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11. Baculoviruses, retroviruses, DNA transposons 
(piggyBac), and insect cells

There are a variety of classes of transposable elements (TEs) integrated into the genomes of all cells and they are 
often major components of cellular genomes. For example, from 0.3% of bacterial genomes up to almost 80% of 
some vertebrate genomes are composed of these elements (1). This chapter will focus on two types of TEs that 
were discovered because they were found integrated into the AcMNPV genome. These include a DNA 
transposon called piggyBac that is of major interest as a vector for engineering cell lines and organisms. In 
addition to DNA transposons, many TEs are retroelements, which have an RNA intermediate. They often 
encode a reverse transcriptase, which can convert the RNA of the retroelement into cDNA that is then integrated 
into the host cell genome. A major category of retroelements includes the retroviruses that are infectious and can 
spread between organisms. The genome of the retrovirus becomes integrated into a host genome and is called a 
provirus and contains long terminal repeats (LTR) at either end that encode regulatory elements, a gag gene that 
encodes a structural (capsid) protein, the polymerase gene that encodes several enzymatic functions, and the 
envelope gene, env, that provides the virus with the ability to infect other cells (Figure 1A). There are several 
different categories of retroelements; some lack LTRs, while others lack an env gene, and are normally confined 
to a cell and are not infectious. In addition, some do not encode a reverse transcriptase, but rely on other 
retroelements to supply this enzyme. The focus of this chapter is on a group of retroelements found in insects 
that resemble retroviruses.

A baculovirus-associated errantivirus (retrovirus)
Few polyhedra (FP) mutants are a readily observable baculovirus phenotype that result in reduced numbers of 
polyhedra and an elevated titer of budded virus. Such mutants often contain an insert in the fp-25k gene (ac61), 
although the phenotype can result from mutations elsewhere in the genome. In the process of characterizing 
AcMNPV FP mutants produced after 25 passages in Trichoplusia ni cells, an isolate, (FP-D), was found to 
contain an integrated retrotransposon that originated from the host genome. It was called transposable element 
D or TED (2). This element had features of a retrovirus, including long terminal repeats and was demonstrated 
to express gag, pol, and env-like genes that are capable of being incorporated into virus-like particles (3) (4) (5). 
Normally retroviruses that integrate into a genome remain integrated and are spread and amplified by the RNA 
intermediate that is transcribed from the integrated provirus by the host cell RNA polymerase II. In contrast, the 
TED provirus was found to be unstable and upon excision, a copy of one LTR of about 270 bp remained in the 
baculovirus genome (6). This instability was probably due to the large size of the TED genome relative to the 
baculovirus genome. Viruses related to TED have been found in other insects with the retrotransposon called 
gypsy from Drosophila being the most well studied example.
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The insect retroelements that encode an env gene are called the errantiviruses (from Latin errans, to wander). 
Although similar to retroviruses, they have not been included within the Retroviridae because they are a distinct 
lineage, and evidence that they are infectious is indirect (see below). Kanga and roo-like retroviruses also encode 
a related env gene (7). These retrovirus-like elements are often found in multiple copies and are present as 
apparent complete and truncated or defective genomes. For example, in the Drosophila melanogaster genome 
there are five different categories of errantiviruses encompassing 78 complete or partial sequences that range 
from a single full-length copy of gypsy to 18 full length/39 partial copies of the element 297. Other categories 
include 17.6 (7 full length/5 partial) and idefix (2 full length/5 partial). A fifth category, zam, was not found in 
this sequence, indicating the variability of errantivirus distribution between D. melanogaster strains (8).

