Virology 552 (2021) 83-93

Contents lists available at ScienceDirect

Virology

& >

FI. SEVIER

journal homepage: www.elsevier.com/locate/virology

Check for

Bombyx mori nucleopolyhedrovirus F-like protein Bm14 is a factor for i
viral-induced cytopathic effects via regulating oxidative phosphorylation
and cellular ROS levels

Xiangshuo Kong, Weifan Xu, Nan Chen, Yang Li, Yunwang Shen, Xiaofeng Wu

Institute of Sericulture and Apiculture, College of Animal Science, Zhejiang University, Hangzhou, China

ARTICLE INFO ABSTRACT

Keywords: Bombyx mori nucleopolyhedrovirus (BmNPV) is highly pathogenic to Bombyx mori, silkkworm, which causes

Cytopathic effects serious cytopathic effects (CPEs) during infection. However, the role of viral protein in the virus-induced CPEs

gmll\lfv remains unclear. Here, we discovered that BmNPV infection induced severe CPEs including titer-dependent cell
Juil

floating and changes in cellular surface morphology. Further explorations revealed the involvement of F-like
protein (Bm14), a viral envelope protein, in inducing cytotoxicity and detachment of adherent BmN cells, and its
disruption significantly impaired the virus infection-mediated CPEs. Intriguingly, transcriptomic analysis iden-
tified the tight association of Bm14 deletion with the activation of cellular oxidative phosphorylation pathway,
consistent with the elevated mitochondrial membrane potential (MMP) levels and ATP concentrations as well as
reduced ROS levels. Collectively, our results characterized for the first time the novel role of Bm14 in acceler-
ating viral-induced cytopathogenicity via suppressing the cellular oxidative phosphorylation levels and upre-

Cell detachment
Oxidative stress

gulating the ROS levels.

1. Introduction

Baculoviruses represent a large group of insect-specific enveloped
viruses, in which the double-stranded DNA genome is assembled into
rod-shaped nucleocapsids (Rohrmann, 2019). Baculoviruses have a
unique biphasic life cycle which produces two phenotypes of virions,
namely the occlusion-derived virus (ODV) and the budded virus (BV)
(van Oers and Vlak, 2007). During the whole infection cycle, ODVs
establish primary infection in the host midgut and mediate horizontal
host transmission, whereas BVs are in charge of the infection of systemic
cell propagation within the individual larvae. As a representative
member of the Alphabaculovirus genus in the Baculoviridae family,
Bombyx mori nucleopolyhedrovirus (BmNPV) is highly pathogenic and
lethal to silkworm, leading to serious damage in the sericulture industry
annually (Dong et al., 2015). In Group I NPVs, BVs appear to have a
number of envelope proteins including GP64, F-like protein (the ho-
molog of F protein), v-Ubi (Ac35), GP37 (Ac64), ODV-E25 (Ac94),
ODV-E18 (Ac143) and BV/ODV-E26 (Ac16) (Blissard and Theilmann,
2018). Of them, GP64 is the major envelope protein responsible for
mediating membrane fusion and receptor binding (Dong et al., 2010;
Hefferon et al., 1999; Zhou and Blissard, 2008). By contrast, the F-like
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proteins, such as Bm14 and Ac23, although related to the fusion proteins
of baculovirus lineage that do not encode gp64, lack the conserved
domain that harbors the furin-like cleavage sites, with no membrane
fusion activity (Pearson et al., 2001; Rohrmann and Karplus, 2001).
Previous studies show that Bm14 is a type I integral membrane protein,
which functions to regulate the virulence in infected larvae and facilitate
the attachment of ODVs to the midgut epithelial cells (Xu et al., 2019, Xu
et al., 2020a). In addition, Ac23 appears to influence viral pathogenicity
by accelerating the mortality of infected insects (Lung et al., 2003).
Cytopathic effects (CPEs) represent the widespread property and
capacity of viruses (Agol, 2012). Specifically, the virus
infection-induced CPEs covers different aspects, like membrane system
remodeling, cell detachment, cell morphological changes, cell
shrinkage, chromatin condensation and syncytia formation (Netherton
et al., 2007; Pereira, 1961). These various effects may represent the
phenotypes or inducements of virus-modulated innate immune re-
sponses. Notably, the apoptosis mediated by baculovirus infection is the
most extensively studied innate immune response (Cerio et al., 2010;
Schultz and Friesen, 2009). In baculovirus-infected host cells, virus
triggers a proapoptotic DNA damage response essential for efficient
virus propagation (Huang et al., 2011; Mitchell and Friesen, 2012).
Moreover, the hallmarks of apoptosis, such as chromatin condensation
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Abbreviations

