
RESEARCH ARTICLE

Proteomic Analysis of Mamestra Brassicae
Nucleopolyhedrovirus Progeny Virions from
Two Different Hosts
Dianhai Hou1, Xi Chen2, Lei-Ke Zhang1*

1 State Key Laboratory of Virology, Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan,
430071, China, 2 Wuhan Institute of Biotechnology, Wuhan, P. R. China

* zhangleike@wh.iov.cn

Abstract
Mamestra brassicae nucleopolyhedrovirus (MabrNPV) has a wide host range replication in

more than one insect species. In this study, a sequenced MabrNPV strain, MabrNPV-CTa,

was used to perform proteomic analysis of both BVs and ODVs derived from two infected

hosts: Helicoverpa armigera and Spodoptera exigua. A total of 82 and 39 viral proteins were

identified in ODVs and BVs, respectively. And totally, 23 and 76 host proteins were identi-

fied as virion-associated with ODVs and BVs, respectively. The host proteins incorporated

into the virus particles were mainly involved in cytoskeleton, signaling, vesicle trafficking,

chaperone and metabolic systems. Some host proteins, such as actin, cyclophilin A and

heat shock protein 70 would be important for viral replication. Several host proteins involved

in immune response were also identified in BV, and a C-type lectin protein was firstly found

to be associated with BV and its family members have been demonstrated to be involved in

entry process of other viruses. This study facilitated the annotation of baculovirus genome,

and would help us to understand baculovirus virion structure. Furthermore, the identification

of host proteins associated with virions produced in vivo would facilitate investigations on

the involvement of intriguing host proteins in virus replication.

Introduction
Baculoviruses are a family of enveloped rod-shaped viruses with large double-stranded, circular
DNA genome. Baculoviruses are generally host specific, mainly infecting insects in the orders
Lepidoptera,Hymenoptera, and Diptera. Correspondingly, based on phylogeny, the family
Baculoviridae can be divided into four genera: Alphabaculovirus [lepidopteran nucleopolyhe-
drovirus (NPV)], Betabaculovirus [lepidopteran granulovirus (GV)], Gammabaculovirus
(hymenopteran NPV) and Deltabaculovirus (dipteran NPV). The alphabaculoviruses can be
further divided into two subgroups: Group I and Group II NPVs [1].

The lepidopteran baculoviruses are characterized by a unique biphasic replication cycle in
which two progeny phenotypes are produced: the budded virus (BV) and the occlusion-derived
virus (ODV). ODVs are embedded in occlusion bodies (OBs), which can benefit the survival of
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virus in the environment, therefore contributing to its dissemination. Once ingested by a sus-
ceptible insect, ODVs are released from OBs within the larval midgut and initiate oral infec-
tion. At the early stage of the infection, nucleocapsid assembly is accomplished in the nuclei of
infected host cells, and some nucleocapsids are transported through the nuclear membranes to
the cytoplasm and finally budded out of the cytoplasmic membrane to produce infectious BVs.
The produced BVs in midgut cells disseminate infection among cells and tissues to establish
systematic infection in vivo, and BVs are also responsible for in vitro infection in cell cultures
[2, 3]. While some the retaining nucleocapsids become enveloped in the nucleus to form ODVs
and are occluded into OBs [2], which finally are released to the environment to initiate the next
infection. The two phenotypes are genotypically identical, but have characteristic structural
components which contribute to their respective functions [4, 5].

Mamestra brassicae NPV (MabrNPV) has a wide host range of over 30 species mainly in
the family Noctuidae [6], and has been developed as a commercial biological insecticide in
China. Recently, several baculoviral strains isolated fromMamestra brassicae [7],Mamestra
configurata [8] andHelicoverpa armigera [9] have been sequenced and considered as
MabrNPV variants. A MabrNPV variant (MabrNPV-CTa used in this study), was originally
isolated from a naturally infectedMamestra brassicae in the Taian city, China in the 1970s, and
classified into Group II lepidopteran NPV based on phylogenetic analysis of polh, lef-8 and lef-
9 [10]. The genome of MabrNPV-CTa was recently-sequenced and it consists of 153,890 bp
encoding 165 predicted open reading frames (ORFs) (GenBank, KJ871680).

Mass spectrometry based proteomics strategy has been used widely to map protein compo-
nents of virions. So far, several virion proteomics analysis of baculoviral BVs and ODVs have
been performed, including Anticarsia gemmatalis multiple NPV (AgMNPV) BV and ODV
[11], Autographa californica MNPV (AcMNPV) BV [12] and ODV [13], Bombyx mori NPV
(BmNPV) ODV [14], Chrysodeixis chalcites NPV (ChchNPV) ODV [15], Helicoverpa armi-
gera NPV (HearNPV) BV [16] and ODV [16, 17], Pieris rapae GV (PrGV) ODV [18] and
Culex nigripalpus NPV (CuniNPV) ODV [19], and these studies facilitated our understanding
on the structure and function of baculovirus virion. To obtain a comprehensive view of protein
components of virion, our previous study applied multiple proteomic methodologies to analyze
both BV and ODV of HearNPV [16].

The wide host range character of MabrNPV indicates that MabrNPV virions can be pro-
duced by different hosts. In this study, to obtain a more comprehensive view of MabrNPV
virion proteome, we performed proteomic analysis on four types of MabrNPV-CTa virions:
BVs and ODVs derived from infected H. armigera, and BVs and ODVs from S. exigua. A mass
spectrometry with high scan speed was used, and, as a result, a total of 82 and 39 viral proteins
were attributed to ODV and BV, respectively. Multiple host proteins were found to be associ-
ated with ODV and BV, and novel host proteins including two C-type lectin proteins were
identified in BV. Furthermore, the identification of virion-associated host proteins should help
us to better understand the mechanism of baculovirus infection.

Methods and Materials

Insects, virus infection and virion purification
Laboratory stocks ofH. armigera and S. exigua larvae were reared [20] and the MabrNPV-CTa
(IVCAS 1.50) fromWuhan Institute of Virology (Wuhan, People’s Republic of China) was
propagated in both larvae. The larvae were infected at 3rd instar by inoculation of 1×106 OBs
per larvae and the hemolymph were collected from infected larvae at 72 hours after infection
and were diluted with 9 volume of 0.1×TE (TE, 10mM Tris, 1.0Mm EDTA, pH7.4), centrifuged
at 5000g for 10 min at 4°C. BVs were isolated from hemolymph by the method used in
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purification of BVs propagated in cell culture [12]. OB purification and subsequent ODV isola-
tion have been described previously [4].