The fp25-locus (Ac61); a remnant of a LINE-1 integration? Fp-25k (Ac61) is present in the genomes of most if 
not all Alpha-, Beta-, and Gammabaculoviruses. Analysis using the structure prediction program Hhpred (9) 
indicates that fp25k is related to orf1p of the Line-1 group of retrotransposons with a probability of 99.8%. Orf1p 
acts as a nucleic acid chaperone and similar to orf1p, fp25k has a coiled-coil domain and a predicted RNA 
binding motif (10). Deletion or mutations in the fp-25 locus are not lethal, but results in a 'few polyhedra 
phenotype' (fp) (11, 12). FP mutants are defective in virion occlusion and nucleocapsid envelopment in nuclei 
and release two- to fivefold more infectious BV than wt in infected Sf9 cells (12, 13). Although the significance 
the relatedness is compelling, how this gene adapted to baculovirus biology is unclear.

Errantiviruses in Lepidoptera
Two of the main cell lines used for baculovirus research were derived from primary explants of pupal ovarian 
tissue from moths of the family Noctuidae. One is from the fall army worm (Spodoptera frugiperda (Sf)) (14), 

Figure 1. The conversion of an LTR retrotransposon to a retrovirus by obtaining the env gene. A) The difference between LTR 
retrotransposons and retroviruses is the env gene. B) A theoretical diagram of the incorporation of an LTR retrotransposon into a 
baculovirus genome adjacent to the envelope fusion protein. By DNA recombination, the DNA would have incorporated the envelope 
fusion protein and then transposed into the genome of an insect cell.
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while the other is derived from the cabbage looper, Trichoplusia ni (Tn) (15). In a survey of the genomes of these 
cell lines, using degenerate oligomers targeted to a conserved region of the errantivirus reverse transcriptase 
gene, over 20 different PCR products from each cell line were amplified, cloned, and sequenced. Analysis of these 
sequences resulted in the identification of over 20 lineages that could be grouped into several major clades 
(Figure 2). Three of the sequences were identical to the TED errantivirus described above (16). Phylogenetic 
analyses indicated that most of the Sf and Tn sequences were closely related to each other and to sequences from 
other Lepidoptera. The next most closely related sequences were from the Drosophila (Diptera). However, there 
are several sequences from both Sf and Tn that form lineages distinct from the majority of the lepidopteran or 
dipteran sequences. This research was confirmed for S. frugiperda cells when genome and transcriptome 
assemblies were characterized (17). Thirteen different errantivirus sequences were identified, nine were similar 
to the lineages previously identified from partial sequences (16). Most of these elements were closely related to 
each other and to the TED element from T. ni although two lineages were significantly different. Five of the 
elements appeared to be transcribed and had relative abundances of 763, 292, 67, 19, and 8. The elements with 
the highest level of transcripts present (763 and 292) corresponded to sf37 and sf20 that were also the two most 
abundant sf lineages in the previous study (16).

Relationships between insect retroviruses and baculoviruses: 
the env gene
Phylogenetic analyses of the errantivirus env gene and baculovirus genome sequence data resulted in the 
unexpected observation that the errantivirus env gene is related to the baculovirus envelope fusion protein, or F 
protein lineage (18, 19) (20). The sequence similarity was most striking in the region that includes the furin 
cleavage signal (RxxR) and a predicted fusion peptide immediately downstream.

This fusion peptide of about 20 amino acids is highly hydrophobic except for 2 D and 1 K residue (Figure 3). The 
errantiviruses most likely obtained the F protein from a recombination event that occurred when a 
retrotransposon integrated into a baculovirus genome (Figure 1). Evidence for such an event is compelling 
because the errantivirus TED was found integrated into a baculovirus genome as described above (2). 
Baculoviruses have two different envelope fusion proteins: gp64 and F. GP64 appears to have been recently 
incorporated into one baculovirus lineage called Group I. Whereas the Group I baculoviruses retain a copy of 
the F gene, it no longer functions independently as a fusion protein. In contrast, most baculoviruses (Group II) 
lack gp64 and contain only a copy of the F gene, suggesting that it is the fusion protein in these viruses (21) (see 
Figure 2, Chapter 2).

