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Abstract 

Background Deformed wing virus (DWV) is a major honey bee pathogen that is actively transmitted by the para-
sitic mite Varroa destructor and plays a primary role in Apis mellifera winter colony losses. Despite intense investiga-
tion on this pollinator, which has a unique environmental and economic importance, the mechanisms underlying 
the molecular interactions between DWV and honey bees are still poorly understood. Here, we report on a group 
of honey bee proteins, identified by mass spectrometry, that specifically co-immunoprecipitate with DWV virus 
particles.

Results Most of the proteins identified are involved in fundamental metabolic pathways. Among the co-immunopre-
cipitated proteins, one of the most interesting was arginine kinase (ArgK), a conserved protein playing multiple roles 
both in physiological and pathological processes and stress response in general. Here, we investigated in more detail 
the relationship between DWV and this protein. We found that argK RNA level positively correlates with DWV load 
in field-collected honey bee larvae and adults and significantly increases in adults upon DWV injection in controlled 
laboratory conditions, indicating that the argK gene was upregulated by DWV infection. Silencing argK gene expres-
sion in vitro, using RNAi, resulted in reduced DWV viral load, thus confirming that argK upregulation facilitates DWV 
infection, likely through interfering with the delicate balance between metabolism and immunity.

Conclusions In summary, these data indicate that DWV modulates the host ArgK through transcriptional regulation 
and cooptation to enhance its fitness in honey bees. Our findings open novel perspectives on possible new therapies 
for DWV control by targeting specific host proteins.
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Background
Pathogenic viruses affecting honey bees are among the 
most intensively studied pathogens, given their great 
impact on beekeeping, as one of the main causes of honey 
bee (Apis mellifera) colony losses [1–3], and their poten-
tial negative impact on wild bees, through spill-over from 
beekeeping operations [4].

One of the most studied viral pathogens of honey bees 
is deformed wing virus (DWV; Iflaviridae), an endemic 
RNA positive single-stranded virus [5], which is vectored 
by the parasitic mite Varroa destructor [6–8]. At low viral 
loads, DWV is asymptomatic and nearly universally dis-
tributed in regions where Varroa is established [9–11]. 
However, when honey bee colonies are heavily infested 
by V. destructor, DWV rapidly spreads and the transition 
from common asymptomatic infections to devastating 
overt infections occurs [5, 12–15].

The increasing viral infection is a self-sustaining pro-
cess, as the growing DWV titer generates an escalat-
ing immunosuppression, by targeting NF-kB signaling 
through an as-yet-unknown mechanism, which has 
devastating consequences for bee health [9, 16]. Under-
standing the molecular mechanisms underlying DWV 
infection, such as protein–protein interactions at the 
host–pathogen interface or co-infection dynamics with 
other pathogens [17–20], may offer the opportunity to 
develop new management strategies and therapeutic 
approaches based on, for example, RNA interference 
(RNAi) via administration of synthetic dsRNA to honey 
bee colonies [21–23].

The genomic RNA of DWV contains a single large 
open reading frame encoding a 328 kDa polyprotein. The 
DWV virion is constructed by three major structural pro-
teins VP1, VP2, and VP3 [17], which map to the N-termi-
nal section of the polyprotein (Additional file 1: Fig. S1). 
The C-terminal part of the polyprotein contains sequence 
motifs typical of well-characterized picornavirus non-
structural proteins: an RNA helicase, a chymotrypsin-like 
3C protease, and an RNA-dependent RNA polymerase 
[24]. Studies on different iflaviruses indicate that struc-
tural proteins of iflavirus are associated with viral inva-
sion and replication by interacting with host proteins [18, 
25, 26]. These data suggest that the identification of host 
proteins interacting with the DWV structural proteins 
may help to clarify the infection process and pathogen-
esis of the virus.

Immunoprecipitation of protein complexes followed by 
electrophoretic separation of the co-precipitated proteins 
and mass spectrometry (IP-MS) analysis has proven an 
efficient approach to characterize the composition and 
function of protein complexes, including those involving 
infectious viruses [27], and is therefore a useful tool for 
studying host-virus interactions at the protein level.

Here, we applied this approach to DWV from naturally 
infected, symptomatic adult honey bees. This revealed 
a number of honey bee proteins associated with DWV 
particles. One of the most interesting of these proteins 
was arginine kinase (ArgK). ArgK is a highly abundant 
phosphotransferase found in invertebrate animals and 
bacteria that catalyzes the reversible phosphorylation 
of arginine residues with adenosine triphosphate (ATP) 
to produce phosphoarginine, which acts as a rapidly 
deployable energy reservoir for a range of biological and 
cellular functions, including response to environmental 
stressors. In this, it occupies a similar role to creatine 
kinase in vertebrates [28]. Several lines of evidence have 
demonstrated that phosphorylation regulates multiple 
properties of viral proteins, such as activity, stability, 
subcellular localization, and interaction with protein 
partners or nucleic acids, and thus plays a key role in the 
viral life cycle [29, 30].

Here, we report a functional characterization of the 
role of ArgK in modulating the honeybee-DWV interac-
tion, as a strategy to identify possible targets for antiviral 
agents.

Results
Identification of honey‑bee proteins interacting with DWV 
particles
We analyzed the presence of DWV structural proteins 
in total protein extracts from adult honey bees by west-
ern blot analysis, using a polyclonal antibody (DWV-Ab) 
directed against different DWV isolates. The antibody 
identified DWV capsid proteins in extract from sympto-
matic honey bees but not in extract from asymptomatic 
bees (Fig.  1A). The main band had a molecular mass of 
45 KDa, corresponding to DWV VP3, as per consensus 
for picorna-like virus structural protein nomenclature 
(Additional File 1: Fig. S1) [31–33], while other bands at 
a lower molecular weight were compatible with VP2 and 
VP1, respectively. Original uncropped blot images are 
shown in Additional File 1: Fig. S2.

To investigate the role of DWV proteins in viral infec-
tion, we combined immunoprecipitation experiments 
with a proteomic approach aimed at identifying honey 
bee proteins forming molecular complexes with DWV. A 
mixture of protein extracts from symptomatic bees was 
used to perform immunoprecipitation, using either the 
DWV-Ab or a control antibody (C-Ab), both produced 
in rabbits. DWV-Ab specifically immunoprecipitated the 
DWV viral proteins, indicating that this antibody recog-
nizes the viral proteins under native conditions (Fig. 1B).

