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ABSTRACT The baculovirusAutographa californica multiple nucleopolyhedrovirus

(AcMNPV) is a large double-stranded DNA (dsDNA) virus that encodes approximately

156 genes and is highly pathogenic to a variety of larval lepidopteran insects in na-

ture. Oral infection of larval midgut cells is initiated by the occlusion-derived virus

(ODV), while secondary infection of other tissues is mediated by the budded virus

(BV). Global viral gene expression has been studied in detail in BV-infected cell cul-

tures, but studies of ODV infection in the larval midgut are limited. In this study, we

examined expression of the 156 AcMNPV genes inTrichoplusia nimidgut tissue us-

ing a transcriptomic approach. We analyzed expression profiles of viral genes in the

midgut and compared them with profiles from aT. nicell line (Tnms42). Several viral

genes (p6.9,orf76,orf75,pp31,Ac-bro,odv-e25, andodv-ec27) had high expression

levels in the midgut throughout the infection. Also, the expression of genes associ-

ated with occlusion bodies (polhandp10) appeared to be delayed in the midgut in

comparison with the cell line. Comparisons of viral gene expression profiles revealed

remarkable similarities between the midgut and cell line for most genes, although

substantial differences were observed for some viral genes. These included genes as-

sociated with high level BV production (fp-25k), acceleration of systemic infection (v-

fgf), and enhancement of viral movement (arif-1/orf20). These differential expression

patterns appear to represent specific adaptations for virus infection and transmission

through the polarized cells of the lepidopteran midgut.

IMPORTANCEBaculoviruses such as AcMNPV are pathogens that are natural regulators

of certain insect populations. Baculovirus infections are biphasic, with a primary phase

initiated by oral infection of midgut epithelial cells by occlusion-derived virus (ODV) viri-

ons and a secondary phase in which other tissues are infected by budded-virus (BV) viri-

ons. While AcMNPV infections in cultured cells have been studied extensively, compara-

tively little is known regarding primary infection in the midgut. In these studies, we

identified gene expression patterns associated with ODV-mediated infection of the

midgut inTrichoplusia niand compared those results with prior results from BV-infected

cultured cells, which simulate secondary infection. These studies provide a detailed anal-

ysis of viral gene expression patterns in the midgut, which likely represent specific viral

strategies to (i) overcome or avoid host defenses in the gut and (ii) rapidly move infec-

tion from the midgut, into the hemocoel to facilitate systemic infection.

KEYWORDSbaculovirus, AcMNPV, insect lepidopteran midgut,Trichoplusia ni,

Tnms42, transcriptome

Baculoviruses are a large group of arthropod-specific viruses with circular double-stranded DNA genomes. Baculovirus genomes range from approximately 80 to 180

kbp and are packaged in rod-shaped nucleocapsids that are enveloped (1,2). Autog-
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rapha californica multiple nucleopolyhedrovirus (AcMNPV) has a genome of 133.9 kbp

with approximately 156 predicted genes (ORFs) (3). Because the large DNA genome of

AcMNPV can beeasilyengineered for high-level heterologous protein expression,

recombinant baculoviruses have been widely used for foreign protein production in

many research and biotechnological applications, as well as for production of thera-

peutics and vaccines (4–6). Baculoviruses are often highly pathogenic to insect larvae.

Most baculovirusinfectionshavebeen described from agriculturally important lepi-

dopteran insect species, although baculoviruses have also been found to infect hyme-

nopteran and dipteran hosts (7,8). A number of baculoviruses have been used as

host-specific biologicalinsecticides inagriculture and forestry (9–11). In nature, bacu-

loviruses are transmittedorallywhen insect hosts feed on plants contaminated with the

virus. Unlike most other viruses, baculoviruses produce two distinct morphological

forms (phenotypes) of virions: occlusion-derived viruses (ODV) and budded viruses (BV).

ODV, which mediate oral infection, are enveloped virions that are embedded within

environmentally stable occlusion bodies (OBs). When released from OBs in the lumen

of the insect midgut, ODV initiate infection of the polarized epithelial cells of the

midgut. The second form of the virus, BV, is produced when virions bud from the

plasma membrane of the cell. Progeny BV bud from the basal surfaces of the polarized

midgut cells, circulate in the hemocoel, and mediate systemic spread of the infection

among many or most other tissues of the infected host insect (12). Thus, infection of the

midgut epitheliumbyODVrepresents the primary phase of the infection, whereas

infection of subsequent tissues by BV represents the secondary phase of infection.

The successful infection of the midgut by ODV is a critical event that determines the

success of the viral infection in a host, as the midgut represents the first line of cellular

defense against baculovirus infection. Following ingestion of OBs, the alkaline environ-

ment and proteases present in the midgut lumen cause the crystallized OBs to dissolve

or disassemble and release ODV. ODV subsequently pass through the peritrophic

membrane (PM), which lines the gut, a process aided by a virus-encoded metallopro-

tease in at least some baculoviruses (13). ODV bind to apical surfaces on the columnar

midgut epithelialcells andenter by membrane fusion at the cell surface (14). Binding

and entry ofODVappear to be mediated by a complex of ODV-specific envelope

proteins calledper osinfectivity factors (PIFs) (12,15–18). Nucleocapsids released into

the midgutcellarethen transported to the nucleus, where they enter by trafficking

through nuclear pores (19,20). Uncoating of the viral genome is followed by viral early

gene transcription,thenDNAreplication, and late gene transcription (21). The repli-

cated genome ispackagedinto newly assembled capsids in the nucleus, and the

resulting nucleocapsids are then trafficked from the nucleus to the basal membrane

regions of the polarized midgut cells, where they bud into the hemocoel to form BV.