In addition to the strong evidence for the capture of a baculovirus envelope fusion protein leading to the 
evolution of errantiviruses, this phenomenon appears to be a relatively common event in virus evolution and 
may have occurred a number of times (18, 22). It has not only occurred with elements such as retrotransposons 
which commonly integrate into DNA, but also has been observed for a variety of other categories of viruses, 
including members of the Orthomyxoviridae and with the baculovirus gp64 gene described above (21) (see 
Figure 7, Chapter 2).

Cellular homologs of baculovirus F/errantivirus env proteins
In addition to the relatedness of the baculovirus F and errantivirus env genes, a cellular homolog in the 
Drosophila genome sequence was also identified (19). However, this protein is not cleaved (see below), does not 
have membrane fusion activity, and appears to localize to intracellular organelles rather than cell membranes 
(23). This gene was determined to have entered the Drosophila lineage once, and another time into a mosquito 
lineage. In Drosophila it is expressed in most tissues analyzed in both adult males and females. It was suggested 
that it was incorporated into and retained by the insect genome because its expression could protect the host cell 
from infection by retroviruses or baculoviruses that shared a related env protein. This could be accomplished if 
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Figure 2. Phylogenetic tree of S. frugiperda and T. ni errantivirus sequences. The sequences were PCR amplified from the reverse 
transcriptase region. Nodes with bootstrap values greater than 50% are indicated as bold numbers. The numbers in brackets indicate 
the number of times the sequence was found in the data set. Bm6 is from B. mori, Ld-lydia is from L. dispar, and dm-gypsy, dm-17.6, 
and dm-zam are from Drosophila. For details see (16).

Figure 3. Homology at the cleavage site of selected baculovirus F proteins, a lepidopteran (Lep) errantivirus env (79), and 5 env 
sequences from Drosophila melanogaster (Dm). The two sequences at the top (in box) are from baculoviruses (Bac). The furin cleavage 
signal (RxxR) is underlined and colored yellow. The vertical arrow shows the furin cleavage site. Other conserved amino acids are also 
colored. The predicted fusion peptide is indicated by the horizontal arrow. In the consensus sequence hydrophobic amino acids are 
indicated by (+), N or D by (B), and variable amino acids by (x). For more information see (19).
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the cellular homolog binds to and interferes with the viral receptors on the cell surface or if they act as dominant 
negative inhibitors in which the endogenous env would complex with and inactivate the viral env protein (7).

Features of baculovirus F and insect retrovirus env proteins: 
Class I fusion proteins
The baculovirus F and errantivirus env proteins appear to be members of the Class I (24) group of envelope 
fusion proteins common to many vertebrate viruses. Although, in general, they lack sequence relatedness, it has 
long been suggested that a number of envelope fusion proteins from a variety of disparate viruses are related. 
This is based on their requirement for cleavage to be activated and the fact that one of the resulting peptides is 
membrane associated via a transmembrane domain. In addition, the membrane-associated peptide contains a 
hydophobic fusion peptide domain downstream of a cleavage site followed by predicted coiled-coil domains that 
are involved in forming hairpin-like structures that are important in virus-cell fusion (25, 26). Such structures 
have been characterized in fusion proteins from viruses as diverse as filoviruses, retroviruses, orthomyxoviruses, 
and paramyxoviruses (24). Evidence suggests that baculovirus F proteins are members of this group (Figure 3), 
and it has been demonstrated that they require cleavage, most likely by the host cell furin protease, for activation 
(27, 28). Errantivirus env proteins also have similar features (19) consistent with their being members of this 
group. Furthermore, gypsy env accumulates at the cell membrane as would be expected for a viral envelope 
protein and contains a predicted furin cleavage site; it is cleaved when expressed in both Drosophila S2 and Sf9 
cells (29). Recently with the determination of structures of a variety of viral fusion proteins, the baculovirus F 
proteins are predicted to have a high degree of structural similarity to the F proteins of paramxyoviruses by the 
Hhpred structure prediction program (30) (see Chapter 2).