In-solution digestion of virion proteins
Proteins of purified BVs and ODVs derived from both host larval species, were precipitated
with 3 volumes of 50% methanol/50% acetone/0.1% acetic acid. The pellets were resuspended
in lysis buffer (4 mM CaCl2, 8 M urea, 0.2 M Tris-HCl [pH 8.0]), reduced with 10 mMDTT at
50°C for 30 min and alkylated with 40 mM iodoacetamide at room temperature in the dark for
30 min. The protein concentration was measured using the Bradford assay, and the proteins
were digested with trypsin (Promega) at a ratio of 1:50 (trypsin/protein w/w). After incubated
at 37°C overnight, the digested peptides were desalted using a SepPak C18 cartridge (Waters)
and dried using a Speed Vac [21]. Two independent biological replicates were performed.

Mass spectrometry analysis
All nano-ESI-based LC-MS/MS experiments were performed on a TripleTOF 5600+ System
(AB SCIEX, USA) coupled with a splitless Ultra 1D Plus system (Eksigent, CA). The desalted
peptides derived from 2 μg MabrNPV-CTa virions (BV or ODV) were dissolved in 0.1% formic
acid/2% acetonitrile/98% H2O, loaded into a C18 trap column (5 μm, 5 x 0.3 mm, Agilent
Technologies, Inc.) at a flow rate of 5 μL/min. The peptides were eluted to the C18 analytic col-
umn (75 μm × 150 mm, 3 μm particle size, 100 Å pore size, Eksigent) at a flow rate of 300 nL/
min. A 100 min gradient was employed to separate peptides, and the mobile phase consisted of
two components: component A was 3% DMSO/97% H2O with 0.1% formic acid, and compo-
nent B was 3% DMSO/97% acetonitrile with 0.1% formic acid. IDA (information dependent
acquisition) mode was used to acquire MS/MS. Survey scans were acquired in 250 ms and 40
product ion scans were collected in 50 ms/per scan. The precursor ion range was set from m/z
350 to m/z 1500, and the product ion range was set from m/z 100 to m/z 1500.

Analysis of MS data for protein identification
Analysis of the raw MS spectra generated by LC-MS/MS analysis were submitted to the Pro-
teinPilot 5.0 software program (AB SCIEX, USA), which uses the Paragon algorithm to per-
form protein identification [22]. The data analysis parameters were as follows: Sample type:
Identification; Cys Alkylation: Iodoacetamide; Digestion: Trypsin; Instrument: TripleTOF
5600+; Special Factors: Urea denaturation; ID Focus: Biological modifications, Amino acid
substitution; Search Effort: Thorough ID; Detected Protein Threshold [Unused ProtScore
(Conf)]: 1.3 (95.0%). For the identification of viral and host proteins, an integrated database
was used, which contains all the predicted ORFs of MabrNPV-CTa, lepidopteran protein data-
base (derived from Genbank on Sep 30th, 2015).

Results

Viral proteins associated with ODV and BV
In this study, the MabrNPV-CTa BV and ODV virions propagated in both H. armigera and S.
exigua larvae were used for proteomics analysis. Proteins extracted from purified virions were
subjected to in-solution digestion, analyzed by LC-MS/MS and identified by ProteinPilot 5.0.
The false discovery rates (FDRs) of peptide spectra matches determined by a decoy database
search were<1%. Only proteins with at least one high confidence peptide (confidence
score>99%) were considered as being identified. Two independent biological replicates were
performed, and proteins identified in both biological replicates were used for further analysis.
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The viral proteins identified in BVs or ODVs from different larvae were compared and
demonstrated in Fig 1. In summary, a total of 82 viral proteins were identified as being associ-
ated with MabrNPV-CTa ODV (Fig 1A and S1 Table). Among these 82 proteins, 69 proteins
were in ODVs produced in either larva. Six proteins including Helicase2, RR2, NRK, Mabr112,
Mabr129 (AC53) and ChtB1 were only detected in ODVs fromH. armigera larvae, and another
7 [V-CATH, Mabr38, Mabr58, Mabr64, IAP2, IAP3 and Mabr135 (AC43)] were only found in
ODVs from S. exigua larvae (Fig 1A and S1 Table). Among a total of 39 viral proteins found in
MabrNPV-CTa BV (Fig 1 and S2 Table), 22 were in BVs produced in either larva. Proteins
found only in BVs fromH. armigera were GP41, HE65, GP37, Mabr38 (AC4), PEP, Mabr56,
P48, Mabr108 (AC75), FP25K, PP31 and LEF6 (Fig 1 and S2 Table), while 6 proteins including
V-CATH, IAP2, ChaB2, ChaB1, BJDP and V-Ubi, were only found in BVs from S. exigua (Fig
1B and S2 Table). The identification of host specific proteins in both BVs and ODVs indicated
that the protein components of virions might be affected by hosts. More host specific viral pro-
teins were identified in BV virions, suggesting that the protein components of BV virion may
be more host-dependent.

Comparison of MabrNPV-CTa BV and ODV viral proteome
Among the identified virion-associated proteins, 50 were present only in ODV while 7 proteins
were only in BV (Fig 1). Thirty-two proteins (including POLH and P10, not listed in Fig 2)
were common to both BVs and ODVs (Fig 2), and some of these shared proteins were essential
for nucleocapsid assembly and/or egress from nucleus (Fig 2 and S3 Table). For example, P6.9
is the nucleocapsid core protein binding DNA [23] while VP39 is the protein of nucleocapsid
sheet [24], and both are the major nucleocapsid proteins. BJDP has been found as both BV and
ODV associated proteins [25] and was indispensable for virion production [26]. P78/83 is asso-
ciated with assembly and cellular trafficking of nucleocapsid [27, 28]. P12 is essential for medi-
ating nuclear localization of G-Actin and BV production [29]. Proteins including 49K, GP41,
Desmoplakin (AC66) have been reported as ODV tegument proteins and nucleocapsid associ-
ated proteins of BV, and are essential for nucleocapsid egress from nucleus to cytoplasm [[30],
S3 Table]. Additionally, Mabr50 (AC132) [26], Mabr108 (AC75) [31] and ODV-E18 [32] have
been demonstrated to be important for the production of infectious BVs.

Viral proteins with other function were also found in both BV and ODV (Fig 2 and S3
Table), such as i) proteins that can affect production (ODV-E25, P26-2) [33–35] and release
(V-CATH) of mature polyhedra [36] (Figs 1 and 2), ii) non-essential proteins that are involved
in DNA replication (ME53) [37], late protein expression (LEF6) [38] and DNA binding
(ChaB1, ChaB2) [26, 39–41] (Fig 2 and S3 Table), iii) other non-essential proteins with
uncharacterized functions but have been reported as virion-associated [5, 12, 15], including
V-Ubi, PARG, Mabr127 (HA45), Mabr128 (HA44) and IAP2 (Fig 2; the functional annotation
of these proteins was attached in S3 Table).

ODV and BV use specific envelope proteins to entry into host cells. P74, PIF1-6 and VP91
are essential for ODV oral infection (Fig 2 and S3 Table), and all are present in MabrNPV-
CTa- propagated ODVs (Figs 1 and 2). ODV-66 has chondroitinase activity and was proposed
to destroy the peritrophic matrix of the host’s midgut, thus facilitating ODV infection [42].
The ChtBs (AC145 homologues) and VEF have functional roles in the degradation of the
host’s peritrophic matrix to enhance ODV virulence. These three proteins were only found in
ODVs in this study. F protein, required for BV entry into host cells and cell-cell transmission
of infection, was identified as a BV specific protein.