BmNPV Bombyx mori nucleopolyhedrovirus

CPEs Cytopathic effects

MMP mitochondrial membrane potential
ATP Adenosine triphosphate

ROS reactive oxygen species

ODV occlusion-derived virus

BV budded virus

SEM scanning electron microscopy
DEGs differentially expressed genes
NAD"  nicotinamide adenine dinucleotide

DCFH-DA dichlorofluorescin diacetate

and apoptotic body formation, have been detected in
baculovirus-infected host hemocytes and fat body (Zhang et al., 2002).
Nonetheless, it remains unknown whether other CPEs are induced by
BmNPV infection, even though the above CPEs have been widely
investigated.

In this study, we verified that BmNPV infection suppressed cell
adhesion and triggered host cell floating. Virus envelope proteins have
been suggested to be instrumental in causing cell detachment (Francica
et al., 2009; Simon and Linstedt, 2018; Yang et al., 2000). Therefore,
GP64 and F-like protein (Bm14), the two major envelope proteins of
BmNPV, were selected to determine their roles in inducing cell dead-
hesion. To our surprise, the transient transfection of Bm14, rather than
GP64, was able to induce cell detachment and cytotoxicity. Moreover,
the Bm14-null mutant had declined capacity to induce cell floating and
cytotoxicity. RNA-seq results suggested that the oxidative phosphory-
lation pathway was activated in Bml4-null mutant infected cells.
Therefore, our results suggest that Bm14 participates in the suppression
of the oxidative phosphorylation pathway by influencing reduced MMP
levels and ATP concentrations. This reduction in oxidative phosphory-
lation may accelerate cytopathogenicity by activating ROS levels.

2. Results

2.1. BmNPYV infection induced CPEs including cell floating and
morphological changes

As a highly pathogenic DNA virus, baculovirus infection induces
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several common CPEs, including chromatin condensation, migration
and syncytium formation (Katou et al., 2010; Nagamine et al., 2008;
Zhang et al., 2002). To explore whether BmNPV infection induce other
CPEs, cell detachment assay was conducted. The results showed that the
proportion of floating cells gradually increased during BmNPV infection
and this increment was mediated in a virus titer-dependent manner
(Fig. 1A). Moreover, scanning electron microscopy (SEM) revealed that
the normal adherent BmN cells possessed numerous filaments at the
plasma membrane surface, whereas the host cells infected with BmNPV
at 48 h p.i. resulted in the drastic formation of blebs and disappearance
of extracellular filaments at the cell surface (Fig. 1B). Taken together,
these results demonstrated that BmNPV infection induced serious virus
titer-dependent cell detachment and fundamentally changed the cellular
morphology.

2.2. Transient transfection with Bm14 induced cell detachment and
cytotoxicity

The high pathogenicity and mortality of baculovirus infection have
been noted in a number of studies, but the role of viral factors leading to
the detachment of adherent cells remains unknown. As reported by
previous studies, viral envelope proteins are crucial in cell de-adhesion
mediated by virus infection (Francica et al., 2009; Simon and Linstedt,
2018; Yang et al., 2000). BmNPV possesses two major BV envelope
proteins, namely, GP64 and F-like protein. Thus, the functions of these
two proteins in triggering cytotoxicity and cell detachment were char-
acterized. In brief, BmN cells were transfected with EGFP, EGFP-GP64,
mCherry, and mCherry-Bm14 constructs for 48 h p.t., and the propor-
tion of detached cells was determined (Fig. 2A). These expression
plasmids were constructed using pIZ/V5-His plasmid, which contained
the OpIE2 promoter. egfp and mCherry were independently expressed or
fused with gp64 and Bm14 using the OpIE2 promoter, respectively. As
controls, the EGFP and mCherry constructs did not exhibit a potential
role in inducing cell detachment. Importantly, mCherry-Bm14 trans-
fected cells achieved a significantly higher degree of detachment
(~23%) than those of EGFP, EGFP-GP64 and mCherry transfected cells
(~10%, ~11% and ~11%, respectively), indicating that Bm14
contributed to inducing cell floating. Moreover, this induction was
mediated in a transfection dose-dependent manner (Fig. 2B). Next, we
intended to explore whether Bm14 induced cell detachment was asso-
ciated with cell viability. According to the results, mCherry-Bm14 also
showed slight cytotoxic activity, whereas the cell viability was unaf-
fected when mCherry was expressed independently (Fig. 2C). Collec-
tively, these findings suggested that Bm14 was able to induce cell

Control

48 h p.i.

