection cycle (33). The viral SOD is thought to scav-
enge reactive oxygen species and may therefore defend the virus
against ROS-mediated defensive measures of the cell (84). Of the
T. ni ROS-related genes examined, only the gene encoding super-
oxide dismutase 2 (Mn) showed a dramatic increase in transcript
levels at 6 h p.i. (see Fig. S8A in the supplemental material), while
several other ROS-related genes (encoding Gpx, superoxide dis-
mutase SOD, and oxidative stress response 1) increased modestly
through 6 h p.i. and then decreased.

Innate immunity. Innate immunity genes represent an ex-
tremely important set of genes that modulate very specific and
complex responses by insects to microbes such as bacteria and
fungi. In addition, innate immunity may play an important role in
viral infections, although little is known regarding antiviral re-
sponses and innate immune mechanisms. Genes associated with
innate immunity encode proteins responsible for three general
activities: microbe recognition, signaling, and execution of anti-
microbial responses. Responses may include activation of other
pathways, leading to the expression of proteins such as antimicro-
bial peptides. Over 200 innate immunity-related genes have been
identified in the genomes of B. mori, D. melanogaster, and Anoph-
eles gambiae (85-87). In the current study, we examined selected
representatives from gene groups associated with several signaling
pathways (encoding NF-kB-1kB, Toll, IMD, JNK, and JAK/STAT)
(see Fig. S8B to S10 in the supplemental material). In contrast to
other groups, genes of the NF-kB-1kB group were all downregu-
lated from the beginning of the infection (see Fig. S8B in the sup-
plemental material). The most abundant member (the NF-kB1
gene) was present at higher levels initially, but transcript levels
dropped precipitously during the first 18 h following infection.
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Indeed, NF-kB1 levels were reduced approximately —2-fold
within the first hour after exposure to the virus and were reduced
approximately —7-fold by 18 h p.i. The other groups of innate-
immunity-associated genes generally declined through the infec-
tion cycle. However, transcript levels of several specific genes in-
creased dramatically by 1 h following virus addition (0 h p.i.) and
these included genes for UEV1A, Bendless/UBC13 (see Fig. S9A in
the supplemental material), Domeless, P38B (see Fig. S9B in the
supplemental material), JUN, and Puckered (see Fig. S10A in the
supplemental material). Another group of these genes had some-
what distinctive transcript level spikes at 6 h p.i., including those
for Bendless/UBC13, UEV1A, SKPA, MPK2/P38A/P38B, and
Hemipterous isoform C (see Fig. S9 and S10 in the supplemental
material). These specific early spikes and/or precipitous declines
in transcripts associated with innate immunity may have implica-
tions with regard to how AcMNPV successfully overcomes organ-
ismal immune functions, and future studies should build on these
detailed initial observations at the genome level.

Histone deacetylases (HDACs) and sirtuins. In the case of
some large DNA viruses, such as the herpesviruses, the state of
histone acetylation is known to modulate the activity of various
early promoters (88). Indeed, histone deacetylase (HDAC) en-
zymes and the state of histone acetylation play significant roles in
the infection cycles of a number of viruses (89). This is not sur-
prising, as in healthy cells, chromatin remodeling plays important
roles in regulating gene expression. This remodeling is accom-
plished through the action of histone deacetylase enzymes that are
responsible for condensing chromatin when histones are deacety-
lated. Thus, gene expression of both cellular and viral genes may
be regulated by the cellular HDACs (89, 90). Prior studies of
AcMNPV-infected Sf9 cells showed that addition of an inhibitor
of HDACs (sodium butyrate) led to a reduction in gene expression
from a baculovirus late promoter (91), although the precise mech-
anism of this inhibition remains unknown. We examined the ef-
fects of AcMNPV infection on the transcript levels of several
HDAC and sirtuin gene homologs from the T. ni transcriptome
(see Fig. S10B in the supplemental material). Of those genes with
transcript levels above RPKM values of 5, only two T. ni homologs
(encoding HDAC1 and Sirt6) had slightly increased transcript lev-
elsat 6 hp.i., and in all cases transcript levels decreased afterwards.
Thus, AcCMNPV infection appears to generate no exceptional dra-
matic effect on the transcript levels of HDAC and sirtuins follow-
ing infection, and all transcripts decrease following infection, as is
generally true of host cell transcripts.

