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Baculoviridae is a family of large DNA viruses that infect insects. They have

been extensively used as safe and efficient biological agents for the control of

insect pests. As a result of coevolution with their hosts, baculoviruses devel-

oped unique life cycles characterized by the production of two distinctive

virion phenotypes, occlusion-derived virus and budded virus, which are

responsible for mediating primary infection in insect midgut epithelia and

spreading systemic infection within infected insects, respectively. In this

article, advances associated with virus–host interactions during the baculo-

virus life cycle are reviewed. We mainly focus on how baculoviruses exploit

versatile strategies to overcome diverse host barriers and establish successful

infections. For example, in the midgut, baculoviruses encode enzymes to

degrade peritrophic membranes and use a series of per os infectivity factors

to initiate primary infection. A viral fibroblast growth factor is expressed to

attract tracheoblasts that spread the virus for systemic infection. Baculo-

viruses use different strategies to suppress host defence systems, including

apoptosis, melanization and RNA interference. Additionally, baculoviruses

can manipulate host physiology and induce ‘tree-top disease’ for optimal

virus replication and dispersal. These advances in our understanding

of baculoviruses will greatly inform the development of more effective

baculoviral pesticides.

This article is part of the theme issue ‘Biotic signalling sheds light on

smart pest management’.
1. Introduction
Baculoviridae is a diverse family of large DNA viruses that infect insects, and over

600 host species have been described. Based on phylogenetic analyses, Baculoviridae

is divided into four genera, including Alphabaculovirus and Betabaculovirus isola-

ted from Lepidoptera, Gammabaculovirus from Hymenoptera and Deltabaculovirus
from Diptera [1]. In nature, baculoviruses play a vital role in controlling insect

populations and they have been recommended by the Food and Agriculture Organ-

ization/World Health Organization for pest control since the 1970s. To date, over 50

baculoviral products have been applied as bioinsecticides worldwide. Baculoviruses

are environmentally friendly and highly specific to their hosts. However, problems

such as narrow host range, slow killing rates and low efficacy towards late instar

larvae have limited the application of baculoviral pesticides. Therefore, in-depth

investigations of virus–host interactions are crucial for the genetic improvement

of baculoviral pesticides.

During millions of years of coevolution with insect hosts, baculoviruses

developed unique bi-phasic life cycles characterized by the production of two

morphologically distinct virion phenotypes: the budded virus (BV) and the

occlusion-derived virus (ODV). ODVs are embedded within a protective pro-

teinaceous matrix to form occlusion bodies (OBs). In nature, ingested OBs are

dissolved under the alkaline conditions in insect midguts to release ODVs,

which initiate primary infection (or per os infection) of midgut columnar epi-

thelial cells (from the apical side). BVs are then produced and released from

the basolateral side of the infected midgut epithelial cells to infect other tissues,

resulting in systemic infection within the larval body [2]. BVs and ODVs share
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Figure 1. Model of how baculoviruses overcome different host barriers to establish successful infections. After being ingested by susceptible larvae, OBs are dissolved
under the alkaline conditions of the insect midgut to release ODVs. Two enzymes (enhancin and ODV-E66) can degrade the PM to allow the access of ODV to the
midgut epithelia. Primary infection is then initiated by a group of ODV-specific envelope proteins (PIFs) (A). To egress from the BL barrier at the basal side of the
midgut epithelial cells, baculoviruses use vFGF for the chemotaxis of tracheoblasts to facilitate BV passage, and they use BV-specific envelope proteins (GP64 or F
proteins) to spread systemic infection (B). Baculoviruses exploit different strategies to suppress host defence systems, including melanization, apoptosis and RNAi for
efficient virus replication (C). Baculoviruses can also regulate host physiology and behaviour, such as inducing a ‘tree-top disease’ via PTP and EGT (D) and
‘liquefaction of infected larval bodies’ by chitinase and cathepsin (E) for optimal virus dispersal. BL: basal laminae; BV: budded virus; ODV: occlusion-derived
virus; OB: occlusion body; PM: petritrophic membrane. Viral proteins are in red.
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identical genomes but differ with regard to envelope protein

composition, which determines the tissue-tropisms of these

two virion phenotypes [3].