Additional relationships of insect retroviruses and baculoviruses
The relatedness of the errantivirus env protein and the baculovirus F homologs may reflect more than a 
fortuitous recombination event between these two viruses. The errantivirus TED is a mid-repetitive element 
(about 50 copies/genome) in Trichoplusia ni (6) and is capable of transposition from the insect into the 
baculovirus genome. A key feature of the relationship that may have led to the capture of a baculovirus F gene by 
a pre-errantivirus retrotransposon involves the ability of baculoviruses to express genes at very high levels. This 
feature appears to be due at least in part to the fact that they encode an RNA polymerase (31) capable of high 
levels of transcription in the context of the virus replication program. This polymerase recognizes a unique 
promoter sequence (A/G/TTAAG) (32) that is found in the TED LTR as a palindrome. Late in the baculovirus 
infection, mRNA is expressed from these LTRs at high levels (6). Therefore, integration into a baculovirus 
genome may reflect a strategy to exploit baculovirus late gene expression to express the integrated 
retrotransposon/retrovirus genome at high levels. This could result in the production of a mixture of retrovirus 
particles and occluded baculoviruses containing integrated retroviruses and would provide two methods of 
escape from an insect with a fatal baculovirus infection: they could either survive by integration into baculovirus 
genomes, or possibly as infectious virus particles (Figure 4). The evolution of this relationship between a 
baculovirus and a primordial LTR-type retrotransposon provides a clear pathway, via DNA recombination, for 
the transposable element to incorporate the baculovirus F homolog into its genome, thereby converting it into a 
potentially infectious retrovirus (Figure 1B).

Are errantiviruses infectious?
Early on it was noted that retrovirus-like particles and reverse transcriptase activity were present in Drosophila 
cells (33). Subsequently, gypsy became the most intensively studied retrovirus-like element in D. melanogaster. 
Indirect evidence suggests that gypsy is infectious for Drosophila (34, 35). These data were obtained by feeding a 
strain of Drosophila that lacks active gypsy transposition with either purified virus like particles (vlps) from 
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insects with transpositionally active gypsy, or extracts derived from such insects, and then documenting 
increased levels of transposition in the recipient insects. Similarly, it was observed that gypsy could be 
transmitted between cells in culture (36).

Does env play a role in errantivirus infectivity?
The evidence implicating env in errantivirus infectivity is varied. In one study, it was found that a preparation of 
two monoclonal antibodies against gypsy env mixed with the vlp fraction reduced the number of insertion events 
in insect feeding experiments (37). In addition, evidence suggests that an integrated Moloney leukemia virus-
luciferase construct pseudotyped with a gypsy envelope is infectious for Drosophila cells (38). This suggested that 
gypsy env is capable of mediating infection of Drosophila cells. Although gypsy may be infectious, its infectivity 
appears to be very limited. It has been suggested that since they are adapted for integration into the cell genome, 
they no longer require propagation via infection (39). However, this does not explain why they have retained, 
conserved, and continue to express an env gene. Since envelope proteins often play major roles in the virulence 
of other viruses (40), the errantivirus env proteins may allow the viruses to be infectious and spread between 
different organisms, but this infectivity may be restricted by features of their env proteins. It has also been 
suggested that gypsy env has fusogenic properties (41).