Fig. 1. BmNPV infection induces serious cytopathic effects. (A) BmNPV infection induces severe cell detachment in a viral titer-dependent manner. Each assay
was repeated in three individual replicates. (B) SEM of normal BmN cells and BmNPV infected cells. Scale bars indicate 5 pm (top) and 1 pm (bottom).
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Fig. 2. Transient expression of Bm14 results in
cell detachment and cytotoxicity. (A) Detach-
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detachment and cytotoxicity.

2.3. Bm14 affected cell morphology

To further analyze the ability of Bm14 in causing CPEs, immuno-
fluorescence was performed to determine the precise distribution of the
ectopically expressed Bm14 fused with mCherry at 48 h p.t. As observed,
the mCherry signals were diffused in the cytoplasm, whereas the signals
of anti-Bm14 antibody were concentrated in the filaments on cell surface
in addition to being localized with the mCherry (Fig. 3A). We surmised
that the difference in distribution of mCherry and Bm14 might be due to
the uncharacterized degradation or posttranslational modification of
Bm14, which was found in the pellet of OB (Xu et al., 2020a). Such
distribution pattern indicated that Bm14 might affect cell morphology
via altering the structure of filaments. Moreover, SEM results showed
that mCherry-Bm14 transfection at 48 h p.t. led to the formation of short
filament-like structures on the cellular surface, whereas mCherry
transfection did not affect the cell morphology, suggesting Bm14 might
cause the shrinkage or reduction of filaments (Fig. 3B). These results
revealed a potential mechanism that Bm14 changed cell morphology
through reduction in the size of the extracellular filaments.

2.4. Bm14 deletion reduced the virus infection-triggered CPEs

Subsequently, to determine whether Bm14 exerted a certain role in
causing CPEs during BmNPV infection, BmN cells were infected with the
recombinant viruses BmWT HECFP | Bm14KOPHESF? or Bmi 4RepPH'EGFP
(Xu et al., 2019) at an MOI of 1 or 10. The Bm14 knockout virus was
constructed via RecE/RecT (ET) homologous recombination and the
repaired virus was constructed via Tn7-mediated transposition. More-
over, PH and EGFP were individually expressed and using the polyhedrin
promoter and iel promoter, respectively. At 24 and 48 h p.i., Bm14
knockout, relative to the wild type or repair virus, reduced the impact on
virus infection-induced cell detachment (Fig. 4A, B). However, it was
noticeable that Bmil4-null mutant still triggered the detachment of
adherent cells, suggesting that Bm14 was not the only factor involved in
this process. Meanwhile, cell viability was tested using the MTT assay.
The results showed that Bm14-null virus also showed relatively lower
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cytotoxic activity at MOI 10 than control viruses at 24 and 48 h p.i.
(Fig. 4C, D). In addition, to determine whether the absence of Bm14
affected cell morphology, the cell surface structure was observed by SEM
assays. At 48 h p.i., a mass of blebs was found on the plasma membrane
of control virus-infected cells, accompanied with the disappearance of
extracellular filaments (Fig. 5). However, a distinguishable morphology
was observed on the surface of Bn14-null mutant infected cells at 48 h p.
i. Specifically, on the surface of these cells, we could concurrently
observe the presence of thick and straight filaments and the appearance
of blebs (Fig. 5). This finding confirmed the result of transient trans-
fection assay that the presence of Bm14 changed the cellular surface
morphology (Fig. 3B). Taken together, these results indicated that Bm14
as a viral factor participated in BmNPV-induced cell detachment, cyto-
toxicity and alterations in cell morphology during infection.

2.5. Genes affected by Bm14 deletion

To further explore the underlying mechanism by which Bm14-null
resulted in differences in virus infection caused CPEs, comparative
transcriptomic analysis was conducted between BmWTPECFP and
Bm14KOPHESP infected cells at 48 h p.i. In total, 471 differentially
expressed genes (DEGs) were identified, among which 42 genes were
down-regulated and 429 genes were up-regulated in the Bmi4-null
mutant infected cells (Fig. 6A). Next, the Kyoto Encyclopedia of Genes
and Genomes (KEGG, a database resource for understanding high-level
functions and utilities of the biological system) pathway enrichment
analysis was performed to investigate the biological functions of DEGs.
The results showed that the DEGs were significantly enriched in three
KEGG pathways (Fig. 6B), including oxidative phosphorylation
(bmor00190), phagosome (bmor04145) and glycolysis/gluconeogenesis
(bmor00010). gRT-PCR results confirmed that the genes (12/14)
enriched in the oxidative phosphorylation pathway were significantly
up-regulated in the Bm14-null mutant infected cells (Fig. 6C). Specif-
ically, five genes (BGIBMGA004009, BGIBMGA014059,
BGIBMGAO012356, BGIBMGA002455 and BGIBMGA009182) were sub-
units of Complex I, which was responsible for the transfer of electrons
from NADH to the respiratory chain; two genes (BGIBMGA011593 and
BGIBMGA010790) were subunits of Complex II, which was responsible
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Anti-Bm14 Anti-Bm14

