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4. Early events in infection: Virus transcription

Transcriptional activators, enhancers and the host RNA 
polymerase
An underlying feature of gene expression in eukaryotic cells is that relatively few genes are concurrently 
transcribed and the population of genes that are expressed may change during development. Critical for 
regulating gene expression is a somewhat scarce set of proteins that comprise the transcriptional apparatus. The 
heart of this complex is an enzyme, RNA polymerase, that synthesizes RNA. However, for RNA polymerase to 
selectively transcribe specific genes, a variety of transcription factors are required. These factors have different 
functions and can include: selecting the genes that will be transcribed; attracting and stabilizing the RNA 
polymerase complex; and facilitating RNA synthesis. Another category of critical factors are transcriptional 
activators that elevate the levels of specific RNA synthesis. These often function in conjunction with enhancers 
that are DNA sequences that bind transcription factors and bring them in close proximity to the RNA 
polymerase complex, thereby elevating the levels of RNA synthesis. Collectively these DNA sequences, enzymes, 
and factors regulate transcription by influencing the rate at which RNA polymerase is recruited to, or stabilized, 
at a specific promoter and its subsequent ability to efficiently transcribe RNA. In higher eukaryotes, different 
transcriptional activators can cause the expression of ordered sets of genes at each stage of development, or can 
lead to the transcription of tissue-specific genes in differentiated tissues.

Viruses destined for productive infections are confronted with a dilemma upon entry into a cell: they must 
compete with the cell for control of its well-organized and programmed transcriptional machinery that is strictly 
regulated for carrying out cellular processes. Without special mechanisms to take control of the cell and focus its 
replicative machinery on the synthesis of viral products, the viral genome would languish in the cell and could 
be overwhelmed by competition from cellular genes. To outcompete the cell and focus transcription on the viral 
genome, viruses rely on several mechanisms. They can selectively inhibit host cell transcription or eliminate host 
mRNA. They also can encode their own set of transcriptional activators and enhancer sequences, which facilitate 
the assembly of the host cell transcription complex at the site of RNA initiation of viral genes on the viral 
genome, rather than elsewhere, e.g., the host genome. Transcriptional activators can coordinate both the 
assembly of the transcription complex, and by interaction with enhancer sequences, they can bring enhancer-
bound cellular transcription factors into close proximity to a gene promoter region. In some cases, this can 
elevate expression levels of viral genes several thousand-fold, thereby allowing the virus to redirect cellular 
processes for its own replication. Many DNA viruses use this process to cause a transcriptional cascade upon 
infection. In this process, one of the first viral genes synthesized is a transcription factor that activates a set of 
genes including a second transcription factor. This second factor activates transcription of a second set of genes 
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and so on until the transcription cascade is complete. This produces a regulated progression through a 
transcription program of categories of early and late genes that carry out the functions necessary for each stage 
of viral replication. In the case of herpes simplex virus, the transcriptional program is initiated by a 
transcriptional activator (vp16) that is a structural component of the virion and is transported into the nucleus 
during the initiation of infection. Other nuclear replicating viruses, e.g., adenoviruses, express a transcriptional 
activator early after infection, thereby initiating the transcriptional cascade. Throughout the transcriptional 
programs employed by these two viruses, the virus is dependent upon regulating the host RNA polymerase to 
transcribe its genes and thereby carry out its replication.