Four independent co-immunoprecipitation experi-
ments were carried out using both DWV-Ab (IP) and 
C-Ab (Ctrl). The eight co-precipitated protein sam-
ples thus obtained were individually separated by 
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SDS-PAGE (Fig.  2A). Each lane was divided into six 
fractions (48 fractions in total) and each fraction was 
analyzed by LC–MS/MS. After filtering for contami-
nants, a total of 223 protein sequences were identified 
in the IP samples: 193 matching with Apis mellifera 
proteins and the remaining all corresponding to the 
DWV polyprotein or parts of it (Additional File 2: S1 
Dataset). Peptide alignments mainly revealed the com-
plete VP2-VP3-VP1 structural DWV particle block and 
fragments of the DWV helicase. Just one of the pep-
tides aligns in the DWV RNA-dependent RNA poly-
merase (RdRp).

The quantitative data acquired for all proteins were 
statistically analyzed, using a principal component (PC) 
analysis (Fig. 2B). The PC analysis showed a clear sepa-
ration between IP and Ctrl samples with a good repro-
ducibility among biological replicates. A t-test was 
applied and identified 142 honey bee proteins that were 
significantly enriched in the IP samples (Additional File 
3: S2 Dataset and Fig. 2C).

To obtain an overview of the putative functions of the 
identified honey bee proteins, GO enrichment analysis 
was performed on the proteins enriched in the IP sam-
ples. This revealed that 111 proteins are associated to 
enriched GO terms. DAVID clustering (Additional File 
4: S3 Dataset) revealed that enriched GO terms are 
mainly related to translation (GO:0003743 ~ transla-
tion initiation factor activity; GO:0006412 ~ transla-
tion; GO:0005840 ~ ribosome), catabolism of aberrant 
proteins (GO:0036402 ~ proteasome-activating ATPase 
activity; GO:0030163 ~ protein catabolic process), 
cell structure (GO:0005200 ~ structural constitu-
ent of cytoskeleton; GO:0005874 ~ microtubule), and 

protein transport (GO:0006886 ~ intracellular protein 
transport; GO:0016192 ~ vesicle-mediated transport) 
(Fig. 2C).

Characterization of Arginine kinase role in DWV infection
Among all the proteins that were enriched in the IP sam-
ple, the honey bee Arginine kinase (ArgK) was selected 
for functional analyses. Several reasons prompted this 
investigation. ArgK is an important member of the phos-
phagen kinase family, extensively studied in various ver-
tebrates and invertebrates. There is evidence that many 
viruses interact with, and hijack, cellular kinases for their 
replication, transcription, and assembly [30, 34]. How-
ever, no information is available about ArgK function in 
the honey bee-DWV interaction, in spite of the fact that, 
by modulating the intracellular levels of ATP, it can have 
an impact on ATP-sensitive inwardly rectifying potas-
sium  (KATP) channels, which are involved in the regula-
tion of antiviral immune response in honey bees [35, 36] 
and in Drosophila [37]. Moreover, this enzyme is upregu-
lated under stress conditions in insects, including patho-
gen infection [38–41]. Therefore, it is plausible that ArgK 
could be involved in the DWV virulence strategy. In par-
ticular, the role(s) it plays in the modulation of the host 
stress response could shed new light on the synergistic 
interaction of multiple stress agents, which negatively 
impact on host immunocompetence and trigger the pro-
gression of latent DWV infections [9, 16, 19, 42–47].

To investigate this hypothesis, we first characterized 
the expression profile of the argK gene in different host 
tissues and developmental stages. RT-qPCR analysis indi-
cated that the argK gene is highly transcribed in the brain 
of newly emerged adult bees (Fig. 3A), more than tenfold 

Fig. 1 Immunoprecipitation of viral particles. A Western blot analysis of total protein extracts (15 ug) prepared from symptomatic (lane 1) 
or asymptomatic (lane 2) bees. The membrane was incubated with DWV-Ab and stained with Ponceau-S. The antibody specifically recognizes viral 
proteins in the total protein extract of symptomatic honey bees. The arrows indicate the main viral proteins found in the extracts of symptomatic 
honey bees at MW of VP3 (red), VP2 (blue), and VP1 (black). B Western blot analysis of immunoprecipitation. IP was performed from pooled protein 
extracts of symptomatic honey bees using the DWV-Ab (lane 3) or a control antibody C-Ab (lane 4). DWV-Ab and C-Ab were loaded in lanes 1 and 2, 
respectively, as a control of migration. The capsid proteins were visualized using the DWV-Ab. The arrow indicates the migration of IgGs. Lane 5 
shows the input protein extract
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Fig. 2 Identification of DWV-interacting proteins in honey bees. A Coomassie-stained gel in which immunoprecipitated proteins were separated. 
R1, R2, R3, and R4 indicate the four biological replicates for control (Ctrl) and target (IP) samples. A, B, C, D, E, and F indicate the slices cut for each 
lane, which were defined to separate intense bands, containing the most abundant proteins, from faint ones, containing low represented proteins. 
B PCA analysis of quantitative data obtained from LC–MS/MS. Green and red dots indicate Ctrl and IP sample replicates, respectively. C GO terms 
enriched in DWV-Ab samples. X-axis indicates fold enrichment calculated by DAVID enrichment tool, using the whole set of proteins of A. mellifera 
as background dataset. Bubble diameter and color indicate number of proteins and negative false discovery rate (FDR), respectively
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compared to adult hemolymph and gut samples. In the 
pupal stage, a completely different pattern was observed, 
with a reduced expression in brain and no statistical dif-
ferences between sampled tissues (S3 Table). Spearman’s 
rank correlation test revealed that argK expression and 
DWV load were positively correlated in field-collected 
larvae and nurse bees (Fig. 3B and C), while no correla-
tion was observed for foragers (Fig. 3D).

To assess the effect of DWV infection on argK expres-
sion, we performed RT-qPCR experiments on adult 
bees injected with a known dose of DWV particles  (104 
copies/bee). DWV load of DWV-injected bees ranged 
between  106 and  107, while PBS-injected bees showed a 
range between  102 and  105.

In artificially infected bees, high DWV loads were asso-
ciated with an enhanced expression of argK, which was 
approximately twofold higher in DWV-injected bees than 
in non-injected (NI) and PBS-injected (PBS) bees. Spear-
man’s rank correlation test revealed that argK expression 
and DWV load were positively correlated (Fig. 4).