Also, some nucleocapsids remain in the nucleus, where they are enveloped and

become occluded into occlusion bodies. Following infection of midgut cells, secondary

infections are observed in midgut-associated tracheal epithelial cells and hemocytes

(22,23). It was also observed that the virus may move very rapidly through the midgut

epithelial cells,usingwhatappears to be an alternative nucleocapsid pass-through

mechanism (24), and subsequent studies suggested that early expression of the BV

envelope protein(GP64)may enhance or may be required for this pass-through

mechanism (25). A factor that also influences systemic infection in insect hosts is the

physical barrierofthebasal lamina, a noncellular sheet that lies along the hemocoel

side of the midgut epithelium. A virus-encoded fibroblast growth factor (encoded by

v-fgf) appears to stimulate the remodeling of the basal lamina, a process involving host

caspases and matrix metalloproteases (26,27). Because of the critical nature of virus

infection ofthemidgut,the polarized trafficking that must occur there, and the specific

nature of this antiviral barrier, viral gene expression in the midgut might be expected

to differ from that in other tissues. In the current studies, we examined AcMNPV global

gene expression in the infectedTrichoplusia nimidgut and compared expression in the

midgut with that in cultured cells.

Studies in cultured cell systems show that the baculovirus infection cycle can be

Shrestha et al. Journal of Virology

December 2018 Volume 92 Issue 23 e01277-18 jvi.asm.org2

 
o
n 
N
ov
e
m
b
er 
1
2, 
2
0
1
8 
by 
g
u
est

htt
p://jvi.

as
m.
or
g/

D
o
w
nl
o
a
d
e
d fr
o
m 

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


divided into three conceptual phases: early (prior to DNA replication), late (initiating

concurrently or after the initiation of DNA replication), and very late (21). Early genes

are transcribed byhostRNA polymerase II, and among other products, they encode

components required for DNA replication and late gene transcription. Following the

initiation of DNA replication, baculovirus late genes are transcribed by a virally encoded

RNA polymerase that recognizes late promoters containing the core sequence TAAG

(28–32). The very late phase corresponds to the hyperexpression of occlusion body

related genesandthevirion occlusion process. Very late genes (polyhedrin[polh] and

p10) are transcribed at extremely high levels. Successful baculovirus infection involves

the highly complex and coordinated expression of the 156 early, late, and very late

genes. Some viral genes encode proteins that mediate suppression of cellular antiviral

responses such as apoptosis, and others modify host physiology with effects on

locomotory behavior and the molting cycle (33–38). Most viral structural proteins are

encoded bybaculovirus lategenes. Following synchronous infection in cultured cells,

host cell transcription is reduced, resulting in the presence of mostly virus-encoded

mRNAs by 24 h postinfection (p.i.) (28,39,40). While genome-wide studies of AcMNPV

infection incultured cellshave been reported previously (28,40), similarly detailed

studies in themidgutof a natural insect host of AcMNPV have not been performed. In

the current study, we examined the primary phase of the infection by transcriptome

analysis of the midgut ofT. nilarvae orally infected with AcMNPV ODV. In addition, we

also compared global AcMNPV gene expression in ODV-infectedT. nimidgut with that

from a BV-infectedT. nicell line (Tnms42).

Analysis of viral gene expression in theT. nimidgut and comparisons with viral gene

expression in the Tnms42 cell line revealed an overall similarity in the general patterns

of gene expression. However, we also identified genes that were differentially regulated

between the midgut and the cell line, and these differentially regulated genes included

genes that appear to be associated with movement of viral nucleocapsids within cells

(arif-1/orf20), modulation of the production of budded viruses (fp-25k), and escape of

budded viruses from the midgut into the hemocoel (v-fgf). We propose that the

observed differences in viral gene expression in the midgut represent adaptations of

the virus for accelerated movement of the infection from the primary site of infection

into the secondary sites of infection.

RESULTS

AcMNPV transcription in theT. nimidgut. Tofirst examinethe program of

AcMNPV gene expression in theT. nimidgut, we analyzed the temporal patterns of

AcMNPV mRNA levels inT. nimidgut tissue at various times following viral infection.

Developmentally synchronized fifth-instarT. nilarvae were orally infected with AcMNPV

OBs, and polyA mRNAs were isolated at 0, 6, 12, 18, 24, 36, 48, and 72 h p.i. and then

subjected to strand-specific RNA sequencing (RNA-seq). Expression of each viral gene

was analyzed (with adjustments for overlapping transcripts) as described previously

(28) (see Table S1 in the supplemental material). Unlike synchronous infections of

cultured cellswithBV,only a subset of the cells in the midgut were infected with the

OB inoculum. The reads mapped to each gene, and the total reads mapped to the

AcMNPV genome, were used to calculate relative viral gene expression levels as reads

per kilobase per million reads (RPKM) values, for each replicate at each time point from

18 to 72 h p.i. (Tables S2 and S3). As the counts of mapped viral gene reads from the

two earliest times (6 and 12 h p.i.) were very low, statistically insufficient for compar-

isons as RPKM calculations, normalized raw read counts for those two time points were

used to compare viral gene expression among viral genes at those time points (Table

S2). In addition, we also examined the expression of each viral gene from time point to

time point by calculating the RPKM value but using the total number of reads (cellular

plus viral) for RPKM calculations (Table S3).

First, we identified the most highly expressed viral genes at each sampling time. The

top 20 most highly expressed viral genes for each time sampled are shown inFig. 1.

