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PIF8 to the core of the entry complex
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Abstract
Oral infection of caterpillars by baculoviruses is initiated by occlusion-derived virus particles (ODVs) that infect midgut epithelium cells. The ODV envelope therefore contains at least ten different proteins, which are called per os infectivity factors (PIFs).
Nine of these PIFs form the so-called ODV entry complex that consists of a stable core formed by PIF1, 2, 3 and 4, to which
the other PIFs [PIF0, 6, 7, 8 and 9 (ac108)] bind with lower affinity. PIF1 and 2 are not only essential for complex formation, but
also mediate ODV-binding to the epithelial brush border, probably via the C-termini. To study the involvement of these PIFs
during midgut infection in greater detail, we assessed the oral infectivity and the ability to form the complex of a series of PIF1
and PIF2 C-terminal truncation mutants of Autographa californica multiple nucleopolyhedrovirus (AcMNPV), which were constructed in this study. Limited truncation of either PIF1 or 2 already severely impaired the ODV oral infectivity, but did not affect
the formation of the core complex. However, the entry complex as a whole was not assembled in these mutants as PIF0 and 8
failed to bind to the core. This suggests that the interactions between the core and the loosely associated PIFs are important
for the ODV infectivity and that complex formation complicates the determination of the exact roles of PIF1 and 2 during midgut
infection. We also showed that the presence of PIF0, 6 and the ZF-domain of PIF8 are crucial for complex formation.

The entry mechanism of ODVs into midgut epithelial cells
is poorly understood due to its complexity as it involves at
least ten different viral proteins. As each of these proteins
is of specific importance for oral infectivity, they are called
per os infectivity factors (PIFs). In the Autographa californica
multiple nucleopolyhedrovirus (AcMNPV) the ten PIFs and
their specific genes are: PIF0 (or P74, encoded by the AcMNPV
gene ac138), PIF1 (ac119), PIF2 (ac22), PIF3 (ac115), PIF4
(ac96), PIF5 (ODV-E56/ac148), PIF6 (ac68), PIF7 (ac110),
PIF8 (P95/ac83) and PIF9 (ac108) [2–13]. When OBs of a pif
deletion mutant are orally administered to larvae, the infection fails. However, in cultured insect cells the deletion of a pif
gene does not affect the production of ODVs or OBs, nor the
production and infectivity of BVs [2, 4–6, 8, 9, 11, 12]. PIF8
is the single exception as this protein is besides being crucial

Introduction
Baculoviruses are double-stranded DNA viruses that orally
infect the larvae of lepidopteran, hymenopteran and dipteran
insect species when these eat plant material, contaminated
with viral occlusion bodies [1]. The protein matrix of the
occlusion bodies (OBs) dissolves in the highly alkaline
environment of the midgut lumen, resulting in the release
of occlusion-derived viruses (ODVs). These ODVs then
bind and fuse with the microvilli of midgut epithelial cells to
initiate a primary infection of the larval midgut. The midgut
epithelial cells then produce a second type of virus particle,
the budded viruses (BVs), which systemically spread the
infection to other tissues in the larva.
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for oral infectivity, also involved in nucleocapsid assembly
[9, 10]. These two functions are performed by two separate
domains, of which the zinc-finger (ZF-) domain is crucial for
oral infectivity [10].

of AcMNPV PIF1 and PIF2 C-terminal truncation mutant
viruses, of which the ODVs were analysed for the presence
of the core and entry complex and for oral infectivity. This
revealed that upon truncation of one of these PIFs, the two
loosely associated components PIF0 and 8 failed to bind to
the core and oral infectivity was abolished. The involvement
of PIF0, 4, 6 and PIF8 in complex formation was also studied.

PIF0, 1 and 2 have been shown to be required for the binding
of ODVs to the brush border of the midgut epithelial cells
during midgut infection [5, 14, 15]. Immunogold labelling
analysis of isolated ODVs with PIF1 and PIF2 antiserum
indicated that those two PIFs are directed outwards from the
ODV envelope [16]. This corresponds with in silico data, in
which these proteins were predicted to point outwards from
the ODV envelope, making these available for interaction
with the larval host in the midgut [17]. PIF0 was predicted
to be inserted in the ODV envelope via its C-terminal transmembrane domain, so that the N-terminal part of this protein
points outwards. PIF1 and 2 are predicted to be N-terminally
inserted in the ODV envelope, with their C-termini sticking
out.

Methods
Virus, insect cells and Lepidopteran larvae
The pif1- and pif2-deletion bacmids have previously been
described in [16] and have the AcMNPV bacmid bMON14272
as their backbone. The HA-tagged PIF8 and the truncation
mutant bacmid have been described in [10]. Sf21 cells were
cultured in T25 flasks with Grace’s medium (Fisher N.V.),
supplemented with 10 % FBS and 50 µg ml−1 gentamycin.
Sf21 suspension cultures were grown in Sf900II medium
(Fisher N.V.) supplemented with 5 % FBS and 50 µg ml−1
gentamycin. Spodoptera exigua larvae were reared on artificial
diet in a 26 °C climate room with 40 % humidity and a 16 : 8 h
(light:dark) photoperiod.