Baculovirus infection: selective effects on host cell gene 
expression
Early investigations using pulse labeling with 35S methionine to examine protein synthesis in baculovirus 
infected cells indicated that as the infection proceeded, the host cell proteins faded and the viral proteins became 
more prominent (1). This was subsequently correlated with the down regulation of host cell mRNA levels (2, 3). 
It could also be a result of a phenomenon called translational arrest (4). Although the precise mechanism is not 
known, since the virus is dependent on a variety of cell functions including RNA polymerase II, a generalized 
inhibition of all host protein expression is unlikely in a permissive infection. More recent experiments have 
indicated that a number of host genes are up regulated during infection. For example, certain mitogen activated 
protein kinases (MAPKs) appear to be required for BmNPV gene expression. Inhibition of the expression of 
some MAPK genes results in reduced virus production (5), suggesting that any inhibition of host gene 
expression that occurs is selective or that the virus is able to up regulate certain categories of host genes. During 
AcMNPV infection of T. ni cells, the majority of host transcripts decrease between 6 to 48 hr post infection (pi) 
such that at the latter time they comprise about 10% of the total. However, about 6% of host genes are 
upregulated from 0-6 hr pi and then decrease for the remainder of the infection. In addition, a small group of 
genes related to metabolism and stress response were elevated at 18-24 hr pi and then declined. Concomitant to 
the decline in host RNA, the viral RNA increased such that it comprised over 50% of the total by about 13 hr pi 
infection and continued increasing thereafter (6). Using 2-D gel comparisons in combination with proteomic 
analysis, a comparison of protein expression in cells permissive, semi- and non-permissive for AcMNPV 
infection was reported (7). It has also been observed that in S. exigua larvae infected with AcMNPV, some host 
genes are up-regulated while others are down regulated (8) suggesting that in whole insects the general shut 
down of host genes does not occur. It has also been shown that baculovirus DNA replication can trigger both 
apoptosis and translational arrest, thereby influencing the expression of host genes (9). The conflicting evidence 
regarding levels of host protein synthesis could be due to the level of expression of the up-regulated genes. Many 
of the most abundant host proteins could be shut down, while other genes, particularly those with an essential 
enzymatic function, might be up regulated, but are not evident because their expression is relatively low. For 
additional discussion of the regulation of RNA polymerase II, see the section Shutoff of Early Transcription 
below.

The baculovirus transcription cascade: the evolution of a novel 
strategy
Baculoviruses begin their infection cycle similar to other large DNA viruses and employ enhancers and 
transcriptional activators to exploit the host transcriptional apparatus. This early program is focused on 
establishing the infection and producing the components necessary for initiating viral DNA replication and 
other early functions. However, whereas these early events are dependent on genes transcribed by the host RNA 
polymerase, the later genes are transcribed by a baculovirus-encoded RNA polymerase (Figure 1). Consequently, 
early in infection transcription is carried out by the host RNA polymerase, whereas the viral RNA polymerase is 
involved late in infection. Although some bacterial viruses, e.g., T7, also exploit their host’s RNA polymerase 
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early and employ their own RNA polymerase later in infection, baculoviruses are the only nuclear replicating 
DNA viruses of eukaryotes that employ this combination of cellular and viral polymerases.

Other eukaryotic DNA viruses that encode their own RNA polymerases, such as pox viruses, replicate in the 
cytoplasm and do not have ready access to the cellular transcriptional apparatus because of their separation from 
the nucleus. The evolutionary logic for baculoviruses to encode their own RNA polymerase is unclear. However, 
it may have originally been a major advantage for the virus to be able to regulate its own polymerase in the 
context of cells that were undergoing the shock of virus infection. This advantage could include the mitigation of 
possible effects caused by low levels of host RNA polymerase that might be normally present or caused by the 
infection (see Chapter 6).

Transcriptional enhancers
Similar to other viruses, enhancers and transcriptional activators play a major role in the early events in 
baculovirus infections. Enhancers are specific DNA sequences (Figure 2) that are able to bind and concentrate 
transcription factors and can deliver them to the regulatory region of a gene, thereby facilitating transcriptional 
initiation (Figure 3). They can be located near or at some distance from the site of transcriptional initiation. It is 
thought that, when distant, the enhancer DNA with its associated transcription factors can bend around and be 
positioned in close proximity to the site of transcriptional initiation (Figure 3). Bending of the DNA can be 
facilitated by transcriptional activators that bind to both the enhancer sequence, and to the RNA polymerase 
complex. In this process, the RNA polymerase complex would bind to the gene promoter and the activator could 
then bind to the enhancer region and bring it and its associated transcription factors into close proximity to the 
RNA polymerase-promoter complex (Figure 3). Whereas one might consider an enhancer sequence distant from 
a promoter, activators binding to the enhancer located on the same DNA molecule as a promoter would likely be 
in much closer proximity to the promoter than if they were floating free in the cell.