One protein that drew our attention was the Mabr71 (AC108), which was only identified in
ODV from both two types of larvae. This protein has a transmembrane domain (32-53aa) and
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Fig 1. Overview of viral proteins associated with MabrNPV-CTa ODVs and BVs from different hosts.
(Left) Proteins identified in ODVs produced from H. armigera and S. exigua larvae, (Right) Proteins identified
in BVs produced from H. armigera and S. exigua larvae. Heat map was generated from log2(the number of
matching peptides with confidence more than 99%) values reflecting identification of viral proteins from
virions derived from different hosts. For the color scale limits in rainbow color maps, lower limit was set as 0
(minimum log2 value = 0), and upper limit was set as 8.2 (maximum log2 value = 8.2) for ODV while 5.8
(maximum log2 value = 5.8) for BV. The proteins not identified are indicated in gray.

doi:10.1371/journal.pone.0153365.g001
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its homologue, AC108, has been found in PIF complex [43], Furthermore, other two homo-
logues of Mabr71, SF58 and Bm91, were demonstrated to be involved in the ODV infection
processes [44, 45].

Comparison of MabrNPV-CTa virion proteome with other baculovirus
proteomic studies
In this study, proteomic analysis of MabrNPV-CTa was performed and we identified a total of
82 ODV proteins and 39 BV proteins respectively (Fig 2). In comparison with previous virion
proteomic analyses of 7 baculoviruses (proteome of 7 ODVs and 3 BVs; S3 Table), it seemed
that most of the core proteins are shared by ODVs, while shared BV and ODV conserved pro-
teins appear to be mainly involved in assembly and egress of nucleocapsid, DNA replication
and RNA transcription (S3 Table). For example, the VP80 is essential for egress of nucleocap-
sid from the nucleus [46] and the P78/83 is required for nucleocapsid transport in cytoplasm
[27, 28]. FP25K, a protein involved in regulation BV/ODV production [47–50], was also found
in all the BVs and ODVs with the exception of CuniNPV ODV and MabrNPV ODV. Although
proteins important for oral infection are mostly ODV-specific, PIF4 has been identified in
AcMNPV BV [51].

In addition, by referring to previous proteomic studies, 23 proteins in this study were identi-
fied as novel virion-associated proteins, including RR1, RR2, NRK, EP23, TLP-20, HE65
(AC105), Mabr12, Mabr17 (AC151), Mabr21, Mabr23, Mabr38 (AC4), Mabr52, Mabr56,
Mabr58, Mabr64, Mabr83, Mabr100, Mabr110 (AC151), Mabr112, Mabr127, Mabr128, and
Mabr135 (AC43). Among these proteins, seven proteins were shared by both BV and ODV
fromMabrNPV-CTa, including Mabr12, Mabr17 (AC151), Mabr21, Mabr38 (AC4), Mabr56,

Fig 2. Overview of protein composition of MabrNPV-CTa BV and ODV. The proteins conserved in all sequenced baculoviruses are underlined. The
proteins only identified in MabrNPV-CTa BVs or ODVs are indicated in green or red respectively. The ORF numbers of the AcMNPV homologues for the
MabrNPV—CTa ORFs are indicated in brackets. Proteins including POLH, PEP and P10 were not listed here.

doi:10.1371/journal.pone.0153365.g002
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Mabr127 (HA45) and Mabr128 (HA44) (Fig 2). The identification of these proteins could
improve the annotation of baculovirus genome.

Virion-associated host proteins
During replication, host proteins can be incorporated in virion, some of which may have roles
in the infection process [52]. By searching mass spectra against the lepidopteran protein data-
base, 88 host proteins were identified to be virion-associated. Among these, 23 host proteins
were identified as ODV-associated (Fig 3 and S4 Table). Based on their involvement in cellular
structure and functions, these host proteins can be classified into different categories including
i) cytoskeleton, such as Actin, Profilin, Transgelin and Twinstar, ii) signaling, containing 14-3-
3 protein epsilon and 14-3-3 protein zeta, iii) immunity, including Cyclophilin A, iv) chaper-
one (Heat shock cognate 70 protein and Heat shock protein 105), v) molecular transport
(GTP-binding nuclear protein Ran), vi) antioxidation (Thioredoxin), vii) metabolism (5 pro-
teins) and viii) transcription and translation (4 proteins) and two proteins with uncharacter-
ized function(s).

Seventy-six host proteins were found in both BVs from the two different hosts. Host pro-
teins identified in BVs have their involvement in cellular structure and functions, including i)
cytoskeleton, ii) signaling, iii) immunity, iv) chaperone, v) molecular transport, vi) antioxida-
tion, vii) metabolism, viii) DNA binding, ix) transcription and translation, x) post-translational
modification, xi) vesicle transport and xii) posttranslational modification and degradation and
two proteins with uncharacterized function(s) (Fig 3, for detailed information, see S5 Table).
Little overlaps of hosts proteins were found between BVs and ODVs, however, host proteins
identified in BVs and ODVs were enriched in similar cellular structure and function categories

Fig 3. Overview of host proteins associated with MabrNPV-CTa ODVs and BVs from different hosts.Heat map was generated from log2(the number of
matching peptides with confidence more than 99%) values reflecting identification of host proteins from virions derived from different hosts. For the color
scale limits in rainbow color maps, lower limit was set as 0 (minimum log2 value = 0), and upper limit was set as 6.8 (maximum log2 value = 6.8). The proteins
not identified are indicated in gray.

doi:10.1371/journal.pone.0153365.g003
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(Fig 3), suggesting that these cellular structures and functions play roles in both two distinct
life cycles of MabrNPV-CTa.

Discussion
In this study, using a TripleTOF 5600+ System, a proteomic analysis of different virions of
MabrNPV-CTa, a Group II lepidopteran NPV was conducted. Considering that MabrNPV has
a wide host range, we performed proteomic analysis on MabrNPV BVs and ODVs propagated
inH. armigera and S. exigua larvae, aiming to find more virion-associated proteins and thus
obtain a more comprehensive view of MabrNPV virion proteome. As a result, a total of 82
ODV- and 39 BV- proteins were identified, and the number of proteins identified here was
comparable to our previous comprehensive study on HearNPV virions, where multiple proteo-
mic methodologies were employed [5]. Among all 162 hypothetical proteins in MabrNPV
genome, 92 proteins were identified in progeny virons here, and 23 proteins were firstly identi-
fied as virion-associated. These novel virions associated proteins showed low similarity with
their homologues in other baculoviruses [9]. The identification of these proteins confirmed
their expression during viral replication cycle, and can facilitate the annotation of the genome
of MabrNPV-CTa and other baculoviruses.