The invasion and amplification of retroelements
TED, the baculovirus associated errantivirus described above that was originally found integrated into the 
AcMNPV genome is a particularly useful example of how a virus could spread a transposable element to other 

Figure 4. Possible pathways of retrovirus survival and transmission in a baculovirus-infected host. A retrovirus integrated into an 
insect genome might have two mechanisms for surviving a fatal infection. It could transpose into a baculovirus genome and as a 
provirus become incorporated into a baculovirus virion and subsequently occluded. As a provirus it could likely remain stable in the 
occlusion body indefinitely. The other mechanism is more theoretical and is shown by dashed arrows. Retrovirus could be produced 
from the provirus in the baculovirus genome. Retrovirus genomic RNA would be produced from the late promoter elements in the 
LTR; these could be translated into proteins and mature virions could be produced. These could also be occluded in occlusion bodies 
and would likely be stable similar to the baculovirus virion. Upon encountering an insect semi-permissive for virus infection, the 
retrovirus could invade the new host during abortive replication.
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species. One can imagine a situation in insects where a baculovirus abortively infects a species that might be 
semi permissive for virus replication (Figure 4). The infection could result in low levels of baculovirus 
replication that would allow mRNA expression, cDNA production and transposition of a TE from the invading 
baculovirus into host cell DNA, but the host would eventually overcome and survive the baculovirus infection. 
An example of such virus/insect combinations could be AcMNPV pathogenesis in Helicoverpa zea which is over 
1000-fold more resistant to fatal infection than Heliothis virescens (42). The primary midgut infection and 
secondary infection of the tracheal epidermis are similar in the two insects, but H. zea larvae are able to 
encapsidate infected cells, thereby limiting the infection. Under these conditions, the surviving insects could 
have been exposed to and possibly parasitized by a TE carried by the invading baculovirus, whereas in contrast, 
the carrier baculovirus would have been eliminated.

Once a retroelement integrates into a genome, they can be transcribed into RNA, reverse transcribed into cDNA 
that can integrate elsewhere in the genome. Via this process they can greatly amplify their copy number and the 
size of the genome of their host organism. Depending on the element, some TEs can transpose at a rate of from 
10_3 to 10_5 per element per generation. Consequently, they can be more significant in the production of genetic 
change that normal nucleotide base changes which are altered at about 10_8–10_9 per nucleotide per generation. 
Bursts of transpositional activity are thought to have been a major force in the evolution of new species (1). For 
example, the activation of a gypsy-like retrotransposon in plants of the genus Gossypium, which includes cotton, 
is responsible for a three-fold difference in the genome size between some species. Similarly, the amplification of 
several TE families has led to the doubling of the size of the rice genome. These elements often accumulate in 
heterochromatic regions of the genome. Such regions normally contain repetitive DNA and are transcriptionally 
inactive and include centromeres and telomeres (43).

What prevents retroelements from amplifying continuously?
The insertion of transposable elements can interrupt genes, alter regulatory regions such as promoters and 
enhancers, and disrupt patterns of splicing and 3’ transcriptional processing and therefore can be highly 
mutagenic. Mutations in germ line cells could affect the success of progeny. In somatic cells, mutations could 
cause localized disruption of cell function, or they could cause more generalized effects if they alter the 
regulation of functions such as cell division that could lead to the production of oncogenic cells. Consequently, 
molecular systems have evolved to defend cells against TEs. Therefore, although molecular evidence suggests 
that amplification of TEs is a major feature of eukaryotic genome evolution, most are eventually silenced by the 
host. If a lineage survives the invasion and amplification of a TE, at some point its further proliferation is 
quelled. This is accomplished by several epigenetic mechanisms that involve inherited processes that do not 
affect the DNA sequence. These include post-transcriptional silencing by RNAi, chromatin modifications by 
changes in DNA methylation patterns, histone modifications including methylation, and changes in chromatin 
condensation and packing. It is likely that these processes work cooperatively to both suppress transcription and 
to eliminate RNA that is expressed.