Baculovirus enhancers:hrs (homologous regions)
A characteristic feature of most baculovirus genomes is the presence of homologous regions, or hrs. In AcMNPV, 
hrs are comprised of repeated units of about 70-bp with an imperfect 30-bp palindrome near their center (Figure 
2). They are present at eight locations in the genome with 2 to 8 repeats at each site. They are highly variable, and 
although they are closely related within a genome, they may show very limited homology between different 
viruses. For example, in the CpGV genome, tandem repeated sequences are not evident, although a 75-bp 
imperfect palindrome is present at 13 different locations on the genome (10). In addition, in the TnNPV (group 
II) and several other genomes, hr-like sequences were not found (11), reviewed in (12).

Hrs have been implicated both as transcriptional enhancers and origins of DNA replication for a number of 
baculoviruses (13-18). In AcMNPV, they bind the transcriptional activator IE1 (Ac147) (19-21) and this binding 
can elevate the levels of IE1 transactivation up to 1000-fold (13). In addition, hr binding may cause IE1 to 
localize to sites that may be a prelude to replication foci (22). Hrs contain cAMP and 12-O-tetradecanoylphorbol 
13-acetate (TPA) response elements (CRE and TRE)-like sequences located between the palindromes Figure 2). 
A survey of baculovirus genomes found that these elements were preferentially concentrated within the hr 
sequences. In AcMNPV, although hrs comprise less than 3% of the total genome sequence, they contain 94% (48 
of 51) of the CRE and 62% (13 of 21) of the TRE motifs. One to two of these elements are found between each 
pair of hr palindromes (Figure 2). These are evolutionarily conserved throughout the lepidopteran NPVs, but are 
not found in GVs, or dipteran and hymenopteran NPVs. In other systems, these elements bind cellular 
transcription factors and stimulate RNA polymerase II dependent transcription. In AcMNPV, the CRE and TRE 
were found to bind to host cell proteins and activate transcription in transient assays (23). Despite the 
concentration of these motifs in hrs, their ability to activate transcription appears to be adapted to each virus, 
probably due to a reduction in the affinity of IE1 from one virus to the hrs of another. For example, AcMNPV 
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IE1 is much more efficient in activating a reporter gene linked to an AcMNPV hr than is OpMNPV IE1 (24). The 
consensus sequences of the hr palindromes between the two viruses are about 57% (17/30) identical (25).

It has been shown that deletion of individual or combinations of two hrs did not appear to affect AcMNPV 
replication in cultured cells (26). This is probably due to the ability of transcriptional activators to interact with 

Figure 1. The baculovirus transcriptional cascade showing the interrelationship of host and viral RNA polymerases and DNA 
replication and VLF-1.

Figure 2. Diagram of the AcMNPV genome showing hrs. The circled numbers indicate the number of repeats in each hr. Below is 
shown a representative palindrome with mismatches shown as underlined, italicized larger type. The EcoRI site at the center of the 
palindrome is also underlined. At the bottom is a schematic showing the CRE- and TRE-like sequences that are located between the 
major palindromes.
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hrs in other locations of the genome, allowing them to be brought into close proximity to the promoters being 
activated by bending of the DNA (Figure 3). However, the removal of up to five hrs reduced BV titers about 10-
fold and the removal of all eight AcMNPV hrs caused a reduction in BV production of over 10,000-fold, and the 
number of cells producing polyhedra was reduced to a few percent compared to wt infection. In addition, the 
expression levels of LEF3, GP64 and VP39(capsid) was greatly reduced when eight hrs were removed (27). Since 
hr sequences serve are origins of DNA replication in transient assays (see Chapter 5), the severe effects of 
removing all the AcMNPV hrs could be due to a reduction in DNA replication or transcriptional activation or a 
combination of both.