mCherry-Bm14

for transferring electrons from succinate to ubiquinone (coenzyme Q);
four genes (BGIBMGA013451, BGIBMGA013680, BGIBMGA(014175 and
BGIBMGAO009700) were components of Complex IV, which was
involved in oxidative phosphorylation; two ATP synthase genes
(BGIBMGA001853 and BGIBMGA012549) were responsible for pro-
ducing ATP from ADP in the presence of a proton gradient across the
membrane; the last gene (BGIBMGA000596) was a subunit of ATPase.
This pathway has been demonstrated to play essential roles in energy
metabolism and oxidative stress (Table 1). In addition, it produces
reactive oxygen species (ROS), which can cause cytotoxicity and
impairment to cells (Cole, 2016). Moreover, the glycolysis/gluconeo-
genesis pathway is another important pathway responsible for energy
supply (Melkonian et al., 2020). Taken together, these enrichments and
up-regulations indicated that Bm14 might function as a cytopathic
effector via altering cellular energy metabolism and regulating the ROS
levels.
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Fig. 3. Transfection of Bm14 impacts the
morphology of cellular surface. (A)
Immunofluorescence analysis of the distri-
bution of transiently transfected with
mCherry-Bm14. Red, Bml4 conjugated
mCherry; green, anti-Bm14; blue, nucleus;
white arrows indicate the filaments on cell
surface. (B) SEM analysis of the differences
in cellular surface morphology affected by
transient transfection of mCherry-Bm14. The
filaments were indicated with white arrows.
Scale bars indicate 5 pm (top) and 1 pm
(bottom).

2.6. Bm14 deletion increased the mitochondrial membrane potential
(MMP) levels and ATP concentration

Oxidative phosphorylation occurs in the mitochondrion inner
membrane and produces an electrical chemical gradient between the
inner and outer mitochondrion membrane. ATP is generated by four
complexes of respiratory chain through hydrogen and electron transfer
reactions in the mitochondria. Thus, to further determine the function of
Bm14 in regulating the oxidative phosphorylation pathway, JC-1 dyeing
and ATP assays were conducted to monitor the mitochondrial function
during infection with these recombinant viruses. The JC-1 probe ex-
hibits MMP-dependent accumulation in the mitochondria matrix,
forming JC-1 aggregates with red fluorescence, however, when the
mitochondrial inner membrane becomes depolarized, JC-1 monomers
show high green fluorescence (Cossarizza et al., 1993). As shown in
Fig. 7A, mock control displayed high red fluorescence (JC-1 aggregates)
and low green fluorescence (JC-1 monomers), indicating control cells
possessed high MMP values (Fig. 7B) and normal mitochondrial func-
tion. CCCP treatment was used as a positive control for indicating low
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Fig. 4. Bm14 deletion virus reduces virus induced CPEs. (A, B) Detachment assays of BmN cells infected with BmWTF 7 ES*? and Bm14KOPTECFP within 48 h p.i. at
MOI of 1 or 10, respectively (n = 3). (C, D) MTT assays of BmN cells infected with BmWT HECFP | Bm14KOPHEC? or Bm14Rep”™ ECFP at MOI of 1 or 10, respectively
(n = 6).

BmWTPH-EGFP Bm14KOPH-EGFP Bm14RepPH-EGFP

Fig. 5. Bm14 deletion virus affects cellular surface morphology. SEM analysis of BmN cells infected with BmWTPHECFP (left), Bm14KOPHECFP (middle) or
Bm14RepPH'EGFP (right) at 48 h p.i. Scale bars indicate 5 pm (top) and 1 pm (bottom).