The majority of baculovirus virion proteomics studies were performed on ODVs and with
improved technologies, the numbers of ODV-associated proteins have been on the increase [5,
12–15, 17–19] (S3 Table). In this proteomic analysis of MabrNPV-CTa ODV, a total of 82
associated proteins were identified, 69 of which were common to ODVs fromH. armigera and
S. exigua (Fig 1 and S2 Table). Six viral proteins (Helicase2, RR2, NRK, Mabr112, Mabr129
(AC53) and ChtB1) were only identified in ODV virions from H. armigera and 7 proteins
[V-CATH, Mabr38, Mabr58, Mabr64, IAP2, IAP3 and Mabr135 (AC43)] were only identified
in that from S. exigua. LC-MS/MS analysis identified a total of 39 viral proteins in BV, 22 of
which were common to BVs produced in either H. armigera or S. exigua. Most of the common
proteins are essential for nucleocapsid assembly and transport (Fig 1A and S3 Table). Seven-
teen viral proteins were identified in BV from eitherH. armigera or S. exigua. Most of these,
with the exception of GP41 and BJDP, are not essential for viral replication (S3 Table). It
should be noted that BV demonstrated remarkable flexibility for efficient incorporation of
non-specific proteins when used as baculovirus surface display systems [53]. Many hitherto
unknown factors may contribute to the variation in BV-associated proteins. The identification
of host specific proteins suggested that protein components of virions derived from different
hosts are not identical. However, how protein components of virions were affected by different
hosts is still not fully understood, and further studies are needed to explain this phenomenon.

The association of host proteins with baculovirus virions suggests their
involvement in viral infection
Besides the viral encoded proteins, 88 host proteins were also identified in BVs or ODVs. A
total of 23 host proteins associated with ODV but, in contrast, 76 host proteins were associated
with BV. Less host proteins were found in ODVs and most of these host proteins were identi-
fied with no more than three peptides by LC-MS/MS analysis of ODVs from either host (S4
Table). The phenomenon that there are less host proteins associated with ODV than with BV
was also observed in our previous proteomic analysis study [5]. We found the majority of host
proteins were identified in bothH. armigera and S. exigua derived virions, suggesting that the
differences between host-specific host proteins might be not significant (Fig 3). The identifica-
tion of these host proteins in common confirmed their existence in virions, and further studies
on these proteins may help us to better understand the baculovirus-host interactions.
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Among the host proteins identified in BVs and ODVs, actin can be recruited for the cellular
transport of nucleocapsids during infection [28]. Some actin dynamics regulation proteins,
such as GTPases, ADF and 14-3-3 z, were also found in both BV and ODV. It has been
reported that 14-3-3 z can regulates actin dynamics by stabilizing phosphorylated cofilin [54].
Cyclophilin A and heat shock protein 70, identified here, have been reported to be specifically
incorporated into lentivirus and function in different steps of virus infection.

Multiple host proteins, such as cytoskeleton proteins, signaling proteins, vesicle transport
proteins and signaling proteins, have been found in MabrNPV-CTa BV and HearNPV BV pro-
duced in vivo and in vitro respectively, as in the case of other envelope viruses [5]. This would
imply that enveloped viruses might use certain common or similar cellular pathways during
their infection processes. Furthermore, 10 host proteins involved in immune response pro-
cesses were identified in BV, including two lectin proteins which were only found in MabrNPV
BV. It has been reported that one member of C-type lectin family can be induced by West Nile
Virus (WNV) and collaborates with a CD45 phosphatase to facilitate WNV infection in midgut
and other tissues of mosquitoes. And several C-type lectins appear to facilitate entry of multiple
viruses, such as HCV [55] Ebola virus, Hendra virus, Nipah virus [56] and Marburg Virus [57].
The C-type lectin was firstly identified in BV produced in vivo. It would be interesting to inves-
tigate the function of this protein in baculovirus infection.

Some BV associated host proteins that participate in cellular processes, such as transcription
and translation, antioxidation, metabolism (S5 Table), might be involved in baculoviral infec-
tion, suggesting an intricate evolutionary relationship between the virus and the host and that
the parasite did not need to develop a coding capacity for proteins already available in permis-
sive hosts. We also found aminopeptidases in BV. Aminopeptidases are mostly found in mid-
gut microvillar membrane[58], but their presence in hemocoelic tissue[59, 60] and in fat body
[61] has also been reported.

Taken together, our study outlined a comprehensive view of viral and host proteins associ-
ated with MabrNPV BVs and ODVs produced in two different host species. This should help
us to understand and have a second view of virion structure and its interactions with host pro-
teins, and should promote investigations on baculovirus infection mechanisms in relationship
to host proteins.

Supporting Information
S1 Table. Identification of viral proteins associated with MabrNPV-CTa ODV.
(DOCX)

S2 Table. Identification of viral proteins associated with MabrNPV-CTa BV.
(DOCX)

S3 Table. Summary of proteomic studies of baculoviral BVs and ODVs.
(DOCX)

S4 Table. Identification of host proteins associated with MabrNPV-CTa ODV.
(DOCX)

S5 Table. Identification of host proteins associated with MabrNPV-CTa BV.
(DOCX)

Acknowledgments
We thank Basil M. Arif and Zhihong Hu for critical editing of the manuscript.

Proteomic Analysis of MabrNPV Virions

PLOS ONE | DOI:10.1371/journal.pone.0153365 April 8, 2016 9 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153365.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153365.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153365.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153365.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0153365.s005


Author Contributions
Conceived and designed the experiments: DHH LKZ. Performed the experiments: DHH LKZ.
Analyzed the data: DHH XC. Contributed reagents/materials/analysis tools: DHH LKZ. Wrote
the paper: DHH LKZ.

References
1. Jehle JA, Blissard GW, Bonning BC, Cory JS, Herniou EA, Rohrmann GF, et al. On the classification

and nomenclature of baculoviruses: a proposal for revision. Archives of virology. 2006; 151(7):1257–
66. Epub 2006/05/02. doi: 10.1007/s00705-006-0763-6 PMID: 16648963.

2. Slack J, Arif BM. The baculoviruses occlusion-derived virus: virion structure and function. Advances in
virus research. 2007; 69:99–165. PMID: 17222693.

3. Monsma SA, Oomens AG, Blissard GW. The GP64 envelope fusion protein is an essential baculovirus
protein required for cell-to-cell transmission of infection. Journal of virology. 1996; 70(7):4607–16. Epub
1996/07/01. PMID: 8676487; PubMed Central PMCID: PMC190397.

4. Braunagel SC, Summers MD. Autographa californica nuclear polyhedrosis virus, PDV, and ECV viral
envelopes and nucleocapsids: structural proteins, antigens, lipid and fatty acid profiles. Virology. 1994;
202(1):315–28. Epub 1994/07/01. doi: 10.1006/viro.1994.1348 PMID: 8009843.