Although thenumbersofviral reads were very low at 6 h pi, the most abundant
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transcript reads detected included those from genes encoding the major BV envelope

glycoprotein (GP64), a minor BV envelope protein (Ac23, or F-like protein), early

proteins (ME53, ETL, and HE65), DNA-binding proteins (DBP, PP31, and LEF-3), an

inhibitor of apoptosis (P35), a helicase protein associated with host range (P143), and

a protein that has been associated with BV escape from the midgut (v-FGF). The

average number of viral transcript reads detected from midgut tissue increased 10-

FIG 1The top 20 most highly expressed AcMNPV genes inT. nimidgut are shown as individual graphs for each time sampled, from
6 h p.i. to 72 h p.i. At 6 and 12 h p.i., highly expressed genes were identified based on normalized read counts that were calculated
by dividing the number of mapped viral reads for each gene by the total number of viral reads and multiplying by 10,000. For 18 to
72 h p.i., highly expressed genes were identified based on RPKM values. RPKM values were calculated by standard methods using as
a basis the total number of mapped viral reads.
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fold between 6 h p.i. and 12 h p.i. (2,665 versus 33,425 viral reads, respectively) (Table

S4). By 12 h p.i., the most abundant viral reads were those from genespp31,p6.9,gp64,

lef-3,dbp,orf74,orf23orac23,orf82ortlp,he65,me53, andp143(Fig. 1; see also Table

S2). By18hp.i., total viral reads increased to 70,785 (a 2-fold increase from 12 h p.i.)

and RPKM values at 18 h p.i. ranged from 65 to 282,398 for 141 viral genes. At 18 h p.i.,

expression levels of two viral genes associated with BV production (p6.9andorf76) were

dramatically higher than those of other viral genes (Fig. 1, 18 h p.i.). The level ofp6.9

transcripts was4-to10-fold higher than those of most of the other highly expressed

genes at that time. The most highly expressed genes at 18 h p.i. included genes

encoding BV structural proteins (gp64,v-ubi,odv-e25,odv-e18,p6.9,vp39,odv-e27,

bv/odv-c42,orf58,orf59orchaB-like,orf75,orf74,pp31, andorf82or TLP), genes involved

in BV egress from the nucleus (gp41,orf75, andorf76), and genes encoding ODV

structural proteins (p6.9,gp41,odv-e25,odv-e18,odv-e27,bv/odv-c42,vp39,orf58,orf59

orchaB-like,orf75,orf76, andcg30)(Fig. 1).

At 24hp.i.,the transcript levels of the hyperexpressed very late genespolyhedrin

(polh) andp10were first detected within the top 20 most highly expressed genes.

Levels of these hyperexpressed very late genes increased through 72 h p.i. in theT. ni

midgut (Fig. 1; see also Table S3, yellow highlight). In contrast, in Tnms42 cells, the

expression levelsofpolhandp10weresubstantialby 18 h p.i. and both were among

the top 5 most highly expressed viral genes by 24 h p.i (28). In the midgut,polhandp10

transcripts werenotamongthe top 5 most highly expressed AcMNPV genes until 48 h

p.i. (Fig. 1). Of particular note, in theT. nimidgut,thep6.9genewasthe most highly

expressed gene from 18 to 48 h p.i. and the 2nd most highly expressed gene at 72 h

p.i. Other viral genes expressed at relatively high levels from 18 to 72 h p.i. in the

midgut wereorf74,orf75,orf76,odv-e25,p25,odv-e27,odv-e18,pp31,orf82ortlp,Ac-bro,

cg30,gp64, andctxas well asvp39andalk-exo. Viral gene expression in the midgut was

substantial by 36 h p.i. and increased further by 48 h p.i., with average viral read counts

of 525,255 and 992,388, respectively, at these times (Table S4). By 72 h p.i.,polhwas the

most highly expressed gene, with an RPKM value of 240,697. Expression of thep6.9

gene also remained exceptionally high through later time points, similar to observa-

tions in the Tnms42 cell line (28). In addition topolh, mRNAsofgenessuch aslef-2,

ptpase,v-cath,pp34, and theper os infectivity factor(PIF) complex-associated gene (orf5)

also reached their highest levels at 72 h p.i. By 72 h p.i., many of the most abundant

transcripts represented genes associated with either the BV or ODV (p6.9,odv-ec27,

odv-e25,p25,odv-e18,bv/odv-c42,odv-e56,odv-e66,orf119orpif-1,orf22orpif-2,orf83

or VP91 orpif-8,orf145,orf75,orf74,gp41,orf58,alk-exo,orf5, andcg30) or the occlusion

process (polh,p10,pp34,orf76,orf75, andorf93). Of particular note from the examina-

tion of highly expressed genes across all time points in the midgut is the observation

that proteins associated with BV production or BV structure are highly represented.

Expression patterns of functionally related AcMNPV genes.We next examined

relative expression patterns of several groups of functionally related AcMNPV genes.

For this analysis, we compared the expression pattern of each group of genes in the

midgut, with the patterns from the same group of genes expressed in the Tnms42 cell

line (28)(Fig. 2). Functional gene groups that were examined included viral genes

associated withPIFs, DNAreplication, host physiological and antiviral responses, host

range determination, transcription activators, and structural proteins specific to BV or

ODV (21). RPKM values for viral genes were calculated using the total number of viral

reads at eachtimepoint (Table S2), and thus, expression (RPKM) values are comparable

to those for other viral genes examined at the same time point. InFig. 2, each horizontal

group of graphsshowscomparisons of midgut and cell line expression patterns (blue

versus gray bars) from each set of genes at one time point (18, 24, 36, or 48 h p.i.). In

most cases, the patterns of gene expression among the selected groups of genes were

generally similar in theT. nimidgut and the Tnms42 cells (Fig. 2, compare blue versus

gray bars withineachpanel). For example, among thepifgenes,pif-5is typically the

most abundantly expressed andpif-3is the least highly expressed gene at each time