Summary. AcCMNPV infection of a permissive cell such as the
T. ni cell line Tnms42 leads to a dramatic remodeling of the cell
and the production of large quantities of viral mRNA, viral DNA,
and viral structural and nonstructural proteins. At the level of the
transcriptome, viral transcripts accumulate gradually over the
first 6 h p.i. but increase immensely between 6 and 18 h p.i. and
continue to increase substantially through 48 h p.i. (Fig. 1A). This
overall decrease in host cell transcripts, as a percentage of all tran-
scripts, was also reflected in the patterns observed for each specific
gene group analyzed (see Fig. S1 to S10 in the supplemental ma-
terial). Among the most highly upregulated unigenes, we identi-
fied homologs of genes encoding NADH dehydrogenase subunit,
cytochrome b, and cytochrome oxidase subunit I1I (11- to 20-fold
upregulated). Unigenes induced to the highest levels after viral
infection include homologs of genes for 4-hydroxyphenylpyru-
vate dioxygenase, peroxidase, NADH dehydrogenase subunit 2, a
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serine protease, Sprouty, and 3-dehydroecdysone 3a-reductase
(Tables 3 and 4). Within the group of the highly upregulated or
induced host genes, we noted that several genes encode proteins
associated with mitochondria and energy/metabolism, suggesting
a changing cellular metabolism as infection progresses. We also
cataloged a number of cellular transcripts that were dramatically
downregulated or repressed. These include homologs of genes for
protease inhibitor 1, asparaginyl-tRNA synthetase, immune-re-
lated Hdd13, and heat shock protein 70 (hsp70) genes (Table 5).
Whether these changes are directed by the virus or represent cel-
lular defensive responses or simply side effects of viral replication
by this virulent pathogen remains to be determined by more de-
tailed studies of these newly identified candidate genes and path-
ways.

Because the 6-h p.i. time point represents a time prior to the
dramatic increases in viral DNA and viral transcripts (Fig. 1A)
(33), theinitial 6 to 7 h p.i. represents a sufficient period of time
to observe early cellular reactions to infection. Our analysis of
differentially expressed host transcripts at 0 and 6 h p.i. showed
that host genes that were upregulated and induced >10-fold
were enriched in the following biological process categories:
pattern specification, regionalization, regulation of cell com-
munication, positive regulation of gene expression, lipid local-
ization and transport, and steroid catabolism (see Table S5 in
the supplemental material). These categories suggest a variety
of cellular responses that include signaling and defensive re-
sponses as well as changes related to the overall structural and
physiological remodeling that accompanies viral transcription,
translation, DNA replication, membrane modifications, and
assembly of viral components. Although a dramatic enrich-
ment was not clearly observed from the downregulated and
repressed genes, specific examples of sudden and dramatic
downregulation were observed for certain transcripts that were
highly abundant in uninfected control cells (see Table S7 in the
supplemental material).

Of the approximately 436 T. ni gene homologs that we exam-
ined as part of functional pathways (see Tables S9 to S20 and Fig.
S1 to S10), we identified approximately 15 genes that were sub-
stantially upregulated (2- to 3-fold) within the first 6 to 7 h fol-
lowing infection. These included genes for Arp3, Rael, Bendless/
UBC13, cytochrome ¢, Hsp25.4, superoxide dismutase 2, 10-kDa
mitochondrial heat shock protein, R3D1, Nup43-like, Akt/PKB,
MAP kinase kinase 3/4/6, MAP kinase kinase 4, LEPR, VPS28, and
CHMP2B. While we can only speculate on how the changes in
regulation of these genes may contribute to successful viral infec-
tion or how they relate to host defensive responses, the identifica-
tion of these changes will permit many new targeted studies that
should lead to a detailed understanding of how the baculovirus
and host cell genomes interact in permissive cells. This study and
future studies should permit the enhancement of viral infection
for applications in biological insect control and for many current
and future biomedical and biotechnological applications of bacu-
loviruses.
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