MMP levels and mitochondria dysfunction (Fig. 7A, B). The red signals Bm14 in suppressing mitochondria function through regulating MMP
were attenuated upon BmWT ! and Bm14Rep®™ infection at 48 h p.i., levels and ATP concentrations.

suggesting that virus infection decreased the MMP values and disturbed
the mitochondrial function (Fig. 7A, B). In the Bml 4K0PH
mutant-infected cells, however, the red signals were increased and the
MMP values recovered to the normal levels at 48 h p.i. (Fig. 7A, B).
Moreover, at 48 h p.i., ATP concentrations in Bm1 4KO™ infected cells
were significantly higher than in BnWT"™ and Bm14Rep®™ infected cells
(Fig. 7C). The ATP assay results showed that Bm14 knockout increased
ATP concentrations, indicating that Bm14 inhibited the host energy
metabolism activity. Collectively, these results revealed the vital roles of

2.7. Effects of Bm14 mutant on intracellular ROS levels

Cell death caused by viral infection is a complex process that involves
multiple factors and remains poorly understood. In a previous study
(Santos et al., 2010), Bm14 was considered to participate in the stress
response under viral infection. To examine whether the effect of Bm14
on accelerating larvae and cell death might have more to do with
oxidative stress, we measured the intracellular ROS levels induced by
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Fig. 6. Transcriptome analysis of DEGs between BmWT "E¢*® and Bm14KO""EC? infected cells. (A) Volcano plot of DEGs between KO vs WT. Red plots
represent up-regulated genes in KO samples, green plots represent down-regulated genes, black plots represent no significant changed genes. The significant standard
is p.adjust <0.05, |FoldChange| > 2. (B) The top three enriched KEGG pathways. The richFactor is the ratio of genes enrichment. FDR, false discovery rate, was
calculated using the Benjamini-Hochberg procedure. (C) qPCR analysis of 14 genes enriched in oxidative phosphorylation pathway (n = 3; *, p < 0.05; **, p < 0.01;

*** p < 0.001; n.s., no significant).

BmWT?Y,  Bmi4kO™  or Bm14RepPH infection using an
oxidation-sensitive fluorescent probe (DCFH-DA). As shown in Fig. 8 the
intracellular ROS of three recombinant virus-infected cells both main-
tained a relatively low level from 6 to 24 h p.i. It was not until 48 h p.i.
that ROS levels increased obviously. However, although it exhibited the
similar tendency in all cases, the levels of cells infected with Bm14KOH
were significantly lower in comparisons with those of BmWT'" and
Bmi4Rep™ at 48 and 72 h p.i.

3. Discussion

BmNPV and other Group I NPVs have emerged as insect-specific
viruses with high pathogenicity, which pose serious lethality to their
hosts (Rohrmann, 2019; Zhang et al., 2002). However, the cytopatho-
genicity induced by these viruses remains unclear so far. In this study,
the BmNPV infection-mediated CPEs including cell detachment, changes
in cell morphology and cytotoxicity were characterized. We found that
Bm14 was one of the viral factors involved in inducing CPEs during
ectopic expression and BmNPV infection.

Baculovirus infection induces several typical CPEs, including cell
rounding, nuclear hypertrophy and cell detachment (Huang et al., 2019;
Kamita and Maeda, 1993; Levin and Huang, 1999; Whittome-Waygood
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et al., 2009). Cell detachment, changes in cell morphology and cyto-
toxicity are typical CPEs induced by virus. It is well known that viral
envelope proteins are responsible for the formation of syncytium (Blis-
sard and Wenz, 1992; Mi et al., 2000; Stamatatos and Cheng-Mayer,
1993; Wang et al., 2005), cell detachment (Simon and Linstedt, 2018;
Yang et al., 2000) and cytotoxicity (Curtin et al., 2018; McGettigan
et al., 2001) during infection processes. Thus, we surmised that the BV
major envelope proteins of BmNPV might exert the functions in causing
these CPEs. Surprisingly, Bm14 was found to have a direct effect on
BmNPV infection-mediated CPEs, instead of GP64. This was interpreted
to suggest that Bm14 not only has auxiliary functions in syncytium
formation (Xu et al., 2020b), but also plays important roles in other
CPEs. To our surprise, Bm14 distributed in the filament on the cellular
surface and we proposed an assumption that Bm14 was able to shrink
these filaments through unknown mechanisms. In addition, the F pro-
tein in group II NPVs show sequence similarity to Bm14 but possesses a
conserved furin-like cleavage site and is capable of pH-mediated mem-
brane fusion activity (Lung et al., 2002; Westenberg et al., 2002). These
structure and activity features are analogous to Ebola virus glycoprotein,
which is shown to be associated with the detachment of infected cells
and induction of cytotoxicity (Hacke et al., 2015a). Therefore, we
speculated that F proteins possess similar functions as the F-like protein
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Table 1
Functions of DEGs enriched in oxidative phosphorylation pathway.
Gene ID Gene name Function Complex of
oxidative
respiratory
chain

BGIBMGA004009  NADH Accessory subunit of Complex
dehydrogenase the mitochondrial 1
[ubiquinone] iron- membrane respiratory
sulfur protein 4 chain NADH

dehydrogenase.