To assess argK involvement in DWV infection, we per-
formed in  vitro gene knockdown studies in artificially 
DWV-infected primary cultures of honey bee pupal 
cells. The choice of an in vitro system was prompted by 

Fig. 3 argK expression in field-collected honey bees. A argK transcript levels in pupal and adult tissues. argK gene expression was significantly 
higher in the adult brain, compared with the other tissues analyzed (two-way ANOVA and Holm-Sidak post hoc analysis, see Additional file 1: 
Table S3). Two-way ANOVA revealed that there was a statistically significant interaction between the sampled tissue and insect development (F(2, 
17) = 12.76, P = 0.0004). Simple main effects analysis showed that sampled tissue had a significant effect (F(2, 17) = 4.78, P = 0.022), while insect 
development did not have a significant effect on argK transcription (P = 0.862). Error bars indicate standard deviation; statistically significant 
differences are denoted with different letters (P < 0.05). B–D Expression of argK is positively correlated with total-DWV load (Spearman’s rank 
correlation, r > 0, P < 0.05, n = 55) in larvae (B) and nurse bees (C), but not in foragers (D). DWV and argK copies were normalized on the nanograms 
of total RNA. Values on X- and Y-axis are reported in Log10 scale. Exact Spearman’s rank correlation coefficient (r) and P-values (P) are reported 
in the figures

Fig. 4 Effect of controlled DWV infection on argK expression 
in artificially infected honey bees. Transcription of argK is positively 
correlated with total DWV load (Spearman’s rank correlation, r = 0.56, 
P < 0.05, n = 18) in honey bees subjected to different treatments 
at the emergence. NI: non-injected; PBS: injected with PBS; DWV: 
injected with  104 DWV copies. Bees were sampled after 3 days 
from the treatment, and absolute quantification of argK and DWV 
copies was performed by RT-qPCR. Data were normalized 
on the nanograms of total RNA. Values on X- and Y-axis are reported 
in Log10 scale. Exact Spearman’s rank correlation coefficient (r) 
and P-values (P) are reported in the figure
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the broad involvement of ArgK in stress responses [41], 
which are much more difficult to control in naturally 
infected bees, with the risk that stress-related ArgK 
dynamics may mask any specific effect ArgK may have on 
DWV replication. Five days after dsRNA administration, 
argK was significantly downregulated (sevenfold) in argk 
dsRNA-treated cells (Fig. 5A), a condition that was asso-
ciated with a threefold reduction of DWV load, relative 
to DWV-infected cells treated with a non-specific control 
dsRNA, against green fluorescent protein (GFP), a syn-
thetic gene not naturally present in bee tissues (Fig. 5B). 
This result was associated with unaltered expression lev-
els of the internal reference gene (β-actin), which indi-
cates that the argK silencing does not affect cell viability 
(Additional File 1: Fig. S3).

Discussion
Due to its causal association with honey bee colony 
losses, DWV has been the subject of wide-ranging and 
extensive studies [7]. Nonetheless, knowledge on the 
molecular strategies adopted by this major honey-bee 
pathogen to bind, enter, and replicate in the host’s cells is 
still limited [17].

As obligate intracellular parasites, viruses rely on the 
exploitation of host factors to establish a successful infec-
tion. Indeed, viral infection and replication are strictly 
dependent on virus-host protein–protein interactions. 
Hence, the identification of molecular interactors is 
essential to understand the mechanism of viral patho-
genesis and for developing targeted antiviral strategies. 
Accumulating evidence, mostly deriving from investi-
gation on mammalian RNA viruses, indicates that viral 
structural proteins forming the capsid that encloses the 
viral genome play a key role at all stages of the viral life 

cycle and can regulate distinct cellular processes by inter-
acting with host factors [48].

DWV viral particles consist of a pseudo-T3 icosahedral 
capsid comprising 60 asymmetric units made of three 
proteins, VP1, VP2 and VP3, assembled in 12 penta-
meric structures around a positive-strand RNA genome 
[17, 49]. Our research on DWV-honey bee interaction 
shows that these DWV structural proteins are specifically 
recognized in the extracts of DWV-symptomatic bees 
by IgGs obtained from an antiserum generated against 
DWV viral particles. This allowed us to perform immu-
noprecipitation experiments, obtaining the molecular 
complexes formed by viral proteins and host factors.

LC–MS/MS analyses of the protein complexes con-
firmed the presence of the VP1, VP2 and VP3 structural 
proteins and identified 142 honey bee proteins. Two of 
them, 40S ribosomal protein S7 and elongation factor 
1-alpha, had been previously found as VP2 interactors in 
Apis cerana [26, 50].

From a functional point of view, the honey bee pro-
teins found in the co-immunoprecipitated complexes 
were mostly related to translation, catabolic functions, 
cytoskeleton structure, and protein transport. Close 
inspection of this protein list revealed the presence of 
several enzymes that are well-known components of the 
main pathways of central carbon metabolism: glycolysis 
(glyceraldehyde-3-phosphate dehydrogenase, phospho-
glycerate mutase, ATP-dependent 6-phosphofructoki-
nase), tricarboxylic acid cycle (citrate synthase, isocitrate 
dehydrogenase, oxoglutarate dehydrogenase), and pen-
tose phosphate pathway (6-phosphogluconate dehydro-
genase). This finding correlates with previous reports 
on the active recruitment of glycolytic and fermentation 
enzymes by plant viruses [51–53]. It was demonstrated 

Fig. 5 Effect of argK knockdown on DWV load in honey bee cells. A argK transcription level was significantly lower in honey bee cells treated 
with dsRNA targeting argK (dsARGk), compared with cells treated with a control dsRNA (dsGFP) (Student’s t-test: t(14) = 2.744, n = 7). B In 
argK-silenced honey bee cells (dsARGk), DWV relative abundance was significantly lower, compared with control cells (dsGFP) (Student’s t-test: 
t(14) = 2.323, n = 7). * P < 0.05. Error bars indicate standard deviation
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that tomato bushy stunt virus (TBSV) co-opted these 
enzymes within specialized viral replication organelles, 
to support robust viral RNA synthesis [54]. Analogous 
replication compartments were found in viruses infect-
ing animals and were considered a hallmark of positive 
strand RNA viruses [55]. In addition, it was shown that 
hepatitis viruses actively manipulate the host metabolism 
through molecular interactions with specific enzymes 
such as glucokinase, the first rate-limiting enzyme of 
glycolysis [56, 57]. Therefore, we hypothesized that asso-
ciation of DWV capsid proteins with cellular enzymes 
responsible for the conversion of sugars into energy and 
metabolic precursors may target the host metabolism at 
critical nodes, redirecting the energy flux to support the 
progression of viral infection.