Suppression of transposable elements by DNA and histone 
methylation
Although endogenous retroviruses are normally silenced, their active transcription can be detected at different 
stages during development. For example, a number of retroelements in Drosophila show patterns of spatially 
regulated expression during embryogenesis (44). DNA methylation involves the addition of a methyl group to 
the cytocine in CpG sequences. CpG sequences are often found concentrated in ‘islands’ present in promoter 
regions. Such regions are often characterized by increased histone occupancy with a corresponding reduction in 
the binding of transcription factors. Methylated DNA can also attract methyl-binding proteins that also can 
inhibit transcription. It has been suggested that one of the primary roles for this phenomenon is to prevent 
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transcription of TEs thereby protecting the host from endogenous retroviruses, reviewed in (45, 46). Although 
some insect genomes are highly methylated, the patterns of these modifications may differ from other 
organisms. It may be associated with non-CpG dinucleotides and may not be focused on mobile sequences that 
are often heavily methylated in the genomes of vertebrates and plants (47, 48). Transcription can also regulated 
both positively and negatively by the pattern of histone methylation (49).

Suppression of transposable elements by RNA interference
Three pathways involved in RNA silencing have been identified in both mammals and insects and a major focus 
of these pathways is the suppression of endogenous transposable elements. These pathways include: i) RNA 
interference (RNAi) that employs small interfering RNAs (siRNAs) that are derived from exogenous double 
stranded RNA (dsRNA) and can act as a defense against viral infection by targeting TE RNA for degradation. In 
addition, siRNAs can also be derived from endogenous sequences and are involved in suppressing the expression 
of endogenous transposable elements in somatic cells; ii) microRNAs (miRNAs) involve endogenous small 
RNAs that repress partially complementary mRNAs(50); and iii) Piwi-interacting RNAs (piRNA) that repress 
transposons in germ line cells and can also activate transcription in heterochromatin which is a gene-poor, 
highly condensed, DNA-protein complex, reviewed in (51). Therefore, both exogenous and endogenous RNAs 
can be inactivated and different mechanisms can be involved in germ line and somatic cells.

The Argonautes: proteins with RNAse activity that are critical in 
RNA interference
Key to the function of interfering RNAs is their interaction with Argonaute proteins (52). Although in Greek 
mythology the Argonautes were sailors on the ship Argo who accompanied Jason in his search for the Golden 
Fleece, in molecular biology the term was originally used to describe the shape of the leaves of a mutant of 
Arabidopsis thaliana, AGO1, because they resembled the squid Argonauta argo (53). The Argonaute proteins 
facilitate both the processing of some micro RNAs by eliminating the non-active siRNA strand and also use 
small RNAs as guides to identify and repress complementary transcripts by degradation (via endonuclease 
activity) or by inhibition of translation. They appear to have evolved from the RNAse H family of endonucleases 
but have substituted ssRNA for ssDNA as the template to target RNA, reviewed in (52).

Suppression of transposable elements in gonadal cells
A major category of piRNAs (54) (55) include rasiRNAs (repeat associated siRNAs) that are involved in the 
silencing of transposable elements. PiRNAs map to repetitive elements throughout the Drosophila genome, 
however a limited number of loci called piRNA clusters appear to match most piRNAs. The transposons in the 
clusters involved in piRNA production appear to be truncated or defective relicts and are probably not capable of 
autonomous expression or transposition. It has been suggested that piRNAs are derived from long single 
stranded precursor RNAs in which a 5' cleavage occurs at a uridine residue. The sequence then becomes 
incorporated into a Piwi protein complex where a second cleavage occurs generating the specific size. The 
piRNA then targets the piwi complex to RNA expressed from transposable elements and can interfere with 
splicing of the retroelement (56). Further evidence for the role of Piwi type proteins in the suppression of 
transposable elements in gonadal tissue was the observation that a mutation in piwi reduced the repression of 
gypsy in restricted tissues leading to up to a 150 fold increase in gypsy RNA levels (57, 58) (54). PiRNAs have 
also been described from Bombyx mori and they appear to include a major subclass of rasiRNAs and are 
thought to be involved in transposon silencing and development of germ line cells (59, 60) (61). The evolution of 
piRNA clusters has been examined experimentally by incorporating GFP into silkworm cells via piggyBac 
transposition and then isolating cell lines. It was observed that these lines amplified piRNAs capable of silencing 
GFP providing a system to examine a pathway for the development of piRNAs against a new insertion (62). 
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Similar investigations have also been carried out with Drosophila and show that a piRNA complex can be 
activated against an invading mobile element within a single generation, reviewed in (63). Although it has been 
thought that suppression of TEs might prevent their accumulation, it has been argued that, in fact, by silencing 
their activity it promotes their incorporation by preventing the subsequent damage that they can cause. It was 
also suggested that this was important for genome expansion (64).