To establish a successful infection, baculoviruses must over-

come several host defence barriers within insects. For example,

the midgut is protected by a layer of dense extracellular matrix

called the peritrophic membrane (PM) and the haemocoel is sep-

arated from the midgut by basal laminae (BL). In addition, the

powerful innate immune system of insects poses another barrier

to baculovirus infection. Correspondingly, baculoviruses have

evolved versatile strategies to overcome these barriers as well

as finely regulated host physiology and behaviours to favour

optimal virus replication and transmission (figure 1). In this

review, we summarize the advances of baculovirus–host inter-

actions, particularly how baculoviruses overcome hosts defence

systems to achieve successful infection.
2. Primary infection
(a) Cross the peritrophic membrane barrier
After being ingested by susceptible host insects, ODVs

released from OB must first pass through the PM before
they gain access to midgut cells (figure 1, A). The PM is a

thin extracellular mucinous matrix comprised of chitin, glyco-

proteins and proteoglycans, which regulates the passage of

nutrients and serves as a defensive barrier against ingested

pathogens, including viruses. The PM pore sizes of lepidop-

teran insects are much smaller than ODV sizes, thus

preventing the direct passage of ODVs. Accordingly, baculo-

viruses have developed their own approaches to overcome

the PM barrier, as evidenced by the degradation of PM pro-

teins and increase in PM permeability in the infected larvae.

To date, two kinds of OB/ODV-specific proteins are thought

to play pivotal roles in PM penetration by baculoviruses.

Enhancin (also called the ‘synergistic factor’), first found

in betabaculoviruses, is a virus-encoded metalloproteinase

that can enhance infection potency by degrading the PM.

Enhancin appears to proteolyse insect intestinal mucin,

a major mucinous protein constituent of the PM, and

increase the permeability of the PM to facilitate baculovirus

infection [4]. Enhancin is identified in approximately 30% of

lepidopteran baculoviral genomes, and several baculoviruses

contain multiple copies of enhancin genes. In contrast to beta-

baculoviruses, of which enhancins are enriched in the OB

matrix, the counterpart in an alphabaculovirus (Lymantria
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dispar nucleopolyhedrovirus, LdMNPV) was associated with

the ODV envelope. The OB matrix or ODV envelope resi-

dence might allow enhancin to immediately interact with

PM after ODV release. Since enhancins can increase the infec-

tivity of heterologous baculoviruses, they are potentially

adjuvants for baculoviral insecticides.

ODV-E66 is one of the major ODV-specific envelope pro-

teins and is conserved in all lepidopteran baculoviruses. The

deletion of odv-e66 resulted in a significant decrease in Autogra-
pha californica multiple nucleopolyhedrovirus (AcMNPV) oral

infectivity [5]. ODV-E66 proteins of AcMNPV and Bombyx
mori nucleopolyhedrovirus (BmNPV) were identified as sub-

strate-specific endo-chondroitin lyses [6,7], and the crystal

structure of AcMNPV ODV-E66 resembles that of a polysac-

charide lyase [8]. In vitro biochemistry analyses showed that

BmNPV ODV-E66 could digest chondroitin sulfates from silk-

worm PM, suggesting that ODV-E66 functions by destroying

the PM of the host’s midgut to facilitate ODV infection [7].
 oc.B
374:20180324
(b) Infection of midgut epithelia
After crossing the PM barrier, baculovirus ODVs are able to

establish primary infection within the midgut epithelia of host

insects. This process is largely dependent on a group of ODV-

specific envelope proteins called per os infectivity factors

(PIFs). To date, nine PIFs (P74 (also called PIF0) and PIF1–8)

have been identified as conserved in all baculoviruses

sequenced thus far [9,10]. These PIFs vary considerably in

their molecular weights (ranging from approximately 7 kDa of

PIF7 to approximately 95 kDa of PIF8) and protein sequences

[9]. However, deletion of any one of the individual PIFs leads

to substantial impairment or complete loss of oral infectivity.

ODV enters the midgut epithelial cells via direct mem-

brane fusion between the ODV envelope and the host cell

membrane. To date, the detailed role of each PIF during per
os infection remains largely enigmatic, and no specific

insect receptors have been identified. Among PIFs, P74,

PIF1 and PIF2 may be involved in the specific binding of

ODV to midgut cells. P74 undergo proteolysis during ODV

entry, and cleavage is probably critical for its optimal func-

tion [11,12]. It is known that many viral envelope fusion

proteins (EFPs) require proteolytic cleavage for the activation

of their fusogenic activities, and P74 seems to comply with

this feature. However, whether it functions as an actual

ODV fusion protein requires further investigation.