To start investigating if and how the host metabolic 
enzymes enriched in our IP samples are relevant for 
DWV infection, we selected one of these (ArgK) for 
functional analyses. This choice was based on the critical 
role ArgK plays in energy homeostasis in invertebrates, 
by catalyzing the transfer of a phosphate group between 
ATP and arginine [58]. The reversible nature of this reac-
tion allows the synthesis of a metabolically inert pool of 
phosphorylated arginine during basal metabolic condi-
tions, which is used to quickly replenish ATP stores dur-
ing periods of high metabolic activity. Therefore, ArgK 
function is particularly relevant in tissues with high and 
fluctuating energy demands, such as muscles and nerv-
ous system [59–61]. This is consistent with our finding 
that the gene encoding for ArgK is highly transcribed in 
the brain of adult bees, where DWV actively replicates 
[62]. Moreover, regulation of intracellular ATP levels by 
ArgK activity can have an impact on antiviral immunity, 
as suggested by the role played by ATP-sensitive potas-
sium channels in the modulation of insect antiviral bar-
riers [35–37].

As a first step in the functional characterization of the 
DWV-ArgK interaction in honey bees, we performed a 
population survey aimed at evaluating the relationship 
between DWV infection and argK transcript accumula-
tion. The obtained results indicated that higher DWV 
load is associated with higher levels of argK transcript in 
honey bee larvae and nurse bees. The same pattern is not 
observed in foragers, likely due to other factors affecting 
argK expression, such as aging, strenuous energetic activ-
ity (flight and foraging), or exposure to environmental 
stressors [41]. The positive correlation between argK and 
DWV levels was confirmed by artificial in vivo infection 
experiments, indicating that DWV inoculation triggers 
argK gene transcription in honey bees.

Since ArgK is a phosphagen kinase controlling ATP 
production and utilization, increased expression of the 
argK gene, along with association of the ArgK enzyme 

with DWV capsid proteins, may have a strong impact 
on progression of DWV infection. As a major source 
of energy in the cell, ATP is in fact required in differ-
ent processes occurring during the life cycle of viral 
pathogens [63]. For instance, it has been demonstrated 
that transcriptional initiation and replication of RNA 
viruses are ATP-dependent processes [64–66]. ATP is 
also required for the unwinding of viral genomes by heli-
case enzymes [67]. Finally, it has been shown that ATP 
is involved in the assembly and/or disassembly of viral 
particles [68, 69].

Therefore, a functional interaction with ArgK may be a 
strategy developed by DWV to regulate local ATP levels, 
thus acquiring the energy resources necessary for pro-
gression of viral infection. By using this strategy, DWV 
could take advantage from upregulation of the argK gene, 
which is a common response elicited by different stress 
conditions in invertebrate species [41, 70, 71]. Indeed, 
increase of argK transcription was found to be associated 
with a switch in the direction of the enzymatic reaction 
catalyzed by the ArgK enzyme in Tribolium castaneum, 
to produce ATP from the phosphoarginine pool [72].

Modulation of the ATP/ADP ratio by ArgK activity may 
also affect the function of ATP-dependent cellular fac-
tors involved in virus-host dynamics. Among them, likely 
candidates are ATP-sensitive potassium  (KATP) channels, 
which play a crucial role in antiviral immunity in honey-
bees [35, 36], and, more in general, in insects [37, 73]. In 
fact, it can be hypothesized that increased ATP produc-
tion by ArgK results in reduced activity of  KATP channels 
(which are indeed inhibited by ATP), thus leading to viral 
outbreak.

Our data support this hypothesis, showing that down-
regulation of argK expression by RNAi reduces viral load 
under experimental in  vitro infection, thus demonstrat-
ing that ArgK positively modulates the progression of 
DWV infection. Future experiments will allow testing 
the existence of a functional relationship between ArgK 
and  KATP channels in honey bees, a possibility that is also 
suggested by previous investigation on creatine kinase, 
the main vertebrate phosphagen kinase, which physically 
associates with  KATP channels and regulates their behav-
ior [74, 75].

Moreover, it is worth noting that this regulatory strat-
egy might have a broader impact on immune response. 
The central role of  KATP channels in regulating the meta-
bolic homeostasis underlying well-being under stress 
appears to be conserved, as suggested by evidence avail-
able for mammals and insects [37, 73, 76, 77], and seems 
to have an influence on multiple signaling pathways con-
trolling inflammation and human immunity [78]. This is a 
very interesting research area, which will likely contribute 
to unravel the complex synergism among different stress 
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agents, contributing to immune suppression and health 
decline of honey bee colonies [9, 16, 19, 42–47]. The pre-
sent study is a first step in this direction, establishing a 
direct role of the virus in the manipulation of the delicate 
balance between metabolism and immunity, which was 
already proposed more than 10 years ago, based on com-
pelling indirect evidence [16]. Now, we have an interest-
ing molecular scenario to investigate, which will allow to 
better understand and hopefully manage pharmacologi-
cally the widespread phenomenon of honey bee colony 
losses, and, more in general, the animal response to stress 
using insects as an amenable model system.

In addition to the functional scenario outlined above, 
the possibility that ArgK may act as a noncanonical 
receptor involved in viral binding and entry cannot be 
ruled out and is certainly worth of future research efforts. 
However, our current data do not allow to determine 
whether ArgK directly interacts with DWV capsid pro-
teins or whether the interaction is mediated by other 
proteins.

The results of the present study shed light on the 
molecular mechanism accounting for the recently 
observed reduction of DWV load in cultured honey bee 
head tissues treated with quercetin [79]. Quercetin is 
a known antiviral drug with strong inhibitory activity 
towards ArgK of Locusta migratoria manilensis by bind-
ing to Trp residues in the active site [80]. Our findings 
suggest that honey bee ArgK is one of those host’s pro-
teins to which quercetin binds, resulting in the inhibition 
of DWV replication in vitro [79].