AcMNPV Transcriptome in theT. niMidgut Journal of Virology
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FIG 2Expression patterns for groups of AcMNPV genes (based on functional groups indicated at the top) are shown as bar graphs, with individual gene names
listed at the bottom. Expression levels of each gene at each time point in theT. nimidgut are indicated by blue bars, and expression levels in the Tnms42 cell
line are indicated by gray bars. Each horizontal group of panels shows comparisons of the expression patterns from sets of genes at a selected time point (18,
24, 36, or 48 h p.i.).
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FIG 2(Continued)
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FIG 2(Continued)
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point in both the midgut and in the cell line. (Note thatpif-0[p74] was not included,

as the RPKM could not be calculated in the midgut and the cell line). Despite similarities

in the patterns of gene expression among the selected groups of genes, we identified

three notable exceptions to these general observations. These included the genes

fp-25k,lef-3, andalk-exo(Fig. 2, last panel, blue and gray arrowheads). At most time

points (18to36h p.i.), transcript levels offp-25kwere relatively low in the midgut,

compared with moderate to relatively high levels in the cell line. In contrast, transcripts

fromlef-3and alkaline exonuclease (alk-exo) were relatively high in the midgut but

comparatively low in the cell line (Fig. 2, last panel). These genes were all found within

the groupofgenesidentified as associated with ODV in prior studies (21,41,42),

althoughlef-3andalk-exoare also associatedwithviral DNA replication (43–45) and

may have otherroles.The observed differences suggest the possibility of a different

pattern of DNA replication and perhaps virion production in the midgut cells from that

in cultured cells. In cell culture studies, it was previously observed that viruses with

modified forms or deletion of thefp-25kgene had two important phenotypes: (i) lower

levels of occlusion bodies were produced (the so-called “few polyhedra” phenotype)

(46,47) and (ii) BV production was substantially increased (47,48). Reduced expression

offp-25kin themidgutcellsmay therefore represent differential viral regulation in the

midgut that results in enhanced BV production for more rapid movement of the

infection out of the midgut for establishing systemic infection.

Comparisons of the expression patterns inFig. 2also indicate thatlef-3andalk-exo

were bothexpressedatsubstantial levels in the midgut. Thelef-3gene encodes a

single-stranded DNA-binding protein that was originally identified as one of the six

genes critical for viral origin-dependent DNA replication (49–51).alk-exois an essential

AcMNPVgene thatencodes an alkaline nuclease that has been proposed to be involved

in maturation of Okazaki fragments generated during viral DNA replication (45,52–54).

Interestingly, priorstudyhasshown that the LEF-3 and ALK-EXO proteins interact with

each other in infected cells (45). While both are detected in ODV preparations, it is

perhaps moresignificantthatthey both play important roles in DNA replication. The

ALK-EXO protein may also be necessary for recombination. The LEF-3 protein also

interacts with the viral DNA helicase encoded byp143(44), and somewhat higher

midgut levelsofp143are alsosuggested by the patterns shown inFig. 2(first panel,

DNA replication, arrowheads).

Clusteranalysisof AcMNPV gene expression patterns in theT. nimidgut.To

evaluate overall expression patterns of AcMNPV genes in theT. nimidgut, we also

applied a hierarchical cluster analysis (using Euclidean distance metrics and the DESeq2

package). For each gene, we first normalized the read counts (log2transformed) and

then averaged the read counts from three replicates for each infection time point. We

then performed cluster analysis on the averaged normalized reads of viral genes from

18 h p.i. to 72 h p.i. The cluster analysis generated four major clusters of viral genes

which we arbitrarily refer to as groups G1, G2, G3, and G4 (Fig. S1 and Table S5). Cluster

G1 is comprised of 33 genes, cluster G2 contains 24 genes, cluster G3 contains 30

genes, and cluster G4 contains 69 genes (Table S4). Clusters G2 and G4 contained viral

genes with very high expression levels, includingpolh,p6.9,Ac-bro,odv-e25,alk-exo,

orf74,lef-2,p10,v-cath,ptpase,fp-25k,dbp,lef-3,orf-5, andpk-1. Of these, transcript

levels ofpolh,Ac-bro,alk-exo,p10,lef-2,v-cath,ptpase,fp-25k,orf-5, andpk-1increased

from 18 h p.i. to 48 h p.i. Among the four clusters, G1 consisted of genes with the lowest

expression levels. Example of genes in the cluster G1 includedorf60,orf107,orf121, and

orf140. Overall, cluster analysis identified groups of genes with different overall expres-

sion levels, and each cluster contains genes with a variety of different patterns of

expression from 18 to 72 h p.i.

Comparison of expression patterns of AcMNPV genes in the midgut and cell

line.Because of the substantial differences in the midgut and cell line experiments

(ODV-mediated oral infection versus BV-mediated synchronous cell line infection),

direct comparisons of viral gene expression levels were difficult. Therefore, we used a

AcMNPV Transcriptome in theT. niMidgut Journal of Virology
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ranking method to compare the expression of viral genes in the midgut and cell line.

Based on RPKM values, we ranked the expression level of each gene in comparison to

all other viral genes in the same sample (midgut or cell line) at each time point. Each

gene was ranked from 1 (lowest expression level) to 156 (highest expression level). We

then compared the ranked position of each gene expressed in the midgut with that

gene’s ranked position from the cell line infection. Comparisons of these ranked

expression profiles in the midgut and the cell line demonstrated that the ranking

positions of most viral genes were very similar in the midgut and the cell line

throughout the infection (Fig. 3; see also Table S6). However, expression of several

genes differedsubstantially(by 30 ranking positions) between the midgut and the

cell line. A total of 26 genes had differences of 30 ranking positions for midgut and

the cell line expression at 18 h p.i. Similar numbers of genes were identified at 24 h p.i.

(31genes), 36 h p.i. (30 genes), and 48 h p.i. (26 genes) (Table 1). Also, because

comparisons ofgeneexpressionunder these two experimental conditions (midgut

versus cell line) are likely most relevant at the earlier times, we focused on 18 h p.i., the

earliest time point with substantial viral gene expression levels in the midgut. We