Similar to those in other large DNA viruses, such as pox-

viruses and herpesviruses, which also encode multiprotein

entry-fusion complexes, PIFs interact with each other and

might act in concert during the entry of ODVs into midgut

epithelial cells. A PIF complex of approximately 480 kDa was

identified, and it contains at least eight PIFs, including PIF0–4,

PIF6–8, while PIF5 was excluded from the complex [10,13–15].

The formation of an intact PIF complex may provide individual

PIFs with resistance to proteolytic degradation under the alkaline

conditions of the insect midgut [16].

Interestingly, homologues of certain PIFs are also present

in other inveterate large DNA viruses, including white spot

syndrome virus, salivary gland hypertrophy virus, Apis
mellifera filamentous virus, bracovirus and nudivirus [9].

The widespread occurrence of PIFs suggests that PIF-

mediated per os infection is an ancient and evolutionarily

conserved entry mechanism shared by these invertebrate

DNA viruses.
3. Systemic infection
(a) Central role of tracheae in spreading systemic

infection
After infection of midgut epithelial cells, BV particles bud from

the basolateral side to spread the infection systemically within

infected larval bodies. Insect haemocytes were previously mis-

taken as factors that mediate the systemic dissemination of

baculovirus [17]. However, the results of subsequent studies

suggested that the host tracheal system serves as a conduit

for the spread of the virus to other tissues [18] (figure 1, B).

A layer of tight, semi-permeable fibrous extracellular

matrix called the BL occurs on the basal side of the midgut epi-

thelium. The BL comprises various glycoproteins secreted by

midgut epithelial cells. Similar to the PM, the BL provides a

protective barrier that prevents the escape of pathogens

from the midgut into haemocoelic tissues. To establish a suc-

cessful systemic infection, baculoviruses must bypass the BL

barrier. Considering the small size of the pore in the BL (less

than 15 nm in diameter), direct penetration by the virus is

unlikely to be an efficient route. Insect tracheal cells have

long extensions that penetrate the midgut-associated BL,

and this could provide a channel for virus particles to circum-

vent the BL barrier. Using a lacZ-expressing recombinant

AcMNPV, Engelhard et al. [18] showed that secondary infec-

tions always originated from tracheoblasts and proceeded

along tracheal branches, followed by infections in haemo-

cytes and other tissues [18]. Similarly, in BmNPV-infected

Bombyx mori larvae, infections were only observed in tissues

that were in contact with tracheae, but not in those without

associated tracheae [19]. These results suggest a major role

of the trachea in spreading systemic infection.

Viral fibroblast growth factor (vFGF) is a baculovirus-

encoded protein that facilitates virus dissemination from

infected midgut epithelial cells to other tissues. FGFs are a

large family of growth factors that play diverse roles in regulat-

ing cell proliferation, migration and differentiation. FGFs are

widespread in vertebrates and invertebrates, but their viral

homologs (vFGFs) have only been identified in baculoviruses.

Deletion of vfgfs from baculoviruses significantly delayed the

speed of host insect killing [20,21]. vFGFs probably function

via a two-step mechanism: (i) attract tracheoblast migration

towards infected midgut cells; and (ii) stimulate a signalling

cascade involving the activation of matrix metalloproteases

and effector caspases, resulting in the degradation of the BL

barrier and acceleration of the establishment of systemic infec-

tion [22]. Host factor Breathless, a receptor for FGF in

Drosophila, was found to be required for vFGF-induced cell

migration activity in vitro and suggested to be a receptor for

vFGF [23]. It has been proposed that vfgfs might be captured

by baculoviruses from insect hosts. They are found in most

alphabaculoviruses and betabaculoviruses, but not in gamma-

baculoviruses and deltabaculoviruses which are more ancient,

and midgut-restricted baculoviruses. The acquisition of vfgfs
by alphabaculoviruses and betabaculoviruses might be an evol-

utionary advantage that contributed to virus dissemination and

pathogenesis as well as host range expansion.
(b) Budded virus-specific envelope fusion proteins
The entry of BV into host cells is mediated by specific EFPs,

namely GP64 or F proteins. These two types of EFPs play
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similar essential roles during virus infection processes such as

virus-cell receptor binding, low pH-dependent membrane

fusion and efficient budding. However, they are quite differ-

ent in their distributions, protein sequences/structures and

modes of action.