Nine of the ten PIF proteins form a large complex in the ODV
envelope. This so-called ODV entry complex consists of a stable
core, formed by PIF1-4, and five other PIFs (PIF0 and PIF6-9)
that bind to the stable core with lower affinity [12, 13, 16–19].
PIF5 is not a component of the entry complex [18]. PIF1-3 are
essential for formation of the stable core and still interact with
each other in absence of PIF4 (16, 18). Furthermore, the core
complex appears to be highly stable, since it remained intact
when isolated ODVs were partially denatured by treatment
with 8 % SDS and 5 % 2-mercaptoethanol and heating up to
75 °C [16, 19]. The complete entry complex can only be found
under non-denaturing conditions as the more loosely associated components dissociate from the core upon treatment
with SDS [18, 19]. Therefore, PIF0, 6, 7, 8 and 9 were only
detected as part of the entry complex by blue native (BN)-
PAGE analysis and by mass spectrometry as co-immune
precipitants of PIF1 (12, 13, 17–19). Further examination
of the entry complex under non-
denaturing conditions
also showed that PIF4, the ZF-domain of PIF8 and PIF9 are
essential for formation of the complex [10, 12, 13, 18]. PIF1
and 2 are essential for formation of the entry complex and
are important for ODV binding to the midgut epithelium.
We questioned whether these two PIFs are directly involved
in ODV-binding, possibly via the exposed C-termini, or
indirectly by the binding of other PIF proteins to these
C-termini. Most baculoviruses have a narrow host range and
the ODV-binding capacity seems a host range determinant, as
the resistance of Spodoptera frugiperda larvae to oral infection
with AcMNPV was attributed to aberrant ODV binding when
compared to the Spodoptera frugiperda multiple nucleopolyhedrovirus (SfMNPV) [20]. The amino acid sequence of PIF1
and 2 of these two alphabaculoviruses are highly similar, but
show (slightly) more variation at the C-terminal parts than
at the N-terminal parts [see alignments and truncation sites
in Figs S1a and S1b, (available in the online version of this
article)]. It was therefore hypothesized that the more variable
C-terminal parts of PIF1 and 2 are involved in ODV binding
and the more conserved N-terminal parts in complex formation. This hypothesis was tested by the construction of a series

Construction of recombinant bacmids
The recombinant bacmids were constructed via the Bac-to-Bac
system (Invitrogen) with pif1 and pif2 deletion bacmids that
were partially or completely repaired with the respective genes.
In the truncation mutants, the pif1 or pif2 deletion bacmids
were repaired with truncated versions that lacked increasing
portions of the 3′end of the coding sequence. To this end,
the required parts of the ORFs proceeded by the putative
promoters (150 bp upstream of the ATG start codon) were
amplified by PCR with Phusion polymerase (Invitrogen). The
used primers are listed in Table 1 with underlined the NcoI
and SphI restriction sites that were introduced for cloning
purposes. The amplicons were cloned into a pJET vector
(ThermoFisher) for sequence confirmation. The inserts were
then re-cloned via the NcoI and SphI restriction sites into a
modified pFastBacDual vector (Invitrogen). In this vector,
the p10 promoter was deleted and the ORF of the polyhedrin
(polh) gene was inserted downstream of the polh promoter
as described by [16] (pFBDΔp10-polh). The resulting plasmids were used to construct the recombinant bacmids via
Tn7-mediated transposition, using the Bac-to-Bac system
(Invitrogen).
Virus proliferation and purification
Sf21 cells were transfected with the constructed bacmids by
using Expres2TR (Expres2ion Biotechnologies) as transfection reagent to generate BV-stocks of the recombinant viruses
that were amplified by an additional infection round in Sf21
cells. OBs were produced by infection of 80 ml suspension
cultures with a density of 1.5×106 Sf21 cells ml−1 with a m.o.i.
of 5 TCID50 units/cell. After a week of incubation at 27 °C,
the cells were pelleted by centrifugation at 4000 g for 30 min
and lysed by incubation in 0.1 % SDS for 2 h at 37 °C with
gentle agitation. For complete lysis, the cells were sonicated
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with NuPAGE Transfer buffer (Invitrogen) according to the
manufacturer’s protocol.

Table 1. Primers used to amplify 3′truncated versions of pif1 and pif2
Primer
name

Sequence (underlined: NcoI and SphI restriction sites)