BGIBMGA014059  NADH Accessory subunit of Complex
dehydrogenase the mitochondrial I
[ubiquinone] 1 membrane respiratory
alpha subcomplex chain NADH
subunit 10 dehydrogenase.

BGIBMGAO012356  Putative secreted NADH dehydrogenase =~ Complex
salivary protein activity. I

BGIBMGA002455  NADH Accessory subunit of Complex
dehydrogenase the mitochondrial I
[ubiquinone] 1 membrane respiratory
beta subcomplex chain NADH
subunit 2 dehydrogenase.

BGIBMGA009182  NADH Accessory subunit of Complex
dehydrogenase the mitochondrial I
[ubiquinone] 1 membrane respiratory
beta subcomplex chain NADH
subunit 3 dehydrogenase.

BGIBMGAO011593  succinate Membrane-anchoring Complex
dehydrogenase subunit of succinate I
cytochrome b560 dehydrogenase (SDH)
subunit that is involved in

complex II of the
mitochondrial
electron transport
chain and is
responsible for
transferring electrons
from succinate to
ubiquinone
(coenzyme Q).

BGIBMGAO010790  succinate Iron-sulfur protein Complex
dehydrogenase (IP) subunit of I
[ubiquinone] iron- succinate
sulfur subunit dehydrogenase (SDH)

that is involved in
complex II of the
mitochondrial
electron transport
chain and is
responsible for
transferring electrons
from succinate to
ubiquinone
(coenzyme Q).

BGIBMGA013451 Cytochrome ¢ Component of the Complex
oxidase subunit cytochrome c oxidase, v
NDUFA4 the last enzyme in the

mitochondrial
electron transport
chain which drives
oxidative
phosphorylation.

BGIBMGA013680  cytochrome c Component of the Complex
oxidase cytochrome c oxidase, IV
polypeptide IV the last enzyme in the

mitochondrial
electron transport
chain which drives
oxidative
phosphorylation.

BGIBMGAO014175  cytochrome ¢ Component of the Complex
oxidase subunit 6C  cytochrome c oxidase, v

the last enzyme in the
mitochondrial
electron transport
chain which drives
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Table 1 (continued)

Gene ID Gene name Function Complex of
oxidative
respiratory

chain

oxidative

phosphorylation.

Component of the Complex

cytochrome c oxidase, I\%

the last enzyme in the

mitochondrial

electron transport

chain which drives

oxidative

phosphorylation.

Mitochondrial Complex

membrane ATP \

synthase (F1FO ATP

synthase or Complex

V) produces ATP from

ADP in the presence of

a proton gradient

across the membrane

which is generated by

electron transport

complexes of the

respiratory chain.

Mitochondrial Complex

membrane ATP \4

synthase (F1FO ATP

synthase or Complex

V) produces ATP from

ADP in the presence of

a proton gradient

across the membrane

which is generated by

electron transport

complexes of the

respiratory chain.

V-type proton Subunit H activates

ATPase subunit H- the ATPase activity of

like the enzyme and
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(Bm14) and Ebola glycoprotein.

RNA-seq analysis revealed that Bm14 knockout mutant up-regulated
the pathways associated with energy metabolism and oxidative stress. In
eukaryotes, glycolysis pathway as energy sources clearly feeds into
oxidative phosphorylation (Cole, 2016). The nicotinamide adenine
dinucleotide (NAD") and reduced dinucleotide NADH are crucial for
electron transport and oxidation-reduction reactions in oxidative phos-
phorylation pathway. Additionally, NADP" and NADPH are generated
from NAD™ through phosphorylation action of NAD" kinases, which
play key roles in cellular biosynthetic pathways and in protecting cells
from ROS induced damage (Anderson et al., 2017; Ying, 2008). The
balance between the NAD pool and NADP pools produces profound ef-
fects on cellular functions. As shown in Table 1, the mRNA levels of
several oxidative phosphorylation complexes subunits were
up-regulated, suggesting that the activity of respiratory chain reactions
was suppressed by Bm14. Moreover, it was reported that BmNPV
infection resulted in a significant oxidative stress (Li et al., 2012). Thus,
we surmised that Bml4 knockout induced the increase in
oxidation-reduction reactions and NAD/NADPH pool will finally
enhance the ability of the host cell to resist ROS damage caused by
BmNPV infection.