5. Zhou Z, Xiao G. Conformational conversion of prion protein in prion diseases. Acta Biochim Biophys
Sin (Shanghai). 2013; 45(6):465–76. Epub 2013/04/13. gmt027 [pii] doi: 10.1093/abbs/gmt027 PMID:
23580591.

6. Doyle CJ, Hirst ML, Cory JS, Entwistle PF. Risk Assessment Studies: Detailed Host Range Testing of
Wild-Type Cabbage Moth, Mamestra brassicae (Lepidoptera: Noctuidae), Nuclear Polyhedrosis Virus.
Applied and environmental microbiology. 1990; 56(9):2704–10. PMID: 16348279; PubMed Central
PMCID: PMC184831.

7. Choi JB, HeoWI, Shin TY, Bae SM, KimWJ, Kim JI, et al. Complete genomic sequences and compara-
tive analysis of Mamestra brassicae nucleopolyhedrovirus isolated in Korea. Virus genes. 2013; 47
(1):133–51. doi: 10.1007/s11262-013-0922-2 PMID: 23712441.

8. Li L, Donly C, Li Q, Willis LG, Keddie BA, ErlandsonMA, et al. Identification and genomic analysis of a
second species of nucleopolyhedrovirus isolated fromMamestra configurata. Virology. 2002; 297
(2):226–44. Epub 2002/06/27. PMID: 12083822.

9. Tang P, Zhang H, Li Y, Han B, Wang G, Qin Q, et al. Genomic sequencing and analyses of
HearMNPV-a newMultinucleocapsid nucleopolyhedrovirus isolated from Helicoverpa armigera. Virol-
ogy journal. 2012; 9:168. doi: 10.1186/1743-422X-9-168 PMID: 22913743; PubMed Central PMCID:
PMC3545888.

10. Jehle JA, LangeM, Wang HL, Hu ZH,Wang YJ, Hauschild W. Molecular identification and phylogenetic
analysis of baculoviruses from Lepidoptera. Virology. 2006; 346(1):180–93. ISI:000235930400017.
PMID: 16313938

11. Braconi CT, Ardisson-Araujo DM, Paes Leme AF, Oliveira JV, Pauletti BA, Garcia-Maruniak A, et al.
Proteomic analyses of baculovirus Anticarsia gemmatalis multiple nucleopolyhedrovirus budded and
occluded virus. The Journal of general virology. 2014; 95(Pt 4):980–9. doi: 10.1099/vir.0.061127-0
PMID: 24443474.

12. Wang R, Deng F, Hou D, Zhao Y, Guo L, Wang H, et al. Proteomics of the Autographa californica
nucleopolyhedrovirus budded virions. Journal of virology. 2010; 84(14):7233–42. Epub 2010/05/07.
doi: 10.1128/JVI.00040-10 PMID: 20444894; PubMed Central PMCID: PMC2898249.

13. Braunagel SC, Russell WK, Rosas-Acosta G, Russell DH, Summers MD. Determination of the protein
composition of the occlusion-derived virus of Autographa californica nucleopolyhedrovirus. Proceed-
ings of the National Academy of Sciences of the United States of America. 2003; 100(17):9797–802.
Epub 2003/08/09. doi: 10.1073/pnas.1733972100 PMID: 12904572; PubMed Central PMCID:
PMC187845.

14. Liu X, Chen K, Cai K, Yao Q. Determination of protein composition and host-derived proteins of Bom-
byx mori nucleopolyhedrovirus by 2-dimensional electrophoresis and mass spectrometry. Intervirology.
2008; 51(5):369–76. Epub 2009/01/20. PMID: 19151556.

15. Xu F, Ince IA, Boeren S, Vlak JM, van Oers MM. Protein composition of the occlusion derived virus of
Chrysodeixis chalcites nucleopolyhedrovirus. Virus research. 2011; 158(1–2):1–7. Epub 2011/03/01.
doi: 10.1016/j.virusres.2011.02.014 PMID: 21354223.

16. Hou D, Zhang L, Deng F, FangW, Wang R, Liu X, et al. Comparative proteomics reveal fundamental
structural and functional differences between the two progeny phenotypes of a baculovirus. Journal of

Proteomic Analysis of MabrNPV Virions

PLOS ONE | DOI:10.1371/journal.pone.0153365 April 8, 2016 10 / 13

http://dx.doi.org/10.1007/s00705-006-0763-6
http://www.ncbi.nlm.nih.gov/pubmed/16648963
http://www.ncbi.nlm.nih.gov/pubmed/17222693
http://www.ncbi.nlm.nih.gov/pubmed/8676487
http://dx.doi.org/10.1006/viro.1994.1348
http://www.ncbi.nlm.nih.gov/pubmed/8009843
http://dx.doi.org/10.1093/abbs/gmt027
http://www.ncbi.nlm.nih.gov/pubmed/23580591
http://www.ncbi.nlm.nih.gov/pubmed/16348279
http://dx.doi.org/10.1007/s11262-013-0922-2
http://www.ncbi.nlm.nih.gov/pubmed/23712441
http://www.ncbi.nlm.nih.gov/pubmed/12083822
http://dx.doi.org/10.1186/1743-422X-9-168
http://www.ncbi.nlm.nih.gov/pubmed/22913743
http://www.ncbi.nlm.nih.gov/pubmed/16313938
http://dx.doi.org/10.1099/vir.0.061127-0
http://www.ncbi.nlm.nih.gov/pubmed/24443474
http://dx.doi.org/10.1128/JVI.00040-10
http://www.ncbi.nlm.nih.gov/pubmed/20444894
http://dx.doi.org/10.1073/pnas.1733972100
http://www.ncbi.nlm.nih.gov/pubmed/12904572
http://www.ncbi.nlm.nih.gov/pubmed/19151556
http://dx.doi.org/10.1016/j.virusres.2011.02.014
http://www.ncbi.nlm.nih.gov/pubmed/21354223


virology. 2013; 87(2):829–39. doi: 10.1128/JVI.02329-12 PMID: 23115289; PubMed Central PMCID:
PMC3554090.

17. Deng F, Wang R, Fang M, Jiang Y, Xu X, Wang H, et al. Proteomics analysis of Helicoverpa armigera
single nucleocapsid nucleopolyhedrovirus identified two new occlusion-derived virus-associated pro-
teins, HA44 and HA100. Journal of virology. 2007; 81(17):9377–85. Epub 2007/06/22. doi: 10.1128/
JVI.00632-07 PMID: 17581982; PubMed Central PMCID: PMC1951453.

18. Wang XF, Zhang BQ, Xu HJ, Cui YJ, Xu YP, Zhang MJ, et al. ODV-associated proteins of the Pieris
rapae granulovirus. Journal of proteome research. 2011; 10(6):2817–27. Epub 2011/04/27. doi: 10.
1021/pr2000804 PMID: 21517121.