Ac-PIF1-Fw

CATCCATGGAATTGCAAACAAAACCACGTAC

Ac-PIF1-
FULL-Rv

CTAGCATGCTTATACAGAGTAGTTGGGGTAAGTTTC

Ac-PIF1-
V459-Rv

CTAGCATGCTTATACACACCACGAGTTGGTG

Ac-PIF1-
F423-Rv

CTAGCATGCTTAGAAGCATACCGGCTGAGC

Ac-PIF1-
A314-Rv

CTAGCATGCTTAAGCGTTCGCGACGG

Ac-PIF2-Fw

GAGCCATGGCGCGTATCTGCTGTCTATCAC

Ac-PIF2-
Full-Rv

GAGGCATGCTTAAGATAACTGCCCTCTGACG

Ac-PIF2-
N358-Rv

GAGGCATGCTTAGTTGATGCCGTTGCGC

Ac-PIF2-
P351-Rv

GAGGCATGCTTAAGGGTAGGAGCCGGG

Co-immunoprecipitation
For CoIP analysis, ODVs were released from 5×108 OBs
and purified and fractionated as described above. However,
instead of using the extraction buffer, the 500 µl IP buffer
(25 mM Tris, 150 mM NaCl; pH 7.2) containing 0.5 % Triton
X-100, was used to fractionate the ODVs by a 2 h incubation at 4 °C with gentle rotation. In parallel, 30 µl of PIF1
antiserum was mixed with 40 µl bed-volume of Protein G
agarose beads (Pierce) in 500 µl IP buffer and incubated at
4 °C for 2 h. After incubation, the Protein G agarose-antibody
complex was collected by centrifugation at 1000 g for 2 min
and washed with 1 ml IP buffer. The ODV-envelope protein
suspension was centrifuged at 20 800 g for 25 min to pellet
the nucleocapsids and 450 µl supernatant was mixed with the
Protein G agarose-antibody complex and incubated overnight
at 4 °C with gentle rotation. For the HA-tagged PIF8 viruses,
the ODV envelope was isolated as described above and incubated overnight with anti-HA magnetic beads in IP buffer
(Invitrogen) at 4 °C. The remaining 50 µl of the supernatant
was kept as input control. Next day, the agarose or magnetic
beads were collected and washed for three times with 1 ml IP
buffer. The captured proteins were eluted in 100 µl Laemmli
buffer by heating at 95 °C for 10 min. The samples were separated in 12 % SDS-PAGE gels and analysed by Western blot
analysis.

for 1 min at 7 W as verified by light microscopy. The OBs were
pelleted by centrifugation at 4000 g for 30 min and washed
three times with Milli Q water. The OBs were further purified
by centrifugation over a 30–60 % (w/w) sucrose gradient in
a Beckmann SW32 rotor at 90 000 g for 1 h at 4 °C. The band
with OBs was withdrawn from the gradient with a Pasteur
pipette and subsequently pelleted by centrifugation at 4000
g for 30 min.

Western blot analysis
Western-blot analysis with antisera against various PIF-
proteins were used as previously described in Peng et al. [16].
In brief, anti-PIF0- (1 : 1000 dilution) and anti-PIF8 antibodies
(1 : 2000 dilution), both produced in rabbit, and anti-HA
(1 : 2000 dilution, Roche 3F10), anti-PIF1 (1 : 2000 dilution)
and anti-PIF2 (1 : 1000 dilution) produced in rats, were used as
primary antibodies. Goat anti-rabbit (1 : 2000 dilution; Dako)
and goat anti-rat (1 : 2000 dilution; Sigma A8438), conjugated
to alkaline phosphatase, were used as secondary antibodies
for detection of the proteins of interest by conversion of NBT-
BCIP substrate in a blue-purple coloured precipitant in AP
buffer (0.1 M Tris-HCl, 0.1 M NaCl, 5 mM MgCl; pH 10.5).

SDS-PAGE and blue native-PAGE analysis
ODVs of approximately 3.0×108 OBs were isolated and fractionated as previously described [12]. In brief, the ODVs were
released from the OBs by treatment with alkaline DAS buffer
(0.1 M Na2CO3, 166 mM NaCl and 10 mM EDTA; pH 10.5)
to dissolve the polyhedrin matrix and pelleted by centrifugation at 20 800 g for 25 min at 4 °C. The ODVs were then
fractionated by resuspension in 50–100 µl extraction buffer
(6.25 mM Tris, 37.5 mM NaCl, 0.5 % Triton-X100; pH 7.2) and
incubated overnight at 4 °C with gentle rotation. The next day,
the nucleocapsids were pelleted by centrifugation at 20 800 g
for 20 min at 4 °C and the envelope proteins in the supernatant was split and mixed with either 4× Laemmli buffer for
SDS-PAGE analysis or 4× BN-PAGE sample buffer (200 mM
Bis-Tris, 64 mM HCl, 200 mM NaCl, 40 % glycerol, 0,004 %
Ponceau S; pH 7.2), supplemented with 5 % Coomassie G250
in 1 : 50 ratio, for BN-PAGE analysis. Prior to SDS-PAGE
analysis, the protein samples were heated at 50 or 95 °C for
5 min and separated in a 12 % SDS-PAGE gel. For BN-PAGE,
the proteins were separated in 4–16 % Bis-Tris gradient gels as
described in the manual for the NativePAGE Novex Bis-Tris
Gel system (Invitrogen). NativeMark unstained protein ladder
(Invitrogen LC0725) was stained with Coomassie and used
as a marker. Blotting to a PVDF membrane was performed

Bio-assays
S. exigua larvae were orally inoculated with isolated OBs of the
recombinant viruses to determine their oral infectivity. To this
end, the OBs were suspended in 10 % sucrose at a concentration of 3.0×108 OBs ml−1 and fed to starved early L3 S. exigua
larvae in a droplet feeding assay. The 10 % sucrose solution
was coloured with Patent Blue V Sodium salt (Fluka) to be
able to determine whether the larvae were properly inoculated by looking at their colour. The larvae were allowed to
feed on the OB-containing sucrose suspension for 10 min and
were then transferred to a well in a 12-well plate with a block
of artificial diet, and incubated at 27 °C. As the larvae were
expected to die at the fourth day p.i., the larvae were checked
3 days p.i. to exclude the larvae that died for other reasons
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Fig. 1. The pif1 deletion bacmids (described in Peng et al. [16] were repaired with shorter versions of the respective ORF via Tn7-mediated
transposition into the polyhedrin (polh) locus. The bacmids also contain the polh ORF under its own promoter to enable the resulting
viruses to produce OBs. The directions of the ORFs in the genome are indicated by the arrows for the bacmids of the pif1 truncation
mutants and the del-rep-pif1 repair mutant, containing the full-length ORF. In the del-rep-pif1-V459, the deletion bacmid was repaired
with the pif1 ORF that was truncated at the 3′end until the codon that corresponds with Valine 459. The bacmids del-rep-pif1-F423 and
-A314 contain shortened ORFs that correspond with Fenylalanine 423 and Alanine 314, respectively.