FIG 3Comparisons of ranking positions of each of the AcMNPV genes in theT. nimidgut and the Tnms42 cell line at 18 h p.i. Based on RPKM values, each
gene was ranked in comparison to the expression of all other viral genes at the same time point. The ranking position of each gene expressed in the midgut
(blue data points) was compared with that of each gene expressed in the Tnms42 cell line (orange data points). Gene names are indicated on thexaxis. The
horizontal dashed line and gray area represent the number of viral genes for which expression was not detected. Red stars indicate genes with rank positions
dramatically higher in the midgut, while green stars indicate genes with rank positions dramatically lower in the midgut, than rank positions in the Tnms42
cell line.
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TABLE 1AcMNPV genes with significantly different ranking positions ( 30 ranking positions)
betweenT. nimidgut and Tnms42 cells at 18, 24, 36, and 48 h p.i.a

a*,The list includes AcMNPV genes that differed by 30 in ranking positions between the midgut and Tnms42

cells. Each gene was ranked against all other viral genes at each time point based on its RPKM value, and the

ranking position was compared between the midgut and Tnms42 cells. AcMNPV genes with ranking differences

of 50 ranking positions are indicated in bold red (genes with higher expression in the midgut) and bold

green (genes with higher expression in Tnms42 cells).
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identified seven genes with ranking position differences of 50 at 18 h p.i. and for

which expression levels were higher in the midgut than in the cell line:orf20orarif-1,

v-fgf,orf44,ets,orf54,orf102, andalk-exo(Fig. 3, red stars). Further, we identified five

genes (withrankpositiondifferences of 50) with higher expression levels in the cell

line than in the midgut at 18 h p.i. These five genes includedorf60,fp-25k,orf81,lef-7,

andorf145(Fig. 3, green stars). We also noted that of the 12 genes identified (listed

above) at18 hp.i., the expression profiles of several genes (orf-44,ets,orf60,orf81, and

alk-exo) differed substantially between the midgut and cell line at all times from 18 h

p.i. to 48 h p.i. (Table 1). Further, expression profiles offp-25kwere significantlylower

in themidgut, whileorf102expression levels were higher in the midgut, than in the cell

line from 18 h p.i. to 36 h p.i. A few genes, such asv-fgf,orf23or Ac23, andorf54or

vp1054, were consistently highly expressed (differences of 30 rank positions) in the

midgut. In addition, transcript levels of genesorf26,orf72,lef-7,orf145, andorf150were

consistently found at low levels in the midgut compared with the cell line (Table 1).

Correlation analysisofviralexpression patterns in midgut and cell line.In these

and prior experiments, the percentage ofT. nimidgut cells infected by viral OBs is

substantially lower than the percentage of cultured cells infected by BV (approximately

10 to 30% versus 100%, respectively). In the current studies, we used a recombinant

AcMNPV containing an mCherry marker gene to titrate the OB dose and selected the

lowest OB dose (7 104OBs/larva) that resulted in the maximal apparent percentage

of infected midgut cells in newly molted 5th-instar larvae. We estimated an infection

rate of approximately 10 to 30% of the midgut cells, and higher rates of infection were

not observed with increased doses of OBs. A prior study reported variable results from

infections of starved (but not synchronized) 4th-instarT. nilarvae using a dose of 1

104AcMNPV OBs, although percentages of infected cells were not estimated (55). A

comparison of total viralreads in the midgut and the cell line at various times

postinfection highlights the lower rate of infection in the midgut (Fig. 4), even at high

doses ofOBs.Insynchronously infected Tnms42 cells, we previously observed that

RNA-Seq reads from viral transcripts increased to 80% of total reads by 48 h p.i (28).

In contrast,inthemidgut we found that the percentage of viral reads increased to 7%

by 48 h p.i. (Fig. 4). When analyzing the expression of individual viral genes in the

midgut and celllineat parallel time points, we found that the pattern of gene

expression for most viral genes in the midgut was, in most cases, very similar to that in

the cell line (Fig. 2and3), although for a limited number of transcripts, expression

patterns weresubstantially differentin the midgut and cultured cells. Because our

analysis compares different types of infection (ODV- versus BV-mediated infections) in

two different cell systems, we asked whether the viral program of expression was the

same or could be time shifted or offset in the midgut and cell line. To address this

FIG 4Graph showing AcMNPV mRNA reads as a percentage of total mRNA reads at each time point from
0 to 48 h p.i. The percentages of AcMNPV mRNA reads relative to total mRNA (virus plus host) reads in
the infectedT. nimidgut are indicated by the dashed line (rightyaxis). Similarly, the percentages of
AcMNPV reads from infected Tnms42 cells are shown as a solid line (leftyaxis) (data from reference28).
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question, we performed a correlation analysis on the patterns of viral gene expression

in the midgut and the Tnms42 cell line. The pattern of midgut expression of each gene

was compared with the pattern of expression from the same gene in the Tnms42 cell

line, and a correlation value was calculated as described in Materials and Methods

(Table 2). We performed a pattern correlation analysis between the midgut and the cell

line usingthreesetsof infection timelines: analysis 1, midgut at 18 to 48 h p.i. versus

cell line at 6 to 24 h p.i.; analysis 2, midgut at 18 to 48 h p.i. versus cell line at 12 to 36

h p.i.; and analysis 3, midgut at 18 to 48 h p.i. versus cell line at 18 to 48 h p.i. Correlation

coefficient (R) values ranged from 1 (negatively correlated) to 1 (positively corre-

lated) (Table 2). Analysis 2 resulted in the greatest number of genes with a positive

correlation (R 0.1)(98genes), as well as the highest sum, median, and mean values.

Figure S2 shows several examples of geneexpression patterns that have higher corre-

lation values when timelines are shifted as in analysis 2 (Fig. S2, Tnms42 cells, 6 h). Thus,

based on this analysis it appears that the expression pattern of AcMNPV genes in the

midgut is slightly shifted, with the highest correlation resulting from the comparison of

midgut (18 to 48 h p.i.) versus cell line (12 to 36 h p.i.).

While the expression patterns of the large majority of viral genes were positively

correlated in midgut versus cell line comparisons in analysis 2, we are especially

interested in genes that may be uniquely regulated in the midgut (i.e., negatively

correlated). In analysis 2 (which showed the highest positive correlation), we identified

39 genes with expression patterns that were negatively correlated. Among these 39

genes, 22 were strongly negatively correlated, withRvalues between 0.5 and 1

(Table 2, pink highlight). Graphic examples of the expression patterns for a few genes

with strongnegativecorrelationsbetween the midgut and the cell line are shown in

Fig. 5(ptpase,HisP,odv-e66,p24,gp16,49k,odv-e18, andda26).