In another work on ArgK implication in viral infec-
tion, this enzyme was reported as a target for a DNA 
virus, the white spot syndrome virus (WSSV), which 
infects several shrimp species [34, 81]. By interacting 
with WSSV envelope proteins, shrimp ArgK resulted in 
increased viral titer in either Litopenaeus vannamei or 
Marsupenaeus japonicus [34, 81]. Notably, ArgK enzy-
matic activity was necessary for successful progression 
of WSSV infection in the latter system, as WSSV prolif-
eration decreased when a mutant form of ArgK carrying 
a deletion in the active site was injected in shrimps, or a 
selective inhibitor was used to suppress the kinase activ-
ity of the enzyme [81].

Exploitation of ArgK by both DWV and WSSV is a 
novel example of evolutive convergence in the strategies 
used by phylogenetically unrelated viruses to hijack host 
cellular functions. In this context, it is interesting to note 
that also another phosphagen kinase, creatine kinase B 
(CKB), was previously implicated in virus pathogenic-
ity. CKB plays in vertebrates the same role as ArgK in 
invertebrates that is coupling energy production with 
cellular function [58]. To perform this task, CKB cata-
lyzes the reversible transfer of the phosphate group of 

phosphocreatine to ADP, generating creatine and ATP. 
During human hepatitis C virus infection (HCV), CKB 
binds to the NS3-4A complex formed by two viral non-
structural proteins and upregulates both the viral RNA 
and DNA unwinding and the replicase activity of this 
complex, ensuring efficient replication and propaga-
tion of the virus [82]. In addition, contribution of a CKB 
enzyme to viral replication was reported also in grouper 
fish infected by the nervous necrosis virus (NNV) [83].

Conclusions
In conclusion, the finding of ArgK as a honey bee protein 
recruited by DWV to promote its own replication adds 
a new piece of information to our understanding of this 
specific host-virus interaction system. It also represents 
a case report about the ability of pathogenic viruses to 
hijack the host metabolic machinery, which is an emerg-
ing issue in viral biology. Finally, our results provide a 
promising target for the future development of thera-
peutic approaches aimed at reducing the impact of DWV 
on honey bee populations, thus contributing to preserve 
pollinators health.

Methods
Biological material
A. mellifera colonies were maintained at the experimental 
apiary of the Department of Agricultural Sciences (Uni-
versity of Napoli Federico II), based in Portici (Napoli, 
Italy). Adult bees and brood frames were collected 
between June and August 2020 and stored at 32 ± 1  °C, 
60 ± 2% relative humidity, under dark conditions.

Protein isolation
Symptomatic and asymptomatic adult honey bees were 
collected from highly infested and Varroa-free apiaries, 
respectively, and stored at –  80  °C until protein extrac-
tion. Individual honey bees were processed in differ-
ent microcentrifuge tubes containing 500  μl phosphate 
buffered saline (PBS; 137 mM NaCl, 8.1 mM  Na2HPO4, 
2.68  mM KCl, 1.47  mM  KH2PO4, pH 7.4) + protease 
inhibitor cocktail (cOmplete™, Mini, EDTA-free Pro-
tease Inhibitor Cocktail, Roche, Basel, Switzerland). The 
tissues were ground by hand using plastic pestles, centri-
fuged for 5 min at 13,000 g at 4 °C, and the aqueous part 
was then transferred to fresh tubes, leaving tissue debris 
pellet behind. The protein extracts were stored in 20% 
glycerol at – 80 °C. The pelleted debris was processed to 
isolate RNA using TRIzol reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA), in order to confirm the DWV 
status of the DWV-infected and DWV-free samples by 
RT-qPCR, as described below.
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Serology and antibody production
The polyclonal DWV antiserum (DWV-Antiserum; 
#213–3) was raised in 1985 against a Japanese isolate 
of DWV, by immunizing a white rabbit through intra-
muscular injection with 1  mg purified DWV particles, 
followed by two booster injections of 0.1 mg virus emul-
sified in an equal volume of Freund’s adjuvant [31]. At 
2–4-week intervals after the final booster immunization, 
blood was drawn from the marginal vein of the rabbit’s 
ear, from which the serum fraction was separated using 
standard procedures [84] and titrated against the origi-
nal DWV antigen. In 1998, anti-DWV IgG (DWV-Ab; 
#164/H) was purified from the antiserum on a protein-A 
agarose column using standard procedures [84].

Western blot
Total protein extracts from symptomatic and asympto-
matic honey bees, obtained by pooling separately the 
DWV-infected and DWV-free samples, were analyzed 
by western blot, to check for the presence of DWV struc-
tural proteins. Samples were run in 8% polyacrylamide 
gels in 1 × Tris–Glycine-SDS Running buffer (25  mM 
Tris, 192 mM glycine and 0.1% SDS, pH 8.3). After elec-
trophoresis, proteins were transferred onto PVDF filters 
(Bio-Rad, Hercules, CA, USA) using the Trans-Blot1 
TurboTM Blotting System (Bio-Rad). Subsequently, the 
PVDF membrane was stained with Ponceau-S, rinsed 
with water and scanned to save the staining image. The 
Ponceau-S stain was then removed from stained proteins 
by washing the PVDF membrane in PBS containing 0.1% 
Tween® 20 (PBST), several times for 5 min under shak-
ing. Subsequently, the PVDF membrane was incubated 
with the PVDF blocking reagent (PBST supplemented 
with 5% milk; Bio-Rad) for 60 min at room temperature 
(RT) and washed thrice in PBST for 5 min with shaking. 
After blocking, the PVDF membrane was incubated for 
1 h at RT in PBST containing DWV-Ab at 1:2,000 dilu-
tion, followed by a second incubation of 1 h at RT with 
a secondary commercial anti-Rabbit antibody conjugated 
to horseradish peroxidase (Pierce/Thermo Scientific) 
at 1:50,000 dilution in PBST. After rinsing in PBST, the 
PVDF membrane was incubated with ECL-plus solu-
tion (Biosciences, Town, Country) to reveal the chemi-
luminescent bands produced by the HRP, which were 
captured photographically using a VersaDoc apparatus 
(Bio-Rad, Town, Country).