Consistent with our RNA-seq results, MMP and ATP assays demon-
strated that BmNPV infection resulted in mitochondria dysfunction,
whereas Bm14 knockout increased MMP values and ATP concentrations
(Fig. 7). Meanwhile, lower intracellular ROS levels were detected in
Bm14KO™ infected cells (Fig. 8), demonstrating that Bm14 deletion
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Fig. 7. Effects of Bm14 knockout on mitochondrial membrane potential levels and ATP concentrations. (A) Confocal microscopy analysis of mitochondrial
membrane potential levels indicated by JC-1 probe. Green, JC-1 monomers; red, JC-1 aggregates. (B) Relative ratio of JC-1 aggregates/monomers (n = 6, *, p < 0.05;
** p < 0.01; *** p < 0.001, n.s., no significant). (C) ATP concentrations (n = 3; **, p < 0.01).
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Fig. 8. Bm14 knockout reduced intracellular ROS production. At 48 and
72 h p.i., Bm14KO™ infected cells showed significant reductions in ROS pro-
duction than BnWT" and Bm1 4ReppH infected cells (n = 3; *, p < 0.05; n.s., no
significance).

disrupted viral infection induced mitochondria dysfunction and oxida-
tive stress. Acceleration of oxidative stress and ROS damage were tightly
associated with CPEs during viral infection (Camini et al., 2018; Douglas
et al.,, 2016; Rajput et al., 2017; Wang et al., 2018). Therefore, we
speculated that Bm14 participated viral-induced CPEs through regu-
lating oxidative stress responses, and the relationship between them
need more explorations.

In summary, our results comprehensively demonstrate the novel
functions of Bm14 in mediating CPEs. Transcriptome analysis and
biochemical assays reveal that Bm14 might by some direct or indirect
mechanism alter energy metabolism and oxidation-reduction reactions
which could lead to the production of CPEs.
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4. Materials and methods
4.1. Cell line, viruses, antibody and expression plasmids

The BmN cell line was cultured at 27 °C in the SFO00 II SFM (Gibco)
supplemented with 3% fetal bovine serum (FBS, Gibco), penicillin (100
pg/ml) and streptomycin (30 pg/ml). The T3 strain of BmNPV was
termed as the wild-type (WT) virus. The recombinant viruses BmWTH
EGFP " Bm14KOPHECT? - Bm14Rep™ G BmWT'H, Bm14KOH and
Bmi4Rep®™ were previously constructed in our laboratory (Xu et al.,
2019). In brief, the Bn14 knockout virus was generated via RecE/RecT
(ET) homologous recombination and the repaired virus was generated
via Tn7-mediated transposition, which contained the Bm14 driven by its
native promoter (Supplementary Fig. 1 and 2). In addition,
BmWTPHESF? and BmWTP were generated as above and acted as the
positive controls. Particularly, polyhedrin (PH) and EGFP were
expressed independently and using the polyhedrin promoter and iel
promoter, respectively. The anti-Bm14 polyclonal antibody was pre-
served by our laboratory. The expression plasmids including pIZ-EGFP,
pIZ-EGFP-GP64, plZ-mCherry and pIZ-mCherry-Bm14 were generated
from the pIZ/V5-His plasmid and preserved by our laboratory (Supple-
mentary Fig. 3).

4.2. Quantitative real-time PCR analysis (qRT-PCR)

BmN cells (1 x 10% were infected with WT, BmWTPHEGFP
BmI14KOPHESFP or Bmi14Rep™ ECFP at a multiplicity of infection (MOI)
of 10. At the indicated time points, BmN cells were harvested and the
total RNA was extracted using the TRIzol™ reagent (Invitrogen).
Thereafter, 5 pg total RNA was used to synthesize the first-strand cDNAs
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with the TransScript One-Step gDNA Removal and cDNA Synthesis
SuperMix (TransGen). qRT-PCR was performed using Hieff® qPCR SYBR
Green Master Mix (Yeasen). The primers were listed in Supplementary
Table 1.

4.3. Cell detachment assay

Cell detachment assay was conducted as described previously
(Simon and Linstedt, 2018) with minor modifications. In brief, cells
were infected with the above-mentioned viruses at an MOI of 1 or 10 or
transfected with expression plasmids at different doses. Afterwards, the
media containing detached cells were collected at the indicated time
points, and the adherent cells were trypsinized and harvested. The
collected floating and attached cells were stained with trypan blue, and
only those stained cells were counted by the cell counting board. Next,
the proportion of floating cells were calculated according to the formula
below: floating cells (%) = (floating cells/(floating cells + attached
cells) x 100%).

4.4. Scanning electron microscopy (SEM)

SEM analysis was performed as described previously (Hacke et al.,
2015b). Briefly, BmN cells were plated onto 35 mm glass-bottomed
dishes, and infected with viruses or transfected with expression plas-
mids respectively. Thereafter, the samples were subjected to fixation,
dehydration, drying at critical point, while the cells were coated with
gold-palladium (5 nm). Finally, the slides were observed with the Carl
Zeiss GeminiSEM 300.