GP64 homologues are closely related EFPs (greater than

74% amino acid identity), and they only occur in Group I

alphabaculoviruses. Crystal structure analysis revealed that

GP64 belongs to class III viral fusion proteins [24]. By con-

trast, F protein homologues are much less conserved (20–

40% amino acid identity), but they are more widely spread

throughout the Baculoviridae (Group II alphabaculoviruses,

betabaculoviruses and deltabaculoviruses). F proteins share

common features of class I viral fusion proteins, and they

require the proteolytic cleavage by a furin-like protease to

activate fusogenicity [25]. Interestingly, apart from GP64,

Group I alphabaculoviruses also encode non-fusogenic F pro-

teins, designated as F-like proteins. Although their precise

functions remain still unclear, F-like proteins appear to

have an auxiliary function for virus infection, as evidenced

by enhancing viral infectivity both in vivo and in vitro [26,27].

Evolutionary hypotheses suggested that F proteins might

be ancestral baculovirus fusion proteins, while gp64 seemed

to be a recent acquisition by Group I alphabaculoviruses.

The acquisition of gp64 led to the inactivation of fusogenic

F proteins to F-like protein. This hypothesis was supported

by the experimental reconstruction of a possible major step

in the evolution of baculoviruses [28] and by the recent dis-

covery of a betabaculovirus containing both functional F

protein and GP64 [29]. It was speculated that gp64 entered

ancestral baculoviruses via recombination with arboviruses,

specifically thogotoviruses, which also employ GP64 homo-

logs (GP75) as their EFPs [30]. The functional analogy

between GP64 and F proteins is not reciprocal, because F pro-

teins could readily replace the function of GP64 [31,32].

However, GP64 is unable to efficiently substitute Group II

alphabaculovirus F proteins by itself [33].

Numerous efforts have been made towards the identifi-

cation of baculovirus cellular receptors. Current data suggest

that negatively charged host cell surface molecules, such as

phospholipids, are involved in baculovirus entry [34].

A recent report found that a host membrane protein, BmREEPa,

could interact with GP64 and facilitate the entry of BmNPV into

silkworm cells [35]. Regarding F proteins, it seems that they

exploit a distinct cellular receptor from GP64 to gain entry

into cells [36]. However, the specific cellular receptors for

both GP64 and F proteins remain to be discovered.
4. Modulation of host defence systems
Insect hosts possess powerful innate immune systems that

combat viral infections. These include RNA interference

(RNAi), apoptosis, autophagy, melanization and a series of

conserved immune signalling pathways (Jak/STAT, NF-kB

mediated Toll and Imd pathways), etc. [37]. To date, a

humoral immune response, melanization and two cellular

mechanisms (RNAi and apoptosis) have been implicated

as host defences against baculoviruses. Correspondingly,

baculoviruses developed multiple strategies to antagonize

these defence systems (figure 1, C). A recent review also

summarizes research progress on the interactions between

baculoviruses and host immune systems [38].
(a) Melanization
Melanization is a unique innate defence mechanism in invert-

ebrates, which encapsulates and kills invading pathogens

and parasites. Melanization pathways consist of a cascade

of serine proteases that convert prophenoloxidase (PPO)

into active phenoloxidase (PO), further catalysing the for-

mation of melanin. PPO is mainly present in the

haemolymph, and it probably makes up the first line of the

insect defence system. Melanization has been demonstrated

to play an important role in the protection of insects against

baculovirus infection. In vitro studies showed that melanized

insect haemolymph could completely inactivate baculovirus

infectivity [39]. In AcMNPV-infected resistant larvae, signifi-

cant melanization and encapsulation were found in the

tracheal epidermis, which limited the spread of infection to

haemocytes and other tissues [40]. However, this phenom-

enon was not found in virus-infected permissive larvae,

suggesting that baculoviruses developed effective strategies

to antagonize melanization responses during the coevolution

of viruses and their hosts. A recent report suggested that

Helicoverpa armigera nucleopolyhedrovirus (HearNPV) inhib-

ited host melanization pathways via two mechanisms: (i)

global downregulation of expression of genes involved in the

melanization pathway; and (ii) simultaneous upregulation of

specific negative regulators (serine protease inhibitors, serpins)

associated with this pathway [39]. Interestingly, a serpin ortholo-

gue has been found in the genome of a baculovirus, which

exhibited inhibitory effects to a subset of host serine proteases,

including those possibly involved in the melanization pathway

[41]. A viral conotoxin-like gene encodes a small cysteine-rich

polypeptide abrogates insect haemolymph melanization with

unknown mechanisms [42].

(b) Apoptosis
Apoptosis is programmed cell death, which is important for

the development and immunity of multicellular organisms.