19. Perera O, Green TB, Stevens SM Jr., White S, Becnel JJ. Proteins associated with Culex nigripalpus
nucleopolyhedrovirus occluded virions. Journal of virology. 2007; 81(9):4585–90. Epub 2007/02/16.
doi: 10.1128/JVI.02391-06 PMID: 17301145; PubMed Central PMCID: PMC1900190.

20. Caballero P, Zuidema D, Santiago-Alvarez C, Vlak J. Biochemical and biological characterization of
four isolates of Spodoptera exigua nuclear polyhedrosis virus. Biocontrol Science and Technology.
1992; 2(2):145–57.

21. Yao Q, Li H, Liu BQ, Huang XY, Guo L. SUMOylation-regulated protein phosphorylation, evidence from
quantitative phosphoproteomics analyses. The Journal of biological chemistry. 2011; 286(31):27342–
9. Epub 2011/06/21. doi: 10.1074/jbc.M111.220848 PMID: 21685386; PubMed Central PMCID:
PMC3149328.

22. Shilov IV, Seymour SL, Patel AA, Loboda A, TangWH, Keating SP, et al. The Paragon Algorithm, a
next generation search engine that uses sequence temperature values and feature probabilities to
identify peptides from tandemmass spectra. Molecular & cellular proteomics: MCP. 2007; 6(9):1638–
55. Epub 2007/05/30. doi: 10.1074/mcp.T600050-MCP200 PMID: 17533153.

23. Tweeten KA, Bulla LA, Consigli RA. Characterization of an Extremely Basic Protein Derived from Gran-
ulosis Virus Nucleocapsids. Journal of virology. 1980; 33(2):866–76. Epub 1980/02/01. PMID:
16789190; PubMed Central PMCID: PMC288612.

24. Pearson MN, Russell RL, Rohrmann GF, Beaudreau GS. p39, a major baculovirus structural protein:
immunocytochemical characterization and genetic location. Virology. 1988; 167(2):407–13. Epub
1988/12/01. PMID: 3059676.

25. Xu HJ, Liu YH, Yang ZN, Zhang CX. Characterization of ORF39 from Helicoverpa armigera single-
nucleocapsid nucleopolyhedrovirus, the gene containing RNA recognition motif. J BiochemMol Biol.
2006; 39(3):263–9. Epub 2006/06/08. PMID: 16756754.

26. Ono C, Kamagata T, Taka H, Sahara K, Asano S, Bando H. Phenotypic grouping of 141 BmNPVs lack-
ing viral gene sequences. Virus research. 2012; 165(2):197–206. Epub 2012/03/17. doi: 10.1016/j.
virusres.2012.02.016 PMID: 22421381.

27. Wang Q, Wang Y, Liang C, Song J, Chen X. Identification of a hydrophobic domain of HA2 essential to
morphogenesis of Helicoverpa armigera nucleopolyhedrovirus. Journal of virology. 2008; 82(8):4072–
81. Epub 2008/02/01. doi: 10.1128/JVI.02319-07 PMID: 18234795; PubMed Central PMCID:
PMC2292988.

28. Ohkawa T, Volkman LE, Welch MD. Actin-based motility drives baculovirus transit to the nucleus and
cell surface. The Journal of cell biology. 2010; 190(2):187–95. Epub 2010/07/28. doi: 10.1083/jcb.
201001162 PMID: 20660627; PubMed Central PMCID: PMC2930276.

29. Gandhi KM, Ohkawa T, Welch MD, Volkman LE. Nuclear localization of actin requires AC102 in Auto-
grapha californica multiple nucleopolyhedrovirus-infected cells. The Journal of general virology. 2012;
93(Pt 8):1795–803. Epub 2012/05/18. doi: 10.1099/vir.0.041848-0 PMID: 22592260.

30. Shen H, Chen K, Yao Q, Zhou Y. Characterization of the Bm61 of the Bombyx mori nucleopolyhedro-
virus. Curr Microbiol. 2009; 59(1):65–70. Epub 2009/03/26. doi: 10.1007/s00284-009-9399-6 PMID:
19319594.

31. Yang M, Wang S, Yue XL, Li LL. Autographa californica Multiple Nucleopolyhedrovirus orf132 Encodes
a Nucleocapsid-Associated Protein Required for Budded-Virus and Multiply Enveloped Occlusion-
Derived Virus Production. Journal of virology. 2014; 88(21):12586–98. doi: 10.1128/JVI.01313-14
PMID: 25142609.

32. McCarthy CB, Theilmann DA. AcMNPV ac143 (odv-e18) is essential for mediating budded virus pro-
duction and is the 30th baculovirus core gene. Virology. 2008; 375(1):277–91. Epub 2008/03/11.
S0042-6822(08)00073-1 [pii] doi: 10.1016/j.virol.2008.01.039 PMID: 18328526.

33. Chen L, Hu X, Xiang X, Yu S, Yang R, Wu X. Autographa californica multiple nucleopolyhedrovirus
odv-e25 (Ac94) is required for budded virus infectivity and occlusion-derived virus formation. Archives
of virology. 2012; 157(4):617–25. Epub 2012/01/06. doi: 10.1007/s00705-011-1211-9 PMID:
22218963.

Proteomic Analysis of MabrNPV Virions

PLOS ONE | DOI:10.1371/journal.pone.0153365 April 8, 2016 11 / 13

http://dx.doi.org/10.1128/JVI.02329-12
http://www.ncbi.nlm.nih.gov/pubmed/23115289
http://dx.doi.org/10.1128/JVI.00632-07
http://dx.doi.org/10.1128/JVI.00632-07
http://www.ncbi.nlm.nih.gov/pubmed/17581982
http://dx.doi.org/10.1021/pr2000804
http://dx.doi.org/10.1021/pr2000804
http://www.ncbi.nlm.nih.gov/pubmed/21517121
http://dx.doi.org/10.1128/JVI.02391-06
http://www.ncbi.nlm.nih.gov/pubmed/17301145
http://dx.doi.org/10.1074/jbc.M111.220848
http://www.ncbi.nlm.nih.gov/pubmed/21685386
http://dx.doi.org/10.1074/mcp.T600050-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/17533153
http://www.ncbi.nlm.nih.gov/pubmed/16789190
http://www.ncbi.nlm.nih.gov/pubmed/3059676
http://www.ncbi.nlm.nih.gov/pubmed/16756754
http://dx.doi.org/10.1016/j.virusres.2012.02.016
http://dx.doi.org/10.1016/j.virusres.2012.02.016
http://www.ncbi.nlm.nih.gov/pubmed/22421381
http://dx.doi.org/10.1128/JVI.02319-07
http://www.ncbi.nlm.nih.gov/pubmed/18234795
http://dx.doi.org/10.1083/jcb.201001162
http://dx.doi.org/10.1083/jcb.201001162
http://www.ncbi.nlm.nih.gov/pubmed/20660627
http://dx.doi.org/10.1099/vir.0.041848-0
http://www.ncbi.nlm.nih.gov/pubmed/22592260
http://dx.doi.org/10.1007/s00284-009-9399-6
http://www.ncbi.nlm.nih.gov/pubmed/19319594
http://dx.doi.org/10.1128/JVI.01313-14
http://www.ncbi.nlm.nih.gov/pubmed/25142609
http://dx.doi.org/10.1016/j.virol.2008.01.039
http://www.ncbi.nlm.nih.gov/pubmed/18328526
http://dx.doi.org/10.1007/s00705-011-1211-9
http://www.ncbi.nlm.nih.gov/pubmed/22218963


34. Chen L, Yang R, Hu X, Xiang X, Yu S, Wu X. The formation of occlusion-derived virus is affected by the
expression level of ODV-E25. Virus research. 2013; 173:404–14. doi: 10.1016/j.virusres.2012.12.016
PMID: 23298549.