Immunoprecipitation
Immunoprecipitation (IP) experiments were per-
formed using the DWV-Ab and protein extracts from 
symptomatic or asymptomatic honey bees. Control IP 
experiments were performed using control IgG purified 
from a rabbit antiserum produced against a bacterial 

protein (C-Ab). All IP steps were carried out on ice or 
at 4  °C using freshly thawed protein extracts and Buff-
ers and in the presence of protease inhibitors, accord-
ingly to manufacturer’s instructions (Protein A Agarose; 
Code: 11,134,515,001; Roche). To reduce the binding of 
non-specific proteins to the beads, the protein extracts 
(0.5  mg) were first incubated with protein A agarose 
(60  μl) for 2  h at 4  °C with gentle agitation; afterwards, 
each sample was centrifuged accordingly to manufac-
turer’s instructions. Half of the soluble fraction was 
incubated with DWV-Ab and the other half with C-Ab, 
both for 1 h at 4 °C. After incubation, 30 μl of protein A 
agarose was added to each sample and incubated O/N 
at 4  °C in washing buffer 1 (50  mM Tris–HCl, pH 7.5; 
150 mM sodium chloride; 1% Nonidet P40; 0.5% sodium 
deoxycholate; 1 tablet complete protease inhibitor cock-
tail/50 ml). After incubation, the sample was centrifuged 
at 12, 000 g for 30 s, and the resin was washed two times 
for 20 min at 4  °C with 0.5 ml of washing buffer 1, two 
times with 0.5 ml of washing buffer 2 (50 mM Tris–HCl, 
pH 7.5; 500  mM sodium chloride; 0.1% Nonidet P40; 
0.05% sodium deoxycholate), and once with 0.5  ml of 
buffer 3 (50  mM Tris–HCl, pH 7.5; 0.1% Nonidet P40; 
0.05% sodium deoxycholate). Finally, co-immunoprecip-
itated proteins were eluted by using 0.1  M glycine•HCl 
buffer, pH 2.5–3.0 and analyzed by SDS-PAGE and west-
ern blot as described above. For mass spectrometry anal-
ysis, four independent coIP experiments (both for sample 
and control) were performed and an aliquot was analyzed 
by western blot to check for the presence of virion pro-
teins. The co-immunoprecipitated proteins were sepa-
rated by SDS-PAGE and subjected to mass spectrometry 
analysis as described below.

LC–MS/MS
The DWV-Ab and control immunoprecipitated samples, 
each in quadruplicate, were separated in a precast poly-
acrylamide gradient (4–12%) gel (Invitrogen, Carlsbad, 
CA, USA), run in MES buffer (Invitrogen) for 25  min 
at 200  V, and the proteins were stained with the Impe-
rial Coomassie stain (Invitrogen). Each of the 8 lanes was 
divided into 6 bands, i.e., 48 bands in total, which were 
destained with 50 mM ammonium bicarbonate and ace-
tonitrile (ACN) 1:1 (v/v), treated for cysteine reduction 
(10 mM dithiothreitol at 56 °C for 45 min) and alkylation 
(55 mM iodoacetamide at RT for 30 min in the dark) and 
for enzymatic digestion with 12.5 ng/μl trypsin (Promega 
Corporation, WI, United States) at 37 °C overnight. The 
resulting peptide mixture was analyzed by LC–MS/MS 
using an Ultimate 3000 HPLC coupled with an Orbitrap 
Fusion Tribrid (Thermo Fisher Scientific). Peptides were 
desalted on a trap column (Acclaim PepMap 100 C18, 
Thermo Fisher Scientific) and separated on a 19-cm-long 
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silica capillary (MS WIL, Aarle-Rixtel the Netherlands), 
packed in-house with a C18, 1.9 microm, 100 Angstrom 
resin (Michrom BioResources, CA, United States). The 
analytical column was encased by a column oven (Sona-
tion; 40  °C during data acquisition) and attached to a 
nanospray flex ion source (Thermo Fisher Scientific). 
Peptides were separated on the analytical column by run-
ning a 95  min gradient of buffer A (5% ACN, and 0.1% 
formic acid) and buffer B (95% acetonitrile and 0.1% for-
mic acid), at a flow rate of 250  nl/min. The mass spec-
trometer operated in positive ion mode, and full MS was 
acquired in the Orbitrap in the m/z 350–1550 scan range 
at 120  K resolution. Data-dependent acquisition was 
performed in top-speed mode (3  s long maximum total 
cycle): the most intense precursors were selected through 
a monoisotopic precursor selection (MIPS) filter and 
with charge > 1, quadrupole isolated (1.6 m/z width) and 
fragmented by 30% higher-energy collision dissociation. 
Product ion spectra were acquired in the ion trap with 
rapid scan rate.

Peptide spectra were analyzed with Proteome Discov-
erer 2.4 (Thermo Fisher Scientific) by the search engine 
Sequest HT using a mixed database containing Apis 
mellifera (20,818 reviewed and unreviewed sequences; 
release 26/01/2022), Homo sapiens (42,253 sequences, 
v2017-10–25) Oryctolagus  cuniculus (892 sequences, 
release 07/03/2022), and Deformed Wing Virus (1067 
sequences, release 26/01/2022), all downloaded from 
Uniprot (https:// www. unipr ot. org/).

Precursor and fragment mass tolerance were set to 
15  ppm and 0.6  Da, respectively. Cysteine carbamydo-
methylation was set as static modification, while methio-
nine oxidation and N-acetylation on protein terminus 
were set as variable modifications. Specific trypsin cleav-
ages with maximum two miscleavages were admitted. 
Spectral matches were filtered at 1% false discovery rate 
(FDR), based on q values, and target-decoy approach, 
using the Percolator node. Only master proteins were 
taken into account. Quantification was based on precur-
sor intensity of unique and razor peptides.