In Drosophila; flamenco, a source for piRNAs
A locus called flamenco controls the activity of retroviral elements gypsy (65), idefix, and zam (66). The flamenco 
locus was mapped to a region that corresponds to a piRNA cluster spanning a region of 179 kb and is comprised 
of nested transposable elements and fragments including those specific to gypsy, idefix and zam, in addition to 
other transposable element-specific sequences. Such regions are called piRNA clusters and essentially lack 
protein coding sequences and are comprised of truncated or damaged copies of TEs that appear to lack the 
capacity to be mobilized and are concentrated in the pericentromeric or telomeric heterochromatin (58, 67). 
Other loci that are involved piRNA production have also been described (68, 69) and are reviewed in (54).

Activation of endogenous retroelement sequences during a 
baculovirus infection
A major question is if the baculovirus infection influences the host cell silencing systems. In an investigation 
examining the expression of HzSNPV in hemocytes of H. virescens, it was observed that over a hundred genes 
that were differentially regulated after infection were derived from sequences related to endogenous 
retroelements. Many of these genes were upregulated from 3 to 11 fold compared to controls (70). Similarly, 
infection of Antherea pernyi with ApNPV, 12 full-length LTR-retrotransposons significantly changed their levels 
of expression with 6 being up- and 6 being down-regulated (71). Also in Helicoverpa zea cells reverse 
transcriptase activity was up-regulated after infection with HearNPV (72). This may be related to the reduction 
in piRNA population in sf21 cells 12 hpi with SpliNPV (73). This suggests that in these systems virus infection 
might relax or inhibit the silencing systems present in their host cells thereby facilitating gene expression and 
possibly amplification of endogenous TEs. This is not unexpected as viruses have been demonstrated to interfere 
with RNAi systems in a variety of organisms (74). However, it is not clear how the non-specific effects of 
baculovirus replication might influence this process. For instance, it is well documented that transcription of 
many RNA polymerase II transcribed genes is turned off as the baculovirus infection progresses (see Chapter 4 
and 10) (75-77). It has also been shown that RNA polymerase II transcripts of viral mRNA are degraded late in 
infection, e.g. see (78). This could interfere with RNAi production if it was carried out by this polymerase. How 
these characteristics of baculovirus infection might affect the RNA pol II transcripts derived from the integrated 
provirus such as TED (79) remains to be determined.

Piggybac, a transposon from Trichoplusia ni, that was originally 
isolated from a baculovirus.

Isolation of piggyBac
The adaptation of cell lines from Trichoplusia ni and Spodoptera frugiperda that were permissive AcMNPV and 
related viruses established the basis for understanding the molecular events of baculovirus replication. These cell 
systems supported both budded virus production early in infection and occluded virions later in the replication 
cycle. Because they were readily visualized, occlusion bodies provided a convenient marker of infection. As 
investigators became familiar with this system, it was noted that occlusion body mutants occasionally occurred 
in which there were fewer than the normal number of occlusion bodies produced. These were called ‘few 
polyhedra’ or FP mutants and were also characterized by elevated levels of budded virus production such that in 
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cell culture they had a selective advantage and could out compete wt virus (80, 81). Characterization of these 
mutants indicated that they were derived by the insertion of cellular DNA at a specific location in the genome. 
This locus was eventually determined to be AcMNPV orf61 that encodes a predicted protein of 214 amino acids 
(25 kDa) and was called the ‘few polyhedra’ or fp gene (11) (82). Subsequently, it was determined that one of the 
inserts, IFP2 was found in the genome of AcMNPV grown in T. ni cells. It inserted at TTAA sites that were 
duplicated upon insertion, contained 13-bp inverted terminal repeats and encoded a 594 amino acid transposase 
that could facilitate its own transposition and it was renamed piggyBac (83) (84). PiggyBac shows precise 
excision upon transposition such that the TTAA target site is not duplicated and therefore leaves no footprint 
upon removal (82) (83).