Transactivation of early genes.
There are five genes that are expressed as immediate early genes and they all have been reported to have 
transactivator function. They include ie0, ie1, ie2, me53, and pe38. An analysis of all five genes indicated that 
elevated levels of IE gene expression is related to the activation of this set of genes. However, IE0 has a repressor 
function caused by its interaction with IE1 and the role of Me53 is unclear (28).

A major transcriptional activator of early genes, immediate early gene 1 (IE1, Ac147). To start the 
transcriptional cascade that initiates the baculovirus replication cycle, many baculoviruses employ the 
transcriptional activator, IE1. IE1 was originally identified because of its ability to transactivate early promoters 
of AcMNPV (29). It is transcribed early in infection (hence the name: immediate early gene 1, ie1) and continues 
to be transcribed through the late phase (30). Orthologs of IE1 have been identified in all Group I and II NPV 
genomes sequenced. They also appear to be present in GV genomes, but the similarity is very low, e.g., XcGVorf9 
and Ac147 are about 10% identical. However, the orientation and position of XcGV orf9 relative to more 

Figure 3. Activation of baculovirus early gene transcription by hrs and IE1. This diagram shows two possible mechanism by which IE1 
activates transcription. Transcription might be activated directly by IE1 as shown in the bottom of the diagram, or it can interact with 
both RNA polymerase II (in blue) and hr sequences thereby bringing hr-bound transcriptional activators in close proximity to RNA 
polymerase II as shown in the top of the figure.
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conserved orfs is similar to Ac147, which suggests that Ac147 and XcGV orf9 are related. Part of the IE1 
population is called IE0 and is translated from a larger spliced mRNA which is the only major spliced transcript 
described for baculoviruses (see below Ac147-0). In AcMNPV, either IE1 or IE0 can support viral replication 
(see below). AcMNPV IE1 contains two separate domains: an acidic activation domain located in the N-
terminal region, and a DNA binding domain present in the C-terminal region (31, 32). It also contains a 
dimerization domain that is associated with a predicted helix-loop-helix sequence near the C terminus (21, 33). 
A positively charged domain adjacent to the dimerization domain is involved in nuclear import and is 
dependent on IE1 dimerization (34). A conserved 10-aa basic region (aa 152-161-KIKLRPKYKK) separating 
two acidic activation domains was found to be required for DNA binding. It was suggested that this basic region 
neutralizes the adjacent acidic activation domains. In this model, when the basic region interacts with DNA, the 
acidic domains are exposed, allowing them to participate in activation (35). IE1 from a related virus, OpMNPV, 
has activation domains similar to AcMNPV IE1 (36) and a region in the 65 N-terminal amino acids that is 
involved in both transcriptional activation and DNA replication. The replication domain was specific to the virus 
and other sequences that supported transactivation did not support replication in an OpMNPV transient assay 
system (37). The ability of IE1 to transactivate transient transcription is greatly enhanced when the activated 
gene is linked to hrs (14). IE1 may also participate in the negative regulation of some genes (38) (see below). IE1 
is required for transient DNA replication (39, 40) and is an essential gene as a bacmid deleted for this gene was 
not viable (41). Similar results have been reported for BmNPV (42).

Binding of IE1 to hr sequences
Although IE1 has been extensively investigated, purification of biologically active IE1 has not been reported. 
This suggests that it might be unstable and inactivated during purification procedures or that it is only active in 
combination with another protein(s). However, IE1 has been shown to bind to hr sequences independent of 
insect cell proteins. This was accomplished by transcribing the ie1 gene in vitro, and then translating the 
resulting RNA in a rabbit reticulocyte system. The product was able to specifically bind to hr sequences 
indicating that additional insect cell proteins are not required for binding to occur (19, 43).