DISCUSSION

Baculovirusesproducetwo virion phenotypes with distinct roles in the infection

cycle in nature. Primaryinfection is initiated by ODV and occurs in the polarized

epithelial cells of the midgut, whereas secondary infection is initiated by BV and occurs

in other tissues after the virus escapes the primary midgut infection (12,21,56).

Because theinsect midgutis highly adapted to insults and assaults from a variety of

pathogens, baculovirus infection in the midgut might be expected to differ from

infection in other tissues. In this study, we first examined global AcMNPV gene

expression in the midgut at different time points of the infection, and then we

compared patterns of baculovirus gene expression between ODV-infected midgut cells

and BV-infected cultured cells of the same species. The virus faces unique challenges in

terms of successfully infecting and then exiting from the midgut. These include physical

factors, such as the peritrophic matrix that lines the gut on the apical side of the midgut

epithelium, the polarized architecture of midgut epithelial cells, and the basal lamina

that separates midgut cells from the hemocoel. Also, defensive reactions of insect

midgut cells appear to be adapted for detection of microbes and for subsequent

triggering of antimicrobial responses such as cell loss (sloughing) (25,57,58). Thus,

because thevirus encountersunique challenges during the primary phase of infection,

it is perhaps not surprising that we observed specific differences in viral gene expres-

sion in the midgut compared with that from cultured cells (which likely simulates the

secondary phase of infection).

Because antiviral responses of infected lepidopteran midgut epithelial cells are likely

to be robust, rapid virus replication, BV production, and egress from midgut cells may

be imperative for establishing successful infection of the animal. Viral genes that were

highly expressed in the midgut suggest that BV production and egress may be

prioritized over OB production in the midgut. We found that the following viral genes

were consistently expressed at high or moderately high levels in the midgut through-

out the 72-h sampling period following oral infection (Fig. 1; see also Table S2):p6.9,

pp31,gp64,Ac-bro,orf13,orf124,odv-e25,bv/odv-c42,orf82,orf74,orf75,orf76,alk-exo,

vp39,gp41,cg30,dbp, andlef-6.Anumber of these genes encode structural proteins
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TABLE 2Correlation analysis of viral gene expression patterns between midgut and Tnms42 cells
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associated with nucleocapsids or BV, and others have been identified as important or

essential for efficient BV production (gp64,p6.9,vp39,pp31,odv-e25,odv-e18,orf74,

orf75,orf82,alk-exo, and possiblygp41andlef-6)(12,21). In addition to roles in BV

production, genessuchasAc-bro(Ac-2) may play a role in escape from the midgut. A

Bombyx mori nucleopolyhedrovirus (BmNPV) homolog of the Ac-Bro protein (BmNPV

Bro-A) was previously shown to interact withBombyx morilaminin, a component of the

basal lamina (59). Thus, highly expressed Ac-Bro in midgut cells may aid in disruption

or reorganizationoflamininsurrounding the midgut, facilitating release of BV. Overall,

the relatively high early levels and continued midgut expression of these viral genes

suggest a program of expression that favors BV production and escape from the

midgut.

Because infections in the midgut and cell line differed in terms of relative infection

levels (Fig. 4), we used two complementary approaches to compare the patterns of viral

gene expression.First, wecompared patterns of gene expression within functional sets

of viral genes (Fig. 2). Second, we used a ranking approach to compare each gene’s

expression inthecontextof all other viral genes, comparing each gene in the midgut

and cell line at a particular time point (Fig. 3). In these comparisons, we focused on

FIG 5Expression patterns of a variety of AcMNPV genes with strong negative correlations between
midgut and cell line expression. The expression pattern of each gene in theT. nimidgut and the Tnms42
cell line was examined by correlation analysis, and Pearson’s correlation coefficient (R) was calculated for
each gene. Correlation analysis was performed on the expression pattern of each gene in the midgut (18
to 48 h p.i.) compared with the expression pattern of the same gene in the Tnms42 cell line at three
different time lines (Table 2). The strongest overall positive correlations were between the midgut at 18
to 48 h p.i.and Tnms42 cells at 12 to 36 h p.i. However, several genes had strong negative correlations
at these times, and they are illustrated here and highlighted inTable 2(analysis 2).
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genes with substantial differences in expression patterns in the midgut versus theT. ni

cell line. Within functional groups of genes, we identified several genes that differed in

their expression patterns in midgut and cell line studies. These genes includedp35,

which had higher relative expression in the midgut, andlef-7andfp-25k, which were

expressed at lower relative levels in the midgut. Using the second method for ranking

gene expression across the viral genome (Fig. 3), we focused on the analysis at 18 h p.i.,

the earliesttimepointwhen viral transcripts become abundant in the midgut (see also

18 to 72 h p.i. inTables 1and S6). We identified 12 viral genes that differed dramatically

in midgutandTnms42cell line expression at 18 h p.i. (Fig. 3). While the functional roles

of some ofthesegenes are not known, the differences observed for several genes are

consistent with the concept of enhanced BV production and escape of BV from the

infected midgut. Most striking are the differential expression patterns for five genes

(orf20orarif-1,orf102,alk-exo,orf54, andv-fgf) that were expressed at much higher

relative levels in the midgut and one gene (fp25k) that was expressed at lower levels in

the midgut.

Two of the genes identified above are associated with remodeling of the actin

cytoskeleton within infected cells.orf20(arif-1) encodes a protein that mediates F-actin

localization at the plasma membrane early in the infection cycle (60–62). In studies of

BmNPV containinga disruptedarif-1gene,it was reported that viral propagation was

delayed in infectedB. morilarvae, and it was proposed thatarif-1enhanced systemic

infection in larvae (63).orf102is an essential gene encoding a protein that is required

fornuclear actinlocalization and polymerization, and is required for BV production

(64–67). Orf102 is a member of a complex containing viral proteins EC27, C42, and

P78/83. Twoothergenesidentified as differentially expressed in the midgut and cell

line (alk-exoandorf54) are both required for nucleocapsid assembly and thus are

essential for BV production.