Apoptosis is executed by a cascade activation of initiator and

effector caspases, and the activation is regulated by cellular

inhibitors of apoptosis proteins (IAPs). During baculovirus

infection, viral DNA replication triggers host DNA damage

responses, which result in the depletion of cellular IAPs and

the initiation of apoptosis [43,44]. Moreover, baculoviruses

encode several suppressors to inhibit apoptosis. The first ident-

ified baculovirus suppressor of apoptosis was P35 [45], which

inhibits apoptosis via the inactivation of a wide range of effec-

tor caspases. The P35 protein family also contains a highly

divergent homologue, P49. Unlike P35, P49 inhibits both

initiator and effector caspases. Another baculovirus apoptosis

suppressor, Apsup, inhibits initiator caspase [46]. Apart from

P35 family proteins, baculovirus also encoded another type

of apoptosis suppressor, IAPs. In fact, IAPs were first identified

in baculoviruses before their counterparts were identified in

cells [47]. Unlike P35, P49 and Apsup which are present in

only a few baculoviruses, IAPs exist in most baculoviruses.

Baculovirus-encoded IAPs are phylogenetically classified into

five lineages (iap1–5). Among these, IAP3 is the most widely

spread and its anti-apoptotic activity has been confirmed

in many baculoviruses. The model of action of IAP3 appears

to be interacting with and stabilizing cellular IAPs, thereby

suppressing apoptosis [48]. Some IAPs do not appear to

block apoptosis and they even trigger apoptosis in certain

cases [49].



5

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.So
(c) RNA interference
The RNAi-based antiviral response plays an important role in

the infection of insects by many RNA viruses and some DNA

viruses. Deep sequencing of baculovirus-infected larvae

resulted in the discovery of a large quantity of viral short-

interfering RNAs (v-siRNAs). Moreover, the knock-down of

Dicer-2, which is responsible for siRNA processing, signifi-

cantly enhanced viral DNA replication, suggesting that RNAi

acts as a host defence mechanism against baculovirus infection

[50]. Subsequent experiments indicated that AcMNPV infection

could inhibit RNAi response of host cells, and viral protein

P35 is a broadly active viral suppressor of RNAi. The mechan-

ism that allows P35 to inhibit the RNAi response is not clear at

the moment, but it is downstream in the RNAi pathway and

independent of the P35 anti-apoptotic activity [51]. In addition,

baculoviruses also encode microRNA, another type of RNAi

response, to regulate a wide variety of viral or cellular genes

for optimal replication [52].
c.B
374:20180324
5. Manipulation of host physiology
and behaviour

(a) Prevention of host insect moulting
Insects stop feeding and sometimes even fail to survive

during the moulting stage, and this is unfavourable for the

optimal replication of baculoviruses. Virus-encoded ecdy-

steroid (UDP)-glucosyltransferase (EGT) is able to catalyse

the sugar conjugation of ecdysteroids, resulting in the inacti-

vation of moulting hormones [53]. Consequently, normal

insect moulting is blocked in virus-infected larvae, leading

to prolonged insect feeding times and increased yield of

viral progeny. When egt is deleted, the efficacy of baculoviral

pesticides could be significantly improved, as evidenced by

considerably reduced feeding and earlier mortality compared

to wild-type viruses [54]. Considering the widespread

presence of egt homologues in diverse insects, baculoviruses

probably captured this gene from their host insects to achieve

maximum proliferation.

(b) Enhanced locomotory activity and virus
dissemination

Baculoviruses have long been known to induce enhanced

locomotory activity (ELA) of infected host insects. Infected

larvae exhibit ‘hyperactivity’ and ‘tree-top disease’ (climb to

the top or edge of leaves before dying), and these behaviour

changes are thought to increase the dispersal of OBs after the

death of the infected larvae. Two viral proteins have been

implicated in inducing ELA of hosts (figure 1, D).

A baculovirus-encoded protein tyrosine phosphatase (PTP),

is responsible for the enhanced ‘wandering-like’ behaviour.

Silkworms infected with BmNPV showed increased ELA at

the late stage of virus infection, with the highest intensity occur-

ring approximately 12–24 h before death. Via the systematic

screening of a gene-knockout library of BmNPV, a ptp-deletion

mutant was found to have almost completely eliminated host

ELA, and the effect of ELA could be enhanced by light [55].