Up to 98 copies of sequences similar to piggyBac were found in the B. mori genome, although only 5 appeared to 
be complete (85). A related transposon was also identified in the silkworm genome (86) and named yabusame 
element after a type of Japanese archery performed while riding a horse. (Perhaps the bow represents the 
transposase, the arrow the transposon, DNA is the target, and the archer on the horse is the cell?). Related 
transposons have now been found in many different species from plants, insects and mammals, reviewed in (87).

Although piggyBac demonstrates limited sequence similarity with other transposon superfamilies, its 
transposase contains DDD acidic residues in its catalytic site suggesting that it belongs to the DDE superfamily 
of recombinases. In these recombinases, the acidic amino acids DDE or DDD coordinate metal ions required for 
activity (88).

PiggyBac has potential in many different systems
PiggyBac has demonstrated widespread potential as a genetic tool because of its ability to integrate into a variety 
of heterologous systems including numerous insect species (89), mammals including human (90) (91) and mice 
(92), planaria (93), the malaria parasite Plasmodium falciparum (94) and the schistosome, Schistosoma mansoni 
(95). In addition to its widespread host range, it is regarded as having great potential for applications in the 
production of transgenic animals and in gene therapy. It is normally delivered in a combination of two plasmids; 
a helper plasmid encoding the transposase and the transfer plasmid containing the transgene flanked by the 
specific inverted terminal repeats that bind the transposase that subsequently cleaves out the transgene and 
directs it to and facilitates its integration into the target site (Figure 5). The advantages of piggybac have been 
reviewed by (92) (96), and elsewhere. They include: i) its ability to be efficiently inserted into germline cells and 
the levels of insertion can be increased by optimizing the transposase codon preferences to the host species being 
engineered. In addition, the inserts are stably integrated when the piggyBac transposase is absent and there is a 
lower level of silencing of piggyBac relative to other transposons such as Sleeping Beauty or Tol2. It also has the 
potential to be engineered for more specificity of its integration site (97); ii) single copies of the transgene are 
inserted rather than concatemers that are often produced by other systems. Such multiple inserts can be 
detrimental because they can result in higher than normal levels of the expression of the insert; iii) the sites of 
integration can be rapidly identified using inverse PCR allowing rapid analysis of their potential effects at the 
integration site. iv) PiggyBac allows the integration of inserts of up to 100 kb (98), significantly larger than other 
vectors such as those derived from retroviruses and adeno associated viruses. These features have led Meir et al 
(96) to conclude ‘Collectively, piggyBac is currently the most promising DNA transposon for gene and stem cell 
therapy because of its highly effective transposition activity, large cargo capacity, ability of stably expressing 
transgene, capability to be molecularly engineered to achieve site-specific gene targeting, and the unique feature 
of generating foreign DNA-free iPSCs (induced pluripotent stem cells).’

Another DNA Transposon found in a baculovirus genome.
In the course of a genome sequencing project another DNA transposon encoding a transposase and a novel 
adjacent orf were found integrated into the genome of an NPV isolated from an oak looper, Lambdina fiscellaria 
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(99). The transposase is most closely related (49% amino acid identity) to an orf in Amyelois transitella, the navel 
orange worm moth, also a lepidopteran. The second orf was also most closely related to an orf in this same 
insect.
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