than viral infection. The liquefied larvae were analysed by
PCR to validate whether the larva died due to infection with
the mutant virus. Therefore, the cadavers were suspended in
sterile Milli Q, treated with alkaline (DAS) buffer to dissolve
the OBs, and the released ODVs were incubated at 95 °C for
10 min to release the viral DNA. The viral DNA was analysed
by PCR with GoTaq polymerase (Promega), according to the
manufacturer's protocol with the primers listed in Table 1.

alignments and truncation sites in Figs S1a and S1b). The
truncation mutant viruses replicated in cultured insect cells
as efficiently as the repairs and produced similar amounts of
OBs, indicating that BV infectivity and OB morphogenesis
were not affected. These observations are in line with previous
observations by others with pif1 and pif2 deletion mutants that
showed that these proteins are not involved in BV production
and infectivity and OB morphogenesis [3, 4].

Results

C-terminal truncations of PIF1 and PIF2 impair oral
infectivity in S. exigua larvae
Oral infectivity of the PIF1 and PIF2 truncation mutants was
tested by oral inoculation of early L3 S. exigua larvae with a
sucrose solution containing 3×108 OBs ml−1. This showed that
the full-length repair viruses were able to infect the larvae,
resulting in their liquefaction, while the oral infectivity of all the
truncation mutants was severely affected (Table 2). Truncation
mutants pif1-V459 and pif1-A314 showed no mortality whereas
with pif1-F423, a single larva out of 24 died in experiment 3
(Table 2). Inoculation with pif2-N358 showed a low level of
mortality in all three bioassays and pif2-P351 resulted in a single
larval death. To confirm that the liquefied larvae indeed had
been infected by the truncation mutant under study, the larvae
were analysed by PCR with various primer pairs, in which the
reverse primer annealed either at or downstream of one of the
truncation sites (see Figs S2 and S3). This showed that the larvae
inoculated with the pif1-F423 and pif2-P351 mutant viruses were
indeed infected by the corresponding mutant virus. However,
the larvae that died from inoculation with pif2-P358 showed to
be infected by the repair or the wild-type virus. The virus stock

Construction of PIF1 and PIF2 C-terminal truncation
mutants of AcMNPV
To determine the involvement of the C-terminal parts of PIF1
and PIF2 in oral infectivity and complex formation, a series of
recombinant AcMNPV viruses with C-terminally truncated
versions of either PIF1 or PIF2 were generated. These viruses
were constructed by repairing pif1 and pif2 deletion bacmids
via Tn7-mediated transposition using modified pFastBacDual
(pFBDΔp10-polh) vectors that contain full or shorter versions
of the pif1 or pif2 ORFs under control of their endogenous
promoters, as previously described in [16]. The AcMNPV
PIF1 protein that consists of 530 amino acids was step-wise
truncated from the C-terminus until amino acid V459, F423
and A314, respectively (Fig. 1). For PIF2, which has 382
amino acids in the wild-type virus, the C-terminal truncation
mutants N358 and P351 were constructed (Fig. 2). The truncation sites were chosen based on the presence of conserved
amino acid motifs in the C-terminus. The pFBD-vectors
also contained the polyhedrin (polh) ORF downstream of its
own promoter to enable the mutant viruses to form OBs (see
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Fig. 2. The bacmids of the pif2 truncation mutants, in which del-rep-pif2 bacmid is a repair mutant that contains the full-length ORF,
while the del-rep-pif2-N358 and -P351 bacmids contain 3′end truncated versions of the pif2 ORF, corresponding with Asparagine 358
and Proline 351, respectively.

that was used to inoculate the larvae was also checked and did
not contain wild-type or repair virus. These findings confirmed
that the larvae were indeed incidentally infected by some of the
truncation mutants under study, but that the C-terminal parts of
PIF1 and 2 are nevertheless important for ODV oral infectivity.

under these conditions, the core complex was found for the
truncation mutants pif1-A459 and pif1-F423, but not for the
pif1-A314 mutant (Fig. 3). In the latter, the PIF1 antiserum only
showed the truncated PIF1 monomers between 35–40 kDa. The
40 kDa band was more prominent after partial denaturation at
50 °C and the 35 kDa band after complete denaturation at 95 °C.
This indicates that this longer C-terminal truncation affected the
protein conformation or the half-life of PIF1. The core complex
was also found in both pif2 truncation mutants under these
conditions by using either PIF1- or PIF2 antiserum, although in
lower quantities than in the repair mutant for unknown reasons
(Fig. 4). The 130 kDa band, that is formed by PIF1, 2 and 3 [18],
became more prominent after PIF2 truncation in the analysis
with PIF2 antiserum, suggesting that the binding of PIF4 to
the core is affected after truncation of PIF2 (Fig. 4a). This was
however not found when using PIF1 antiserum for this analysis.