The ptp-induced host ELA is probably an evolutionarily con-

served mechanism associated with a subset of baculoviruses

[56]. However, its mode of action may differ among various

baculoviruses. In BmNPV, the phosphate activity of PTP is
dispensable for ELA induction [57], while in AcMNPV, which

contains a PTP with 97% amino acid identity with the

BmNPV homologue, the catalytic activity of PTP is required

for the induction of hyperactive behaviour [56]. Homologues

of ptp are only present in Group I alphabaculoviruses, and ptp
is probably another example of a captured gene from insect

hosts. A host-derived PTP homologue could partially rescue

the ELA of a ptp-deleted BmNPV [55]. Furthermore, PTP may

be involved in a variety of signalling pathways that regulate

diverse physiological processes, but how this enzyme induces

ELA by influencing these pathways remains unclear.

Tree-top disease, also coined as ‘Wipfelkrankheit,’ was first

reported in Germany in the late nineteenth century. Until

2011, the egt gene of a Group II alphabaculovirus (LdMNPV;

lacks a ptp gene) was discovered to be involved in this behaviour.

The egt-deletion LdMNPV-infected Lymantria dispar larvae died

at low positions, while the wild-type virus-infected larvae died

at elevated positions [58]. Similar effects of egt on tree-top disease

were also observed in Spodoptera exigua nucleopolyhedrovirus

(SeMNPV)-infected Spodoptera exigua larvae [59]. However, in

AcMNPV-infected Trichoplusia ni and S. exigua, the virus-

induced tree-top disease was not affected by the egt gene [60].

Instead, the climbing behaviour appeared to be moulting-

related. Using RNAi and exogenous hormone treatment, a

recent report showed that 20-hydroxyecdysone (20E), a substrate

of EGT, inhibited virus-induced tree-top disease in HearNPV-

infected larvae [61]. One possible explanation is that the higher

20E hormone titre may trigger apolysis, leading to an immobi-

lized state of larvae and death at lower positions. These results

suggested that EGT-induced tree-top disease might, to some

extent, be an indirect effect of 20E-mediated moulting.

ELA is thought to promote the transmission of baculo-

viruses because insects climbing to the top of the tree

enhance visibility to predators. Furthermore, when they die,

foliage or soils are contaminated with OBs. After death,

larval tissues undergo liquefaction at the final stage of infection,

a process mainly mediated by two additional virus-encoded

enzymes, chitinase and cathepsin [62,63] (figure 1, E). A typical

baculovirus-infected larval corpse may contain more than 100

million progeny OBs after liquefaction, and they are released

to the environment, waiting to be indigested by susceptible

hosts to initiate another round of the infection cycle.
6. Conclusion and future perspectives
Baculoviruses have co-evolved with their insect hosts for over

300 million years. They encode an excessively large number of

genes and have adapted dedicated mechanisms to precisely

regulate the physiology, immunity and behaviours of insects

to favour their own replication and dispersal. As summarized

in figure 1, to gain access to the midgut, baculoviruses encode

two enzymes (enhancin and ODV-E66) to degrade the PM,

and then a group of ODV-specific envelope proteins (PIFs) is

used to initiate primary infection (figure 1, A). To overcome

the BL barrier, baculoviruses express vFGF to attract tracheo-

blasts as the conduit for BV passage, and they use BV-specific

envelope proteins (GP64 or F proteins) to mediate systemic

infection (figure 1, B). Baculoviruses exploit diverse strategies

to suppress host defence systems, including melanization, apop-

tosis and RNAi for efficient virus replication (figure 1, C). In

addition, baculovirus can also manipulate host physiology

and behaviour, such as inducing a ‘tree-top disease’ (PTP and
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EGT) (figure 1,D) and the ‘liquefaction of infected larval bodies’

(chitinase and cathepsin) (figure 1, E) for optimal virus trans-

mission. Interestingly, some of these mechanisms seem to be

‘learned’ from their hosts or other symbiotic organisms.

Over the past few decades, remarkable achievements have

been made regarding the different aspects of baculovirus–host

interactions, but these insights have raised a series of really

interesting questions. For example, what are the structures

and functions of the PIF complex? What are the cellular recep-

tors for ODV and BV entry? Are there more virus factors

involved in the modulation of antiviral immunity and the

manipulation of host behaviours? With the development of

more advanced technologies, such as modern genomic/meta-

bolic/proteomic approaches, Cryo-EM, Crispr-Cas9, etc., these

issues are expected to be addressed in the near future. The
answers will undoubtedly provide new insights into baculo-

virus infection mechanisms, and they will also shed light on

the improvement of baculoviral pesticides.
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