35. Wang L, Salem TZ, Campbell DJ, Turney CM, Kumar CM, Cheng XW. Characterization of a virion
occlusion-defective Autographa californica multiple nucleopolyhedrovirus mutant lacking the p26, p10
and p74 genes. The Journal of general virology. 2009; 90(Pt 7):1641–8. Epub 2009/03/07. doi: 10.
1099/vir.0.010397-0 PMID: 19264658.

36. Hawtin RE, Zarkowska T, Arnold K, Thomas CJ, Gooday GW, King LA, et al. Liquefaction of Autogra-
pha californica nucleopolyhedrovirus-infected insects is dependent on the integrity of virus-encoded
chitinase and cathepsin genes. Virology. 1997; 238(2):243–53. Epub 1997/12/24. S0042-6822(97)
98816-4 [pii] doi: 10.1006/viro.1997.8816 PMID: 9400597.

37. Xi Q, Wang J, Deng R, Wang X. Characterization of AcMNPV with a deletion of me53 gene. Virus
Genes. 2007; 34(2):223–32. Epub 2006/11/11. doi: 10.1007/s11262-006-0045-0 PMID: 17096186.

38. Lin G, Blissard GW. Analysis of an Autographa californica multicapsid nucleopolyhedrovirus lef-6-null
virus: LEF-6 is not essential for viral replication but appears to accelerate late gene transcription. J
Virol. 2002; 76(11):5503–14. Epub 2002/05/07. PMID: 11991978; PubMed Central PMCID:
PMC137020.

39. Li L, Li Z, ChenW, Liu C, Huang H, Yang K, et al. Characterization of Spodoptera exigua multicapsid
nucleopolyhedrovirus ORF100 and ORF101, two homologues of E. coli ChaB. Virus research. 2006;
121(1):42–50. Epub 2006/05/16. S0168-1702(06)00115-8 [pii] doi: 10.1016/j.virusres.2006.03.014
PMID: 16697484.

40. Li Z, Li L, Yu H, Li S, Pang Y. Characterization of two homologues of ChaB in Spodoptera litura multi-
capsid nucleopolyhedrovirus. Gene. 2006; 372:33–43. Epub 2006/02/21. S0378-1119(05)00734-1 [pii]
doi: 10.1016/j.gene.2005.11.029 PMID: 16488560.

41. Zheng F, Huang Y, Long G, Sun X, Wang H. Helicoverpa armigera single nucleocapsid nucleopolyhe-
drovirus ORF51 is a ChaB homologous gene involved in budded virus production and DNA replication.
Virus research. 2011; 155(1):203–12. Epub 2010/10/19. doi: 10.1016/j.virusres.2010.10.006 PMID:
20951176.

42. Sugiura N, Setoyama Y, Chiba M, Kimata K, Watanabe H. Baculovirus envelope protein ODV-E66 is a
novel chondroitinase with distinct substrate specificity. The Journal of biological chemistry. 2011; 286
(33):29026–34. Epub 2011/07/01. doi: 10.1074/jbc.M111.251157 PMID: 21715327; PubMed Central
PMCID: PMC3190710.

43. Peng K, van Lent JW, Boeren S, Fang M, Theilmann DA, Erlandson MA, et al. Characterization of
novel components of the baculovirus per os infectivity factor complex. Journal of virology. 2012; 86
(9):4981–8. doi: 10.1128/JVI.06801-11 PMID: 22379094; PubMed Central PMCID: PMCPMC3347349.

44. Simon O, Palma L, Williams T, Lopez-Ferber M, Caballero P. Analysis of a naturally-occurring deletion
mutant of Spodoptera frugiperda multiple nucleopolyhedrovirus reveals sf58 as a new per os infectivity
factor of lepidopteran-infecting baculoviruses. J Invertebr Pathol. 2012; 109(1):117–26. doi: 10.1016/j.
jip.2011.10.010 PMID: 22041202.

45. Tang Q, Li G, Yao Q, Chen L, Lv P, Lian C, et al. Bm91 is an envelope component of ODV but is dis-
pensable for the propagation of Bombyx mori nucleopolyhedrovirus. J Invertebr Pathol. 2013; 113
(1):70–7. doi: 10.1016/j.jip.2013.01.006 PMID: 23391406.

46. Marek M, Merten OW, Galibert L, Vlak JM, van Oers MM. Baculovirus VP80 protein and the F-actin
cytoskeleton interact and connect the viral replication factory with the nuclear periphery. J Virol. 2011;
85(11):5350–62. PMID: 21450830. doi: 10.1128/JVI.00035-11

47. WuD, Deng F, Sun X, Wang H, Yuan L, Vlak JM, et al. Functional analysis of FP25K of Helicoverpa
armigera single nucleocapsid nucleopolyhedrovirus. The Journal of general virology. 2005; 86(Pt
9):2439–44. Epub 2005/08/16. 86/9/2439 [pii] doi: 10.1099/vir.0.81110-0 PMID: 16099901.

48. Braunagel SC, Burks JK, Rosas-Acosta G, Harrison RL, Ma H, Summers MD. Mutations within the
Autographa californica nucleopolyhedrovirus FP25K gene decrease the accumulation of ODV-E66 and
alter its intranuclear transport. J Virol. 1999; 73(10):8559–70. Epub 1999/09/11. PMID: 10482609;
PubMed Central PMCID: PMC112876.

49. Harrison RL, Summers MD. Mutations in the Autographa californica multinucleocapsid nuclear polyhe-
drosis virus 25 kDa protein gene result in reduced virion occlusion, altered intranuclear envelopment
and enhanced virus production. The Journal of general virology. 1995; 76 (Pt 6):1451–9. Epub 1995/
06/01. PMID: 7782773.

50. Saksena S, Summers MD, Burks JK, Johnson AE, Braunagel SC. Importin-alpha-16 is a translocon-
associated protein involved in sorting membrane proteins to the nuclear envelope. Nature structural &
molecular biology. 2006; 13(6):500–8. Epub 2006/05/23. doi: 10.1038/nsmb1098 PMID: 16715095.