PIF1 and PIF2 C-terminal truncation mutants form
the stable core complex
To test whether the truncated PIF1 and PIF2 proteins are routed
to the ODV envelope and are still able to form the stable core
complex, the envelope fractions of the truncation mutants were
analysed by SDS-PAGE and Western blotting with antisera
against either PIF1 or PIF2. It was previously shown that the core
could be detected as a 170 kDa band with these antisera when
a sample of ODV-envelope proteins was incubated in Laemmli
buffer at 50 °C, instead of 95 °C [16]. When the ODV-envelope
fractions of the PIF1 truncation mutants were isolated from
cell-culture-derived OBs and analysed with PIF1 antiserum

When the envelope proteins were incubated at 95 °C, the
core complex dissociated completely and only PIF1 or PIF2
monomers were found. In the full-length repair mutants, the
monomers were found at the expected heights in the gel, PIF1
at 60 kDa and PIF2 at 40 kDa height. After truncation, monomers were found with lower mass as expected, corresponding
with the extent of the truncation, i.e. the larger the truncation,
the smaller the monomers. These analyses showed that the
C-terminal truncated forms of PIF1 and PIF2 were properly
targeted to the ODV envelope and that all mutants except pif1-
A314 were able to form the core complex, although in smaller
quantities after truncation of PIF2.

Table 2. Mortality rates after oral inoculation of early L3 S. exigua larvae
with 3.0x108 OBs ml−1 of the AcMNPV mutants
Oral infectivity 3.0×108 OBs /ml−1

Expt 1

Expt 2

Expt 3

mock

0/24

0/24

0/24

rep-pif1

20/22

23/24

21/21

-V549

0/24

0/24

0/24

-F423

0/23

0/24

1/24

-A314

0/24

0/24

0/24

rep-pif2

21/24

22/24

22/23

-N358

1/23

3/24

3/24

-P351

0/24

0/24

1/24

PIF1 and PIF2 truncation mutants lack the ODV
entry complex
The ODV-envelope proteins were also analysed under non-
denaturing conditions by blue-native PAGE to determine
whether the PIF1 and PIF2 truncation mutants were still able
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Fig. 3. Western-blot analysis of the ODV-envelope fractions of the pif1 repair and truncation mutants with PIF1 antiserum. The ODV-
envelope proteins were extracted by incubation in extraction buffer, containing 0,5 % Triton-X100, incubated in Laemmli buffer at either
50 or 95 °C for 10 min. and separated in SDS-PAGE gels. The core complex and PIF monomers are indicated by arrows.

complex was detected in the pif1 and pif2 full-length repair
viruses, but not in any of the truncation mutants (Fig. 5).
Analysis with PIF8 antiserum was also used as loading control
by the detection of PIF8 dimers between the 242 and 146 kDa
markers, as reported before [13] (Fig. 5b). The core was not
detected by this method in any of the truncation mutants.

to form the ODV entry complex. Previous studies showed
that the entry complex was found as a double band running
at roughly the same height as the 480 kDa marker, when using
antiserum against one of its components [18]. When using
antisera against one of the core components (PIF1 and PIF2),
or the loosely associated component PIF8, the ODV entry

Fig. 4. Western-blot analysis of the ODV-envelope fractions of the pif2 repair and truncation mutants with antiserum against PIF2 (a) and
PIF1(b). The PIF1 antiserum was used to confirm the presence of the core complex.
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Fig. 5. Blue native-PAGE analysis of the ODV-envelope fraction of the pif1 and pif2 repair and truncation mutants. The ODV-envelope
proteins were separated under non-denaturing conditions in a BN-PAGE gel and analysed by Western blotting with antiserum against
PIF1 or 2 (in the core) (a) and antiserum against the loosely associated protein PIF8 (b). The entry complex and the PIF8 dimers (used
as loading control) are indicated by arrows.

These results indicate that the C-termini of PIF1 and PIF2 are
essential for formation of the entry complex.

This indicates, although indirectly, that the shorter version
of PIF1 (F423) was also precipitated by the PIF1 antiserum
and confirmed that the interaction between PIF1 and PIF2
remains intact after C-terminal truncation of one of these
PIFs (Fig. 6b). In contrast, the loosely associated PIF0 and
PIF8 only co-precipitated in the pif1 repair virus, so with
full-length PIF1, but not with any of the truncated versions
(Fig. 6c, d). PIF0 was detected as multiple bands between 70
and approximately 85 kDa in the input samples, suggesting
that this protein is post-translationally modified and occurs
in multiple forms in the ODV envelope. These forms are
separated in these analyses, because of the relatively long
running times that we used to separate the immunoglobulins
from the target proteins. However, after immunoprecipitation of PIF1, only a 70 kDa band was found. Whether the
other forms of PIF0 are below detection level or whether
the complex contains only one form of this protein was not
further analysed. These bands were also found after PNGase
treatment of the protein sample, indicating that PIF0 was not
glycosylated (data not shown). The results indicate that the
C-termini of PIF1 and PIF2 are essential for the formation
of the ODV entry complex by facilitating the interaction
between these PIFs present in the stable core and at least two
of the loosely associated PIFs, namely PIF0 and PIF8.