Bioinformatic analysis
MS spectra were analyzed by the Proteome Discoverer 
software identifying 405 proteins of which 372 were also 
quantified. The Perseus software (1.6.15) was used to 
perform statistical analyses and evaluate differential pro-
tein abundance. After contaminant removal (rabbit and 
human proteins), the abundance values were log2 trans-
formed and filtered for containing at least four valid val-
ues in at least one group. Missing values were imputed 
with the constant value 13. A Student’s t-test was per-
formed applying 250 randomizations, setting S0 = 2 and 

0.01 FDR. A PCA (principal component analysis) analysis 
was performed using the Perseus software.

DAVID enrichment tool [85] was interactively run 
through the DAVID web interface (https:// david. ncifc 
rf. gov/), using the whole dataset of A. mellifera proteins 
as background. Results for the annotation categories 
GOTERM_BP_DIRECT, GOTERM_MF_DIRECT, and 
GOTERM_CC_DIRECT were collected for analysis and 
visualized using ggplot2 package through R software (ver-
sion 4.0.3).

argK mRNA expression and DWV load in field‑collected 
bees
To localize argK mRNA expression, honey bee pupae and 
newly emerged bees (NEB) were dissected using micro-
forceps, under a stereomicroscope (SteREO Discovery 
V8, Zeiss, Jena, Germany). Brain, hemolymph, and gut 
samples were collected in microcentrifuge tubes con-
taining TRIzol reagent (Thermo Fisher Scientific). To 
study the relationship between DWV infection and argK 
expression in field conditions, we sampled mature lar-
vae (4–5  days from hatching), nurse bees, and foragers 
from two hives. Nurse bees were identified by observing 
their activity of nursing immatures on the frame. The two 
hives were in similar conditions of strength and provi-
sions. Sampled bees and tissues were stored at –  80  °C 
until RNA extraction.

Controlled DWV infection in vivo
To assess the effect of DWV infection on argK expres-
sion, we artificially infected NEB with semi-pure DWV 
and maintained them under controlled conditions. NEB 
were injected with a DWV lysate prepared as described 
elsewhere [86]. Briefly, adult bees with symptomatic 
DWV infection were homogenized in 500  μl PBS in 
1.5 ml microcentrifuge tubes. Tubes were centrifuged at 
14,000  g for 10  min at 4  °C, and supernatant was clari-
fied by adding an equal volume of chloroform. Samples 
were vortexed for 30 s, centrifuged at 10,000 g for 10 min 
at 4  °C, and supernatants were filtered through 0.22-
μm sterile syringe filters (VWR, Radnor, Pennsylvania, 
USA). Lysates were stored in 40% glycerol at – 80 °C until 
use. RNA isolated from a subsample of the viral lysates 
was evaluated for DWV load by RT-qPCR, as described 
below, and for the presence of other common bee viruses 
by PCR, as described elsewhere [87]. NEB were cold-
anesthetized at – 20 °C for 3 min and then either injected 
(or not) with 2.5 μl of 1X PBS containing  104 DWV cop-
ies, under a stereomicroscope (SteREO Discovery V8, 
Zeiss, Jena, Germany). The viral lysates were injected 
between the 4th and 5th abdominal segments using a 
beveled 33G NanoFil Needle (NF33BV-2) mounted on 
a 10-μl NanoFil syringe (World Precision Instruments, 

https://www.uniprot.org/
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
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Berlin, Germany). After injection, each bee was manually 
fed 5 μl of honey bee gut homogenate, using a micropi-
pette, to establish the same characteristic gut community 
in experimental individuals, as described elsewhere [88–
90]. This step is important because emerging bees lack 
their gut microbiome. In a hive, this is quickly supplied 
by interaction with older worker bees [88], but in labo-
ratory settings, this needs to be supplied experimentally, 
to avoid gut dysbiosis with a possible negative impact on 
their health and unclear (and avoidable) disturbing fac-
tor during the bioassay experiment. The freshly prepared 
gut homogenates were obtained by pulling the intestines 
from four nurse bees, homogenizing these in 500 μl 1X 
PBS, and diluting the homogenate 1:1 with 50% filtered 
sucrose/water solution. DWV-injected and non-injected 
controls were confined in separated disposable plastic 
cages (28 × 11x11 cm) and provided with pollen paste 
(90% w/w fresh corbicular pollen with water) and 50% 
filtered sucrose/water solution (w/v) ad  libitum, inside 
an incubator at the abovementioned conditions. After 
3 days, the experimental bees were sampled and stored at 
−80 °C until dissection.

dsRNA synthesis
Gene-specific primers flanked by T7 promoter sequences 
(F: TAA TAC GAC TCA CTA TAG GGA GAA TTT GCT GAC 
CTC TTC GAC CC; R: TAA TAC GAC TCA CTA TAG GGA 
GAA AAA CCT GTC CAA GGT CAC CG) were designed in 
order to amplify a 496-bp fragment of argK (AF023619.1), 
to be used for in vitro synthesis of dsRNA molecules. 
This fragment of the argK gene is distinct from the 
fragment targeted by the RT-qPCR primers used to 
evaluate the argK mRNA expression levels, such that 
the dsRNA used in silencing experiments should not 
be detected by the diagnostic argK mRNA expression 
assay.

The DNA sequences, serving as templates for dsRNA 
production, were generated through PCR amplification. 
The RNA extracted from adult honey bees was retro-
transcribed with High-Capacity cDNA RT Kit accord-
ing to manufacturer’s instructions (Thermo Fisher 
Scientific). The resulting cDNA was used as template 
(2 μl) for PCR reactions containing the following com-
ponents: 25  μl Phusion Flash High-Fidelity PCR Mas-
ter Mix (Thermo Fisher Scientific), the two primers at 
500  nM final concentration, and nuclease-free water 
to a total volume of 50 μl. The cycle conditions were as 
follows: 10 s at 98 °C; 1 s at 98 °C, 5 s at 66 °C and 15 s 
at 72 °C for 5 cycles; 1 s at 98 °C and 15 s at 72 °C for 30 
cycles. Four separate reactions were pooled to produce 
at least 1 μg of the amplicon, the minimum required for 
subsequent dsRNA synthesis. A sample of the ampli-
fied products was run on a 1% agarose gel to verify 

that the PCR reaction produced a single band of the 
expected size. The amplified products were then puri-
fied with PureLink PCR Purification Kit (Thermo Fisher 
Scientific), eluted in nuclease-free water, and quanti-
fied measuring the absorbance with Varioskan Flash 
(Thermo Fisher Scientific). Following the manufactur-
er’s instructions (MEGAscript RNAi kit, Thermo Fisher 
Scientific), the transcription reactions were assembled 
using 1.2  μg of purified PCR product. After DNA and 
ssRNA digestion, the dsRNA was purified and eluted in 
50  μl of a 0.9% NaCl solution. The dsRNA concentra-
tion was determined spectrophotometrically, and the 
quality checked on a 1% agarose gel. A GFP dsRNA, 
exploited in control experiments, was similarly pro-
duced starting from the cloning vector pcDNA 3.1/CT-
GFP TOPO (Thermo Fisher Scientific), which was used 
as template for a PCR reaction, performed as described 
elsewhere [91].