Proteomic Analysis of MabrNPV Virions

PLOS ONE | DOI:10.1371/journal.pone.0153365 April 8, 2016 12 / 13

http://dx.doi.org/10.1016/j.virusres.2012.12.016
http://www.ncbi.nlm.nih.gov/pubmed/23298549
http://dx.doi.org/10.1099/vir.0.010397-0
http://dx.doi.org/10.1099/vir.0.010397-0
http://www.ncbi.nlm.nih.gov/pubmed/19264658
http://dx.doi.org/10.1006/viro.1997.8816
http://www.ncbi.nlm.nih.gov/pubmed/9400597
http://dx.doi.org/10.1007/s11262-006-0045-0
http://www.ncbi.nlm.nih.gov/pubmed/17096186
http://www.ncbi.nlm.nih.gov/pubmed/11991978
http://dx.doi.org/10.1016/j.virusres.2006.03.014
http://www.ncbi.nlm.nih.gov/pubmed/16697484
http://dx.doi.org/10.1016/j.gene.2005.11.029
http://www.ncbi.nlm.nih.gov/pubmed/16488560
http://dx.doi.org/10.1016/j.virusres.2010.10.006
http://www.ncbi.nlm.nih.gov/pubmed/20951176
http://dx.doi.org/10.1074/jbc.M111.251157
http://www.ncbi.nlm.nih.gov/pubmed/21715327
http://dx.doi.org/10.1128/JVI.06801-11
http://www.ncbi.nlm.nih.gov/pubmed/22379094
http://dx.doi.org/10.1016/j.jip.2011.10.010
http://dx.doi.org/10.1016/j.jip.2011.10.010
http://www.ncbi.nlm.nih.gov/pubmed/22041202
http://dx.doi.org/10.1016/j.jip.2013.01.006
http://www.ncbi.nlm.nih.gov/pubmed/23391406
http://www.ncbi.nlm.nih.gov/pubmed/21450830
http://dx.doi.org/10.1128/JVI.00035-11
http://dx.doi.org/10.1099/vir.0.81110-0
http://www.ncbi.nlm.nih.gov/pubmed/16099901
http://www.ncbi.nlm.nih.gov/pubmed/10482609
http://www.ncbi.nlm.nih.gov/pubmed/7782773
http://dx.doi.org/10.1038/nsmb1098
http://www.ncbi.nlm.nih.gov/pubmed/16715095


51. Fang M, Nie Y, Harris S, Erlandson MA, Theilmann DA. Autographa californica multiple nucleopolyhe-
drovirus core gene ac96 encodes a per Os infectivity factor (PIF-4). Journal of virology. 2009; 83
(23):12569–78. Epub 2009/09/18. JVI.01141-09 [pii] doi: 10.1128/JVI.01141-09 PMID: 19759145;
PubMed Central PMCID: PMC2786767.

52. Radhakrishnan A, Yeo D, Brown G, Myaing MZ, Iyer LR, Fleck R, et al. Protein analysis of purified
respiratory syncytial virus particles reveals an important role for heat shock protein 90 in virus particle
assembly. Molecular & cellular proteomics: MCP. 2010; 9(9):1829–48. Epub 2010/06/10. doi: 10.1074/
mcp.M110.001651 PMID: 20530633; PubMed Central PMCID: PMC2938102.

53. Makela AR, Oker-Blom C. Baculovirus display: a multifunctional technology for gene delivery and
eukaryotic library development. Advances in virus research. 2006; 68:91–112. PMID: 16997010.

54. Gohla A, Bokoch GM. 14-3-3 regulates actin dynamics by stabilizing phosphorylated cofilin. Current
biology: CB. 2002; 12(19):1704–10. PMID: 12361576.

55. Bartenschlager R, Sparacio S. Hepatitis C virus molecular clones and their replication capacity in vivo
and in cell culture. Virus research. 2007; 127(2):195–207. doi: 10.1016/j.virusres.2007.02.022 PMID:
17428568.

56. Brudner M, Karpel M, Lear C, Chen L, Yantosca LM, Scully C, et al. Lectin-Dependent Enhancement of
Ebola Virus Infection via Soluble and Transmembrane C-type Lectin Receptors: Public Library of Sci-
ence; 2013. Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3614905.

57. Matsuno K, Kishida N, Usami K, Igarashi M, Yoshida R, Nakayama E, et al. Different Potential of C-
Type Lectin-Mediated Entry between Marburg Virus Strains!: American Society for Microbiology
(ASM); 2010. Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2863822.

58. Adang MJ. Chapter 81—Insect Aminopeptidase N. In: Salvesen NDR, editor. Handbook of Proteolytic
Enzymes: Academic Press; 2013. p. 405–9.

59. Ningshen TJ, Aparoy P, Ventaku VR, Dutta-Gupta A. Functional interpretation of a non-gut hemocoelic
tissue aminopeptidase N (APN) in a lepidopteran insect pest Achaea janata. PLoS One. 2013; 8(11):
e79468. doi: 10.1371/journal.pone.0079468 PMID: 24244508; PubMed Central PMCID:
PMCPMC3828369.

60. Masler EP, Kovaleva ES. Aminopeptidase-Like Activity in Hemolymph Plasma from Larvae of the
Gypsy Moth, Lymantria dispar (Lepidoptera: Lymantriidae). Comparative Biochemistry and Physiology
Part B: Biochemistry and Molecular Biology. 1997; 116(1):11–8. http://dx.doi.org/10.1016/S0305-0491
(96)00194-0.

61. Budatha M, Meur G, Dutta-Gupta A. A novel aminopeptidase in the fat body of the moth Achaea janata
as a receptor for Bacillus thuringiensis Cry toxins and its comparison with midgut aminopeptidase. Bio-
chem J. 2007; 405(2):287–97. doi: 10.1042/BJ20070054 PMID: 17402938; PubMed Central PMCID:
PMCPMC1904524.

Proteomic Analysis of MabrNPV Virions

PLOS ONE | DOI:10.1371/journal.pone.0153365 April 8, 2016 13 / 13

http://dx.doi.org/10.1128/JVI.01141-09
http://www.ncbi.nlm.nih.gov/pubmed/19759145
http://dx.doi.org/10.1074/mcp.M110.001651
http://dx.doi.org/10.1074/mcp.M110.001651
http://www.ncbi.nlm.nih.gov/pubmed/20530633
http://www.ncbi.nlm.nih.gov/pubmed/16997010
http://www.ncbi.nlm.nih.gov/pubmed/12361576
http://dx.doi.org/10.1016/j.virusres.2007.02.022
http://www.ncbi.nlm.nih.gov/pubmed/17428568
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3614905
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2863822
http://dx.doi.org/10.1371/journal.pone.0079468
http://www.ncbi.nlm.nih.gov/pubmed/24244508
http://dx.doi.org/10.1016/S0305-0491(96)00194-0
http://dx.doi.org/10.1016/S0305-0491(96)00194-0
http://dx.doi.org/10.1042/BJ20070054
http://www.ncbi.nlm.nih.gov/pubmed/17402938