C-terminal truncation of PIF1 or PIF2 affects the
interaction with PIF0 and PIF8
To determine why the formation of the ODV entry complex was
abolished after C-terminal truncation of either PIF1 or PIF2,
while the core was still present, a co-immunoprecipitation
study was performed with PIF1 antiserum on ODV-envelope
fractions of the pif1-F423 and pif2-P351 truncation mutants.
The pif1 repair virus was used as positive control and the
pif1 deletion virus as a negative control for the precipitation
of PIF1. The immuno-precipitations were first analysed by
Western blot with antisera against PIF1, to verify that this
protein indeed precipitated; then against PIF2 to confirm the
interaction of PIF1 with PIF2 in the core complex; and finally
with antisera against PIF0 and PIF8 to analyse the interaction with these two largest (loosely associated) components of
the entry complex (Fig. 6). PIF1 was found to be precipitated
from ODV-envelope fractions of the pif1 repair virus and the
pif2-P351 truncation mutant, but not from the pif1 deletion
mutant. After immunoprecipitation, PIF1 was found to run
higher than in the input sample, probably due to the presence of large amounts of immunoglobulin that also eluted
from the beads. Pre-immune serum failed to precipitate PIF1,
indicating that the PIF1 antiserum specifically precipitated
its target protein (Fig. 6a). Unfortunately, precipitation of the
truncated PIF1-F423 could not be confirmed directly as this
protein had approximately the same migration rate as the
rat immunoglobulin heavy chain (Fig. 6a), which was also
recognized by the secondary antibodies during Western-blot
analysis. PIF2 co-precipitated with PIF1 in the pif1 repair
virus, also after PIF2 truncation (see the pif2-P351 truncation
mutant), and with the pif1-F423 truncation mutant, but not in
the pif1 deletion mutant or after usage of pre-immune serum.

PIF0, PIF4 and PIF6 facilitate the interaction
between PIF1 in the stable core and PIF8
To determine whether the loosely associated PIFs only need
an intact core complex for binding or whether this also
requires the presence of other loosely associated PIFs, the
ODV-envelope fractions of pif0 and pif6 deletion mutants were
analysed by blue-native PAGE and by co-immunoprecipitation
with PIF1 antiserum (Figs 7 and 8). The entry complex was
detected in wild-type AcMNPV with antisera against PIF1
and PIF8, but not in absence of either PIF0 or 6 (Fig. 7). In
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Fig. 6. Co-immunoprecipitation analysis with PIF1 antiserum on the ODV-envelope proteins of the pif1 repair, pif1-F423 and pif2-P351
truncation mutants. An immunoprecipitation on a pif1 deletion mutant and a precipitation with pre-immune serum on the pif1 repair
virus were used as negative controls. The input and eluted proteins were separated in SDS-PAGE gels and analysed on Western blots
with antiserum against PIF1 (a), PIF2 (b), PIF0 (c) and PIF8 (d).

the pif0 deletion mutant, PIF1 containing complex(es) was
found at 242 kDa with very low resolution. This might be the
core complex as previously described [13]. These data show
that PIF0 and PIF6 are crucial for the formation of the entry
complex.

For the co-immunoprecipitation study with PIF1 antiserum,
a pif4 deletion mutant was also included as an earlier study
had shown that a smaller complex is formed by PIF1 to 3 in
the absence of PIF4, but nevertheless failed to form the entry
complex [18]. Pre-immune serum was used as a negative

Fig. 7. Blue native-PAGE analysis of the ODV-envelope fractions of the pif0 and pif6 deletion mutants. The ODV-envelope proteins were
separated in a BN-PAGE gel and analysed by Western blotting with antiserum against PIF1 (a) and PIF8 (b). The entry complex is
indicated by the arrows. Part of the ODV-envelope fractions were incubated at 95 °C, separated in SDS-PAGE gels and stained with Oriole
as the loading control (c).
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Fig. 8. Co-immunoprecipitation analysis with PIF1 antiserum on the ODV-envelope proteins of pif0, pif4 and pif6 deletion mutants.
Precipitation with pre-immune serum was used as a negative control. The input and eluted proteins were separated in SDS-PAGE gels
and analysed by Western blot with antiserum against PIF1 (a), PIF2 (b), PIF0 (c) and PIF8 (d). PIF2 was only detected in the concentrated
protein sample after immunoprecipitation and not in the more diluted input sample (b).

control for the precipitation of PIF1 and the co-precipitation of
PIF2, PIF0 and PIF8 (Fig. 8). Western-blot analysis with PIF1
antiserum showed that the target protein indeed precipitated
in wild-type and pif4, pif0 and pif6 deletion mutants and was
not found precipitated by the pre-immune serum (Fig. 8a). In
the pif4 and pif6 deletion mutants, PIF2 and PIF0 were found
precipitated with PIF1, but not PIF8. (Fig. 8b–d). In the pif0
deletion mutant, only PIF2 precipitated with PIF1 (Fig. 8b).
These analyses indicate that the binding of PIF0 to the core
is not dependent on the presence of PIF4 or the binding of
PIF6, and possibly PIF8 (as this PIF failed to bind the complex
in all these mutant viruses). However, the binding of PIF8 to
the stable core requires the presence of PIF4 in the core and
at least the binding of PIF0 and 6.