Many proteins, including type II restriction enzymes and numerous transcription factors, recognize and bind to 
palindrome sequences. Such proteins are normally found as homodimers and interact in such a way that the 
DNA binding site of each monomer recognizes the identical sequence, but on opposite sides of the palindrome. 
IE1 appears to follow this pattern in its interaction with the palindromes of hr sequences, and both halves of a 
palindrome are necessary for activation (21). Footprinting analyses have not been straightforward, which may be 
due to the presence of two types of binding to DNA. If mixtures of these two types of binding occur, especially 
when mutants are being examined, the actual pattern of binding may be obscured. However, foot printing of wt 
sequences suggests that IE1 interacts with both halves of the palindrome, but on opposite DNA strands as 
described above. Although altering a palindrome half-site by mutation prevents activation, IE1 still binds to the 
remaining site. However, the binding properties are changed, such that IE1 binds to both strands of the 
remaining half site (44). It was suggested that this could explain the mechanism by which IE1 negatively 
regulated the expression of certain genes that have an hr half-site sequence located between their TATA 
promoter and mRNA start site motif (38). By binding in this region, IE1 could prevent the binding and function 
of RNA polymerase II, thereby preventing transcription of the gene.

Despite their apparently critical role as transcriptional enhancers and probable role as origins of DNA 
replication, it is not clear how hrs are recognized by the proteins involved in these functions. It was suggested 
that they may form cruciform structures in the DNA that would provide landmarks for the binding of 
transcriptional activators. This has been observed in other palindrome-like structures, e.g., the high affinity 
binding of the cyclic AMP response element binding protein (CREB) to enkephalin enhancers (45). However, 
studies in vitro were unable to detect the formation of cruciform-like structures by AcMNPV hr-like imperfect 
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palindromes, although such structures were formed by perfect palindromes in which mismatches in the 
predicted hr structure were eliminated. In addition, IE1 was able to bind to both these structures (46).

Splicing in AcMNPV; Ac147-0 (ie0) is a major spliced gene
Part of the IE1 population is called IE0 and is translated from a larger spliced mRNA which was the only major 
spliced transcript described for baculoviruses, and in AcMNPV results in an additional 54 amino acids at the N-
terminus of IE1 for a total of 636 amino acids (47). In a survey of the AcMNPV transcriptome in infected T. ni 
cells, 11 spliced mRNAs in addition to IE1 were identified (48). However, only 3 of these sites were located 
within coding regions, the rest being in the 5’ or 3’ UTRs. For ie1, the spliced form is abundant early and 
comprised over 80% of the ie1 mRNA at 6 hpi, but declined to 2% by 48 hpi. Other splice sites in reading frames 
included p47 that resulted in a reading frame change and in exon 0, however these were minor components. 
With the exception of IE1, most of the spliced mRNAs are minor components of the transcript population, 
however, the majority of the SOD and orf114 transcripts have spliced 3’ UTRs that are present throughout the 
infection.

Another example of a spliced mRNA was reported from OpMNPV, in which a 2.8 kb intron was removed. This 
resulted in the fusion of Op18 mRNA downstream of its stop codon with Op21 downstream of the Op21 ATG. 
This mRNA would include all the Op18 orf and its stop codon and would be unlikely to produce a novel protein 
because of the location of a stop codon upstream of the splice site (49).

AcMNPV IE1 is present as a homodimer but also can form a heterodimer with IE0 that has been reported to 
suppress IE1 activation (28). Either IE1 or IE0 can support the production of infectious virus; however, there are 
subtle differences in the timing of events and of BV and polyhedra production depending on which gene is being 
expressed, suggesting that both IE0 and IE1 are required for wt levels of infection (41). In contrast, in LdMNPV, 
only the spliced form is able to transactivate transient transcription and DNA replication (50).

Two additional transcriptional activators
AcMNPV appears to encode two additional factors that may be involved in activating transcription. It is likely 
that both these proteins form homodimers, but unlike IE1, specific DNA binding sites have not been identified, 
suggesting that their activation may be based on their interaction with other proteins.