Honey bee cell culture
To investigate the role of argK in the DWV infection 
process, we used an in vitro system based on culturing 
primary honey bee pupal cells, as described elsewhere 
[92, 93]. To collect pupal cells, white eye stage pupae 
were carefully removed from comb cells using soft tip 
forceps and surface-sterilized in a sterile polystyrene 
petri dish (100  mm × 15  mm, Fisher), in which pupae 
were swirled in 0.6% hypochlorite solution (diluted 
bleach 1:5) for 3 min, 70% ethanol for 3 min, and briefly 
in autoclaved water. In groups of two, four pupae were 
placed in a 47  mm dish containing 4  ml of Grace’s 
insect medium (Gibco, Thermo Fisher Scientific) sup-
plemented with 10% heat-treated fetal bovine serum 
(FBS, Corning, NY, USA) and 2.5% antibiotic/antimy-
cotic mix (A5955, Sigma Aldrich). Thorax and abdomen 
of pupae were opened dorsally using sterile forceps 
to vigorously disturb tissues and release cells into the 
medium. The medium containing hemolymph cells 
was filtered using a cell strainer (Corning Cell Strainer, 
40 μm Nylon, Corning) to remove fat bodies and other 
debris and transferred to a 50  ml conical tube, where 
cells were pooled. A total of 15 ml of media (containing 
cells from 15 pupae) was centrifuged at 500  g (swing 
arms) at RT for 15 min to collect cells. Cells were then 
suspended in 1 ml of culture medium and centrifuged 
at 300 g for 5 min (swing arms). This washing step was 
repeated once more, and the cells were suspended in 
1  ml of culture medium. Resuspended cells (100  μl) 
were dispensed into a well of a 96-well tissue culture 
plate (Costar 3595, Corning), which was sealed with 
parafilm tape and incubated at 32 ± 1  °C, 60 ± 2% rela-
tive humidity, under dark conditions.
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argK silencing and DWV infection in vitro
To investigate the effect of argK silencing on DWV infec-
tion, dsRNA (1  μg/well) was applied to day 0 cells (the 
start of the ex vivo procedure). On day 3, the cells were 
inoculated with 1 ×  105 total-DWV copies, and the cells 
were harvested on day 5.

Cell viability was assessed using the trypan blue exclu-
sion assay as previously described [94], but with slight 
modifications. Briefly, 50  μl of 0.4% trypan blue stain 
solution (Gibco, Thermo Fisher Scientific) were added to 
cells directly into a well of the plate. After 5 min of incu-
bation, non-adherent cells and medium were aspirated 
using a micropipette, and adherent cells were washed 
twice with 200  μl of 1X PBS. Cells adherent to the well 
bottom were submerged with 100  μl of 1X PBS and 
observed under an inverted microscope (Axiovert 135, 
Zeiss).

To isolate RNA from cultured adherent (living) cells, 
the wells were gently washed twice with 200 μl of 1X PBS 
to remove viral particles and non-adherent cells. Then, 
100 μl of TRIzol reagent (Thermo Fisher Scientific) was 
added to each well, mixed by pipetting, and the plate was 
incubated for 10 min at – 80 °C, to promote cell lysis by 
freeze–thaw. The plates were incubated for 5 min at RT, 
and the content was transferred in plastic tubes for RNA 
extraction.

RNA extraction and RT‑qPCR
RNA was extracted using TRIzol reagent (Thermo Fisher 
Scientific), according to the manufacturer’s instructions. 
The quantity and the quality of total RNA were assessed 
using a  Varioskan Flash spectrophotometer (Thermo 
Fisher Scientific).

DWV genome and argK copies were quantified by using 
the Power SYBR Green RNA-to-Ct 1-Step Kit (Applied 
Biosystems) as described elsewhere [47]. All primers 
used are shown in Additional file  1: S1 Table. Primers 
for argK were designed using Primer-BLAST (https:// 
www. ncbi. nlm. nih. gov/ tools/ primer- blast/). Due to the 
co-occurrence of both DWV-A and DWV-B variants in 
the sampled bees, we used primers targeting a conserved 
section for multiple DWV variants (total-DWV) [95]. 
The absolute quantification of total-DWV and argK cop-
ies was performed by relating the Ct values of unknown 
samples to established standard curves. Each standard 
curve was established by plotting the logarithm of ten-
fold dilutions of a starting solution containing 0.1 ng of 
purified PCR product (PureLink PCR Purification Kit, 
Thermo Fisher Scientific), against the corresponding Ct 
value as the average of three repetitions. Three standard 
curves were constructed by using seven to ten dilution 
points per target (DWV, argK and β-actin). The PCR effi-
ciency was calculated based on the slope and coefficient 

of correlation (R2) of the standard curve, according to the 
following formula: E =  10(−1/slope) − 1 (Additional file 1: S2 
Table). Loads of total-DWV and argK were expressed as 
copies per nanogram of total RNA.

Differential relative expression was measured by one-
step RT-qPCR, using the Power SYBR Green RNA-to-
Ct 1-Step Kit (Applied Biosystems, Carlsbad, CA, USA), 
according to the manufacturer’s instructions. Each 
reaction was prepared in 20 μl and contained 10 μl RT-
qPCR mix 2X, 100  nM of forward and reverse prim-
ers, 0.16  μl of 125X RT enzyme mix, DEPC-treated 
water, and 50  ng of total RNA. In correlation analysis, 
the amount of total RNA loaded in RT-qPCR reactions 
ranged between 90 and 400  ng. All samples were ana-
lyzed in duplicate on a Step One Real Time PCR System 
(Applied Biosystems). An RT-qPCR assay for β-actin 
mRNA was used as an internal reference gene marker to 
normalize between the samples for RNA loading [96–
98]. Relative gene expression data were analyzed using 
the Pfaffl method [99], through a recently published 
spreadsheet-based protocol [100].

Statistical analyses
To analyze the correlation between DWV load and argK 
expression we used Spearman’s rank correlation. Two-
way ANOVA, followed by Holm-Sidak post hoc test, 
was used to analyze argK expression in different honey 
bee tissues and developmental stages. Student’s t-test 
was used to analyze the effect of dsRNA treatment on 
the expression of argK and DWV relative abundance, in 
honey bee cells. All statistical analyses were performed 
using GraphPad Prism 7.
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