are now also found with anti-HA antibodies suggests that
these bands are specific for PIF8. These lower bands were
also found by others (Theilmann, personal communication).
With antisera against either PIF0 or PIF1, 70 and 60 kDa
bands were detected, respectively, confirming the presence of these PIFs in the ODV envelope of both the repair
and ZF-mutant virus (Fig. 9b, c). Furthermore, when the
protein sample was incubated at 50 °C (instead of 95 °C) and
analysed with PIF1 antiserum, the core complex was found,
indicating that in addition to PIF1, also PIF2, 3 and 4 were
present in the ODV envelope in these mutants.
As the ZF-domain of PIF8 is shown here not to be involved in
PIF-protein recruitment, but was previously shown by others
to be essential for the formation of the entry complex [10],
the importance of this domain for the interaction with other
PIFs was studied by a co-immunoprecipitation study with
anti-HA magnetic beads. The eluted proteins were analysed
by Western blotting with anti-HA antibodies and confirmed
the precipitation of the HA-tagged PIF8 itself (Fig. 10a). The
blots were also analysed with antisera against PIF0 or PIF1, to
validate the direct or indirect interaction of PIF8 with another
loosely associated PIF (PIF0) and the stable core, respectively.
This showed that PIF0 and 1 co-precipitated with PIF8, but
not after the removal of the ZF-domain. This indicates that
the ZF-domain of PIF8 is important for the interaction with
other PIFs of the entry complex (Fig. 10b, c). These results
also demonstrate that the ZF-domain of PIF8 is not involved
in recruitment of the PIFs to the ODV envelope and confirm
the importance of this domain for complex assembly.

The ZF-domain of PIF8 interacts with PIF0 and PIF1
A working model has been proposed for the function of
PIF8, in which the ZF-
domain recruits and promotes
assembly of PIF proteins in the ODV envelope to form the
entry complex [10]. To validate the presence of the PIFs
in the ODV envelope of a PIF8ΔZF-HA mutant (lacking
this domain), the ODV-envelope fractions of this mutant
and a pif8-HA repair virus were analysed by Western blotting with anti-HA antibodies and antisera against either
PIF0 or PIF1. When using anti-HA antibodies, PIF8 and
the ΔZF mutant were detected as >100 and 70 kDa bands,
respectively, implying their presence in the ODV envelope
(Fig. 9a). Some smaller bands were also detected (below the
40 and 35 kDa marker), which were previously detected by
the PIF8 antiserum as well (see Fig. 4). That these bands
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Fig. 9. Western-blot analysis of the ODV-envelope fractions of an HA-tagged PIF8 repair mutant and a HA-tagged PIF8 mutant that lacks
the ZF-domain with antibodies against the HA-tag (a), PIF0 antiserum (b) and PIF1 antiserum (c). Part of the ODV-envelope fractions were
incubated at 50 °C for detection of the 170 kDa core complex.

studies with pif1 and pif2 deletion mutants showed that
these particular PIFs are important for the binding of ODVs
to the midgut epithelium [5]. Later, these PIFs were also
shown to be essential for the formation of the stable core of
the entry complex [16]. That PIF1 and 2 could be involved
in an interaction with the host is in accordance with in silico
data that indicated that the C-termini of these PIFs point
outwards from the ODV envelope [17]. However, whether
these PIFs are directly involved in ODV binding or whether
the binding was affected due to an inability to form the
complex was not known.

Discussion
Infection of larval epithelial midgut cells by baculovirus
ODVs is initiated by at least ten different PIF-proteins, of
which nine (all except PIF5) form an ODV entry complex,
located in the ODV envelope. This complex consists of a
stable core formed by PIF1 to 4 and five loosely associated
PIFs, i.e. PIF0 (P74) and PIF6 to 9 [12, 13, 17]. That all
these PIFs form a complex suggests that midgut infection
requires close collaboration between these proteins in a
network of protein–protein interactions. This retrospectively complicates the interpretation of the results of earlier
studies towards the functional role of individual PIFs using
pif deletion mutants, as the function of non-targeted PIFs
might be affected indirectly in these mutants. Previous

To elaborate more on the involvement of PIF1 and 2 in
midgut infection, we constructed a series of recombinant

Fig. 10. Co-immunoprecipitation study with anti-HA magnetic beads on the ODV-envelope proteins of HA-tagged PIF8 and PIF8ΔZF
mutant. The input and eluted proteins were analysed by SDS-PAGE and Western blot with anti-HA antibodies (a), PIF0 antiserum (b) and
antiserum against PIF1 (c). The ODV envelope of wild-type AcMNPV (no HA-tag) was used as a negative control.