Ac151 (ie2/ie-n). Homologs of ie2 are limited to Group I lepidopteran NPVs. IE2 contains a predicted RING 
finger domain indicating that it likely interacts with other proteins, and in B. mori has been found to interact 
with itself (51). IE2 was found to augment activation by IE1 (52-54) and was required for optimal origin-specific 
plasmid DNA replication when transfected into Sf-21 cells, but had little effect in Tn-368 cells (55). AcMNPV 
mutants deleted for ie2 show a delay in infection in Sf-21. However, this delay was not observed in T. ni cells. In 
larvae of T. ni and S. frugiperda, the mutant viruses were significantly less infectious than wt which appeared to 
be due to the lack of virions in the occlusion bodies produced by the mutants. However, the intrahemocelic 
injection of mutant BV caused infections similar to wt (56). IE-2 may also be involved in cell cycle regulation 
(57).

Ac153 (pe38). The other potential transcriptional activator in AcMNPV is Ac153. Homologs of Ac153 have an 
unusual distribution being found in all Group I NPV and at least four GV sequenced genomes. Ac153 was 
originally identified because of its early transcription profile and the presence of predicted zinc finger and 
leucine zipper motifs. It was named after a cDNA clone that hybridized to a PstI/EcoRI fragment (58). Although 
it was not found to activate transient late transcription in one assay (59), evidence from OpMNPV indicated that 
it is a transactivator (60). When AcMNPV pe38 was deleted, although the expression of several genes was 
unaffected, a number of others were delayed (61). This appears to delay the infection and results in a 99% 
reduction in BV production, reduced levels of DNA synthesis, and a reduction in oral infectivity in larvae (62). 
In addition, it appears to activate DNA replication in transient assays (39).
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RNA polymerase II signals regulating early virus gene 
transcription
Upstream of baculovirus early genes are insect cell regulatory sequences including promoters that are recognized 
by the host cell RNA polymerase II and the associated transcriptional apparatus. The insect RNA polymerase II 
is able to initiate transcription from baculovirus promoters and even promoters that normally are transcribed by 
vertebrate cells such as the adenovirus major late promoter (63). Two major sequences have been identified in 
baculovirus early genes including a TATA promoter motif and a transcriptional initiation consensus sequence, 
CAGT. Transient transcription of a minimal gp64 promoter was eliminated when either of these sequences was 
mutated, suggesting that they both are necessary for transcription (64). The CAGT sequence is apparently 
required for positioning the location where the mRNA sequence is started and can also act independently as an 
initiator. Initiators facilitate the assembly of the RNA polymerase II preinitiation complex and can promote 
transcription in the absence of a TATA sequence. This has also been demonstrated in baculoviruses for the ie1 
gene (65). Many baculovirus early genes have TATA promoter sequences along with consensus CAGT (or CATT 
— see below) transcriptional initiation sequences located about 30 bp downstream. These consensus sequences 
are two of the most prevalent motifs found in regulatory regions of genes from Drosophila (66). Several 
sequences have been identified both upstream and downstream of the promoter region that elevate early gene 
transcription; however, the mechanism underlying their function has not been characterized (67).

Genome-wide analysis of baculovirus promoters
A survey of predicted baculovirus promoter sequences was conducted on 26 baculovirus genomes (68). In this 
investigation, sequence patterns were characterized for the 300 bp of DNA upstream of the ATG initiation 
codons of baculovirus orfs. The significance of the prevalence of these predicted promoter sequences was 
determined by comparing their frequency in the 300-bp downstream of the ATG. There was a strong correlation 
for TATA sequences upstream of an ORF. Particularly significant were sequences such as TATAAGG that 
contain both TATA and late promoter sequences (ATAAG) in combination. These were about 7 times as 
frequent in the upstream location. Furthermore, about 70% of the TATA sequences present in the genome are 
clustered in the 100-bp upstream of the ATG. TATA sequences combined with mRNA start site consensus 
sequences CAGT or CATT separated by ~30-bp were 3 times as frequent in the upstream region. Similarly, 
putative initiator sequences (69) in combination with a TCGT motif ~30-bp downstream were almost 5 times 
more prevalent upstream of the ATG. Some other sequences such as GTAG, AGTC and TAGG were about 20 
times more frequent in the promoter (upstream) region. They were often present in combination with early or 
late promoter elements, suggesting that they are involved in optimizing transcription from these sequences.