4.5. Transfection with expression plasmids

For transfection assay, cells were cultured into 12-well and 96-well
microplates or coverslips, respectively. Later, the Cellfectin™ II Re-
agent (Gibco) was adopted for transfection according to the manufac-
turer’s instructions.

4.6. Cell viability assay

BmN cells grown in the 96-well microplates were transfected with
expression plasmids or infected with various viruses. Then, the cell
viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Invitrogen) reagent. Briefly, cells
were washed thrice with PBS (pH 7.4) and incubated with 20 pl MTT
reagent supplemented in 180 pl TC-100 medium for 4 h. Next, cells were
washed twice with PBS (pH 7.4) and dissolved into 200 pl Formazan
solvent. Later, the sample absorbances were measured with the spec-
trophotometer at the wavelength of 570 nm.

4.7. Immunofluorescence assay

BmN cells were plated onto 35 mm glass-bottomed dishes and
transfected with Cellfectin™ II reagent. At 48 h post-transfection, cells
were washed twice with PBS (pH 7.4) and fixed within the 4% para-
formaldehyde for 20 min. Afterwards, cells were permeabilized in 0.1%
TritonX-100, blocked with 0.5% BSA/PBS, and incubated with rabbit
polyclonal anti-Bm14 antibody (dilution 1:500) overnight at 4 °C. Next,
the samples were incubated with Alexa 488-conjugated donkey anti-
rabbit antibody (dilution 1:500, Invitrogen). Then, cells were sealed in
4',6’-diamidino-2-phenylindole (DAPI, Beyotime) and examined using a
ZEISS LSM 780 confocal laser scanning microscopy.

4.8. RNA-seq
RNA-seq libraries were prepared as described previously (Liu et al.,

2017) with some modifications. Briefly, the cells were infected with
recombinant viruses BmWT EGFP and Bm14KOPHFCFP at an MOI of 10.
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Total RNA was extracted using the TRIzol™ reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. Approximately 3 pg of RNA
per sample was used as the input material for library preparation. The
libraries were constructed using the NEBNext Ultra™ RNA Library Prep
Kit for Illumina (NEB), and the index codes were added to attribute the
sequences to each sample. Then the obtained libraries were sequenced
on the HiSeq X ten illumina platform with a paired-end read of 150 bp.

The raw RNA-seq data quality was evaluated by the FastQC program,
and the sequencing adaptors were trimmed by Trimmomatic (Bolger
et al., 2014). Later, the filtered reads were aligned to the reference
Bombyx mori genome using STAR (Dobin et al., 2013), and only the
uniquely mapped reads were preserved, while the BmNPV reads were
removed. The read counts and RPKM were calculated by HTSeq (Anders
et al., 2015).

To characterize the differentially expressed genes (DEGs), the tran-
scripts of Bm14KOPTECF? infected cells were compared with those of
BmWTPHEGFP (indicated as control). Those genes that had two-fold
changes between the control transcripts and p.adjust was less than
0.05 were identified as DEGs. For functional analysis, KEGG pathway
(http://www.kegg.jp/) was performed to identify the biological path-
ways altered in response to Bm14-null mutant infection.

4.9. Detection of mitochondrial membrane potential

The mitochondrial membrane potential was measured using the JC-1
kit (Beyotime) according to the manufacturer’s instruction. Briefly, the
BmN cells were treated with 10 pM CCCP or infected with recombinant
viruses. At 48 h p.i., the cells were stained with JC-1 probe, and then
examined using a ZEISS LSM 780 confocal laser scanning microscopy.

4.10. Adenosine triphosphate (ATP) assay

ATP concentration was measured using ATP Assay Kit (Beyotime)
according to the manufacturer’s instruction. Briefly, the BmN cells were
infected with recombinant viruses. At 48 h p.i., the cells were lysed and
then centrifuged to collect supernatants. Relative intensity of the lumi-
nescence was measured by SYNERGY HTX microplate reader. Protein
concentrations were measured using a BCA kit (Takara).

4.11. Intracellular ROS level measurement

Intracellular ROS levels were determined by staining cells with
dichlorofluorescin diacetate (DCFH-DA, Yeasen). Briefly, the BmN cells
were infected with recombinant viruses. At indicated times, the cells
were washed with PBS and incubated with 10 pM DCFH-DA at 27 °C for
30 min. Cells were then washed twice with PBS and analyzed by flow
cytometry (BD FACSVerse™).
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