562

Boogaard et al., Journal of General Virology 2020;101:553–564

AcMNPVs, in which these PIFs were C-terminally truncated, and we analysed these mutants for oral infectivity
and the capacity to form the core and entry complex. The
C-terminal truncations were initially based on amino acid
sequence alignments of PIF1 and 2 of a panel of alphabaculoviruses, including AcMNPV and SfMNPV (see Figs
S1a and S1b), as S. frugiperda larvae appeared resistant
for AcMNPV infection due to aberrant ODV binding,
compared to SfMNPV [20]. These alignments revealed that
PIF1 and 2 of these two viruses are less conserved at their
C-terminal ends compared to the rest of these proteins,
which suggested that these regions might be involved in
binding with the host. However, our study showed that
even limited C-terminal truncation of PIF1 or 2 abolished
formation of the entry complex, although the core complex
was still present (except in mutant pif1-A314), and severely
affected the oral infectivity of the ODVs (Table 2, Figs 4–5).
Immunoprecipitation studies showed that the truncations
affected the binding of the loosely associated PIF0 and 8
(and possibly also the binding of other PIFs) to the core
complex (Fig. 6). Since the pif1-A314 mutant was also
defective in the formation of the core complex, amino
acid A314 is located in a domain that is important for the
interaction with PIF2, 3 and 4. How far this domain extends
N-terminally is not known. The observations suggest that
the truncated parts of the C-terminal ends of PIF1 and 2
are important for the formation of the entry complex by
facilitating the interaction between the stable core and the
loosely associated PIF0 and 8. Whether those parts of the
PIF1 and 2 proteins are directly involved in the binding of
loosely associated PIFs or whether the other PIFs failed
to bind because of conformational changes, which might
have been induced by the truncations, is unclear. PIF4
appeared not to be crucial for the binding of PIF0 to the
core, as in a pif4 deletion mutant, in which a smaller core
complex is formed by PIF1 to 3 [18], PIF0 was still found
to be associated (Fig. 8). That the C-termini of PIF1 and 2
are crucial for the binding of PIF0 and 8 to the core suggests
that PIF1 and 2 might indirectly be involved in the interaction with the host. As PIF0 has also been shown to be
important for ODV binding [14], it could be reasoned that
the interaction between PIF0, 1 and 2 is important for the
binding properties of the ODVs. This would imply that the
ODV binding to the epithelium is affected after truncation
of PIF1 or 2, while the ODVs of the pif4 deletion mutant
would still be able to bind. Alternatively, if PIF1 and 2 are
directly involved in ODV binding, the midgut interacting
sections might only be exposed in the right conformation
when the entry complex is formed. It even seems likely
that amino acids from a couple of complex components
should be in a proper mutual conformation to make
binding happen. Unfortunately, the exact role of PIF1 and
2 in ODV binding to the host midgut epithelium remains
speculative based on our experiments with the truncated
PIFs, as the entry complex dissociated and introduced
unintended side effects just as previously observed with
pif deletion mutants [16]. This study nevertheless provides
new insights in the requirements for the formation of the

entry complex. To determine whether the loosely associated PIFs bind to the core independently from each other
or whether this requires the presence of the other PIFs as
well, we also analysed the binding of PIF0 and 8 to the
core in a pif6 deletion mutant by immunoprecipitation of
PIF1. This showed that PIF6 is redundant for the binding
of PIF0, just as observed with PIF4 (Fig. 8c), while PIF8
was not able to bind the core in the absence of PIF6. PIF0
possibly associates only when PIF1-3 are bound together
in the stable core, as previous protein interaction studies
with yeast two-hybrid (Y2H) and bimolecular fluorescence
complementation assays indicated that PIF0 does not
directly bind to one of the core components in monomeric
form [21, 22]. The association of PIF8 on the other hand did
not only require the presence of a core complex, but also the
presence of PIF0 and 6 (Fig. 8d). This finding is not in line
with previous findings of Y2H and BiFC experiments that
identified a direct interaction between PIF1 (aa 100–200)
and the PIF8 ZF-domain [22], which would still be intact in
the truncation mutants. However, it is not known whether
the PIF1-100-200 aa-segment is available to interact with
PIF8 or whether this part is hidden in the core complex in
the presence of other PIFs in the ODV envelope. Our results
show that PIF0 and 6 are essential for the formation of the
entry complex and that the ZF-domain of PIF8 is essential
for association with the complex, just as shown in a Y2H
study [22].
Although the formation of the entry complex was abolished
after C-terminal truncation of PIF1 or 2, low mortality
levels were observed after oral inoculation of S. exigua
larvae with OBs of some of the mutant viruses. This has
also been observed in studies with other pif mutant viruses,
which are now known to be defective in formation of the
entry complex [5, 6, 9, 13, 23]. The oral infectivity of the
entry complex-defective PIF8 ΔZF-mutant of AcMNPV
was even shown to be partially rescued when the larvae
were first treated with Calcofluor White, an agent that
damages the peritrophic membrane [9]. This has not been
observed when ODVs lack either PIF0, 1, 2, 3 or 7 [11, 24].
Whether the treatment with Calcofluor White also rescues
the oral infectivity of pif4, pif5, pif6 and pif9 deletion mutant
viruses remains to be established. Apparently, the ODVs
of complex-defective mutants can still be infectious at a
low level, indicating that the remaining PIFs, although in
suboptimal configuration, retain their functionality to some
extent. Another explanation could be that the entry complex
is not fully responsible for midgut cell entry and that other
ODV-envelope proteins can partially substitute the function
of this complex when it is dissociated. PIF5 for example,
which is not a constituent of the ODV entry complex, is also
known to be important for the infectivity of ODVs via an
unknown mechanism [7, 18, 25]. Furthermore, at least four
other ODV-envelope proteins, Ac46 (ODV-E66) Ac111,
Ac145 and Ac150, have also been shown to be involved in
ODV oral infectivity [26–30]. The viral glycoprotein GP37,
that was previously known to be involved in passage of the
peritrophic membrane, was recently also reported to have
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fusogenic properties [31]. These observations suggest that
midgut infection is more complex than initially thought
and that the ODVs apparently require more factors than
only the complexed PIFs to be fully infectious.
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