In a study of the transcriptome from AcMNPV infected T. ni cells (48), the sequences near the early 
transcription start site (TSS) had the following frequency: CAGT, 15%; CATT, 9%; and CAAT, 8.7%. In addition, 
the TSS was located ~32 nt downstream of the TATAA sequence.

For more information on transcriptional initiation sites, see Chapter 6.

Temporal expression of early and late genes (see Chapter 6).

How are baculovirus early genes activated?
IE1 can activate transcription, and the level of activation is increased many fold in the presence of hr enhancer 
sequences. In addition, hr sequences appear to be capable of binding to cellular factors that activate 
transcription. Since IE1 can activate transcription in the absence of hrs, it likely has the ability to interact with 
the RNA polymerase II-containing transcription complex and facilitate either the recruitment of other factors, or 
to elevate the levels of transcription itself. Since hrs appear to bind both cellular transcription factors and IE1, 
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IE1 could recruit the hr bound factors to the RNA polymerase II complex (Figure 3). In this manner it would 
appear to be able to influence the rate at which RNA polymerase is recruited to or stabilized at a specific 
promoter and its subsequent ability to efficiently transcribe RNA.

Shutoff of early transcription
A feature of most baculovirus early genes is that they appear to be transiently expressed and are shut off at late 
times post-infection. The mechanism for this shutoff is not understood. Some early genes avoid being shut off 
early by having late in addition to early promoter elements. These genes can be continuously expressed through 
both early and late times post-infection. In addition, some genes such as ie1 appear to be transcribed throughout 
infection by an undetermined mechanism (30).

A mechanism for the regulation of RNA polymerase II entails the addition or removal of phosphates to its 
carboxyl terminal domain (CTD), and CTD phosphatases are involved in this process. Ac98 is a core gene and 
has homology to CTD phosphatases and is required for viral viability (70), may stimulate both early and late 
gene expression in transient assays (71) and dephosphorylates the p6.9 DNA binding protein which allows it to 
be packaged with the viral DNA (72). Dephosphorylation of the CTD can negatively regulate RNA polymerase II 
by inhibiting RNA elongation (73, 74). Although Ac98 may stimulate early transcription in a transient assay, this 
needs to be investigated in the context of viral infections as Ac98 itself could be regulated to selectively stimulate 
baculovirus early genes.

Caveats and qualifications
Despite the complexity of the structure of baculovirus virions and the presence of nonstructural proteins that are 
likely packaged with budded and occluded virions, it is possible that none of these proteins are required for the 
initiation of infection once the DNA is uncoated in the nucleus. Consequently, although many proteins have 
been reported to be associated with baculovirus virions, none have been shown to be required for the initiation 
of gene expression or DNA replication. Additional evidence for independence from virion proteins is the 
observation that purified viral DNA devoid of proteins is capable of initiating baculovirus infection when 
transfected into susceptible cells (75-78). Therefore, no viral proteins are required to initiate a baculovirus 
infection; however, this observation does not rule out the possibility that they facilitate the efficiency of the 
infection. In fact, IE1 was found to be associated with BV but not ODV of OpMNPV (79). In addition, a low 
level of a variety of late transcripts was observed at early times in the transcriptome of AcMNPV infected T. ni 
cells suggesting that they may have been transferred with the virion during infection (48). It is not clear whether 
they contribute to the initiation of the infection.

Another caveat regarding the molecular events involved in viral transcription and replication is that almost all 
this information is derived from AcMNPV, and to a lesser extent, the closely related BmNPV. Whereas much of 
this information is likely applicable to most baculoviruses, there are major differences, not only in gene content, 
but also in gene sequence homology between AcMNPV and many other baculoviruses. In addition, there are 
major differences in the number and distribution of hr enhancer sequences. All these factors likely have major, 
but currently unknown, influences on these events in other baculoviruses.
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