Perhaps most striking and informative regarding BV production and midgut escape

is the detection of differential expression ofv-fgfandfp-25k. The role of thev-fgfgene

in facilitating systemic infection has been studied extensively (27,68–74). The AcMNPV

v-fgfgene activatesmetalloproteases and effector caspases to degrade the basal

lamina, which serves as a midgut escape barrier (26,27). Thus, higher levels ofv-fgf

expression inthemidgutlikely facilitate midgut escape and rapid dissemination of the

virus infection to secondary tissues. The relative levels offp-25kwere low in the midgut

in comparison to that in the cell line. Based on prior studies, a reduced level of the

fp-25kgene product suggests lower OB levels (the so-called “few polyhedra” pheno-

type) (46,47) and increased BV production (47,48). Thus, the differential midgut

expression ofthesetwogenes,fp-25k(which was decreased) andv-fgf(which was

increased), suggests a viral gene expression program in the midgut that favors rapid BV

production and enhanced escape.

The temporal shift observed in the overall expression pattern of viral genes between

the midgut and the cell line may also provide some additional insight into the variation

in the viral infection cycle between primary and secondary infections. However, the

many variables in the two infection scenarios and experimental systems require caution

in any interpretations. It is as yet unclear how a temporal shift in the overall expression

pattern, as observed in this study, would increase or decrease success of the virus. It is

possible that the observed temporal shift in the expression pattern could result from

either important biological factors (such as the different structural features of ODV and

BV that initiate infection in primary and secondary infections) or different experimental

conditions (midgut infections by ODV versus cultured cell infections by BV). Also, the

possible effects of multiplicity of infection (MOI) on experimental results are unclear.T.

nilarvae were orally infected with a relatively high dose of OBs (7 104OBs per larva).

An AcMNPV OB contains many (approximately 10 to 30) ODV virions and each ODV

virion contains multiple (approximately 5 to 25) nucleocapsids (75). Thus, while only a

subset ofmidgutcellsare infected, those infected midgut cells typically receive many

AcMNPV nucleocapsids, which may be equivalent to the higher MOIs used in BV

infections (28).
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There are many differences between primary and secondary infections, and com-

parisons are experimentally challenging. In this study, we first examined AcMNPV gene

expression in an ODV-initiated infection ofT. nimidgut cells and then used several

approaches to compare the expression levels of AcMNPV genes in theT. nimidgut and

aT. nicell line. Our results suggest that the differences in the expression of specific

genes and general expression patterns represent differences related to efficient viral

replication (BV production and budding) and movement through midgut tissue during

the primary phase of the infection cycle. To our knowledge, no prior study has carefully

examined global baculovirus gene expression in the lepidopteran midgut and com-

pared the patterns of global baculovirus gene expression between ODV-infected

midgut cells and BV-infected cultured cells of the same species. The results illuminate

differences in viral interactions and activity during the primary and secondary phases

of infection. It will be important in future studies to understand the differences

resulting from initiation of viral infection by the different virion phenotypes, as well as

the effects of different cell or tissue types on the program of viral gene expression.

Different viral expression patterns may be associated with specific tissue types in the

secondary phase of infection and could represent adaptations for efficient virus prop-

agation or responses to antiviral mechanisms present in specific tissues. In addition to

developing a better understanding the overall biology of baculovirus-host interactions,

identifying unique viral gene expression profiles in the midgut and other tissues may

also aid in the design of recombinant baculoviruses for more effective biological control

of target insect pest populations in agriculture and forestry.

MATERIALS AND METHODS

Insects and viruses.T. nieggs from the Cornell strain, maintained in the Wang laboratory (Cornell

University, Geneva, NY), were collected on sheets of wax paper, surface sterilized by immersion in 10%

Clorox for 20 min, and then rinsed three times with sterile deionized water. After surface sterilization, egg

sheets were air dried forapproximately 15 min, cut into pieces containing approximately 30 to 40 eggs each,

and then placed in 16-oz cups containing artificial-wheat germ diet. Eggs were maintained in a growth

chamber at 27°C with a light:dark photoperiod of 14:10 h. Larvae for experiments were developmentally

synchronized in the following manner. Larvae that had ceased feeding at the end of the 4th instar were

isolated and held without diet for 0 to 5 h. From that group, newly molted 5th-instar larvae (0 to 5 h old) were

selected and fedeither a virus-containing or a control solution of sucrose (see below).

To produce wild-type (WT) AcMNPV occlusion bodies (OBs) for this study, WT AcMNPV was purified

from a single well by a limiting-dilution assay (4) and amplified; the titer was determined, and then the

virus wasusedtoinfectT. nicell line Tnms42 (an alphanodavirus-free cell line subcloned from BTI-Tn5B14

cells) (28,76). Tnms42 cells were infected at an MOI of 0.1 and maintained in TNM-FH medium (77)

(Invitrogen) supplementedwith2.5%fetal bovine serum (FBS) at 28°C. After 7 days, OBs were collected

and purified by one successive round of vortexing, pelleting, and resuspension in a solution of 0.5% SDS

and 0.5 M NaCl, as previously described (4). OBs were then pelleted and resuspended in 10 ml of

double-distilled water(ddH2O). Similar to the case with WT AcMNPV, we also prepared OBs from a

recombinant baculovirus carrying a 2nd copy of the viral capsid protein VP39 fused to 3 copies of a

marker gene, mCherry (virus 3mC) (78). The mCherry-labeled virus, 3mC, was used to determine the

minimum numberofOBsrequired to obtain maximum midgut cell infection inT. nilarvae. Larvae were

fed increasing doses of OBs of virus 3mC, and after various incubation times, midguts were dissected and

examined by fluorescence microscopy to estimate optimal midgut infection. Based on our observation,

we estimate that the maximal infection rate was 30% of the midgut cells.

For infections, larvae were orally inoculated with wild-type AcMNPV strain E2 by hand feeding 5 l

of a 10% sucrose solution containing a total number of 7 104OBs of WT AcMNPV (1.4 104OBs/ l)

using a Gilson P20 pipette. Larvae that failed to consume the entire sucrose solution were discarded.

Mock-infected control larvae were fed a 10% sucrose solution containing no virus. At 1 h postfeeding,

control or virus-inoculated larvae (approximately 30 each) were placed in cups containing artificial diet

and reared in a growth chamber at 27°C (14:10 light:dark) as described above. Midgut tissues were

dissected at 0, 6, 12, 18, 24, 36, 48, and 72 h p.i. Dissected midgut tissues were immediately preserved

in RNAlaterRNA stabilization solution (Ambion) on ice and then stored at 80°C until total RNA

extraction was performed with TRIzol reagent (Ambion) according to the manufacturer’s instructions. For

each time point and treatment (infected or control), we generated three replicate samples. Midguts from

six larvae were pooled for each replicate. Following total RNA extraction, midgut RNA samples were

screened by PCR for a knownT. nitetravirus (P. Wang, unpublished data), a virus that replicates in the

T. nimidgut. Only samples that were negative for theT. nitetravirus were used for experiments.

RNA-Seq library preparation.Strand specific RNA-Seq libraries were constructed as described

previously (79). Briefly, 3 g of each total RNA was used to isolate poly(A) mRNA using oligo(dT)25

Dynabeads (Invitrogen). The poly(A) mRNA samples were then fragmented at 94°C for 5 min in buffer

containing ProtoScript II reaction buffer (New England BioLabs [NEB]), hexamer (Qiagen), and oligo(dT)23
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VN (NEB). Subsequently, first-strand cDNA was synthesized using ProtoScript II and the RNA/cDNA hybrid

was purified with RNA Clean XP (Beckman Coulter). Second-strand synthesis was carried out with a

reaction mix consisting of RNase H (NEB), the Klenow fragment of DNA polymerase I (NEB), and

deoxynucleoside triphosphate (dNTP) mix with dUTP (dATP, dCTP, dGTP, and dUTP) (Promega Corpo-

ration). cDNA fragments were then end repaired and dA tailed before TruSeq universal adapters were

ligated. After adapter ligation, the dUTP-containing strand was removed by digestion with uracil DNA

glycosylase (NEB), and PCR amplification was performed with library-specific TruSeq PCR primers for 13

cycles. Amplified libraries were purified with AMPure XP beads (Beckman Coulter) and quantified, and 19

libraries were pooled for each lane of sequencing on the Illumina HiSeq4000 platform at the CLC

Genomics and Epigenomics Core Facility at the Weill Cornell Medical College.

RNA-Seq read processing.Raw RNA-Seq reads were first processed to trim adapter and low-quality

bases using Trimmomatic (80), and trimmed reads shorter than 40 bases were discarded. Reads mapping

to rRNAsbybowtie(81) were removed. To analyze the viral transcriptome at different times postinfec-

tion, the finalcleanedreads from each replicate sample were mapped to the AcMNPV genome (NCBI

accession no.NC_001623.1) using HISAT (82), allowing 2 mismatches. Following alignments, the number

of mappedreadsfromeach of the 156 viral genes was derived and then normalized to reads per kilobase

of transcript per million mapped viral reads (RPKM), as described previously (28,83). In addition, to

examine expressionofviralgenes over the course of infection relative to total cellular expression, we also

calculated RPKM values by dividing the number of mapped reads by the total number of mapped reads

(cellular plus viral) instead of the total number of mapped viral reads only.

Expression profiling, cluster analysis, and correlation analysis.We identified the most highly

expressed AcMNPV genes inT. nimidgut at various times following viral infection and compared

expression patterns of grouped viral genes based on calculated RPKM values (as described above). The

expression patterns of each functional grouping were compared in the midgut and Tnms42 cell line

using cell line data generated in a prior study (28). We performed cluster analysis on normalized read

counts toexaminespecificpatterns of viral genes expression.Hierarchical clustering was performed

with Euclidean distance metric on the log2-transformed RPKM values using R software (84). Because

absolute expression levels varydramatically between the midgut and the cell line and we wanted

to compare the expression levels in the overall context of the viral program of gene expression, we

developed a ranked expression profiling method. Our goal was to compare expression of each

individual viral gene in the context of all other viral genes. For each time point, we used RPKM values

to rankeachviral gene among all other viral genes. The rank position of each viral gene determined from

the midgut infection was then compared with the rank position for the same gene determined from the cell

line infection at each time point. Furthermore, to examine a best fit in viral infection timelines between the

midgut and the cell line infections, we also performed a correlation analysis, comparing each gene’s

expression pattern in the midgut versus its expression pattern in the cell line and shifting timelines against

each other (midgut and cell line). As the calculated midgut expression levels of viral genes at early times (6

and 12 h p.i.) had high standard deviations, we limited this analysis to 18 to 48 h p.i. For the cell line expression

patterns, three different ranges were used: 6 to 24 h p.i., 12 to 36 h p.i., and 18 to 48 h p.i. Correlations of the

expression patterns of genes between the midgut and the cell line at each set of timeline comparisons were

analyzed by employing Pearson’s correlation coefficient (R). For each timeline comparison (midgut at 18 to 48

h p.i. versus cell line at 6 to 24 h p.i., midgut at 18 to 48 h p.i. versus cell line at 12 to 36 h p.i., and midgut

at 18 to 48 h p.i. versus cell line at 18 to 48 h p.i.), the calculatedRvalue ranged between 1to 1, where

1 represented a negative correlation and 1 represented a positive correlation.

Accession number(s).The raw RNA-Seq data were deposited in the NCBI Sequence Read Archive

under accession numberSRP156551.
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