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trol bees. Label-free quantitative proteomics identified 77 differentially expressed
A. mellifera proteins (DEPs). In addition, viral proteins were identified by orthogo-
nal analysis, and most importantly, Deformed wing virus (DWV) was found at high
levels/intensity in Varroa-exposed bees. Pathway enrichment analysis suggested that
the main pathways affected included peroxisomal metabolism, cyto-/exoskeleton reor-

ganization, and cuticular proteins. Detailed examination of individual DEPs revealed
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that additional changes in DEPs were associated with peroxisomal function. In addi-
tion, the proteome data support the importance of TGF-g signaling in Varroa-DWV

interaction and the involvement of the mTORC1 and Hippo pathways. These results
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suggest that the effect of DWV on bees associated with Varroa feeding results in aber-
rant autophagy. In particular, autophagy is selectively modulated by peroxisomes, to
which the observed proteome changes strongly corresponded. This study comple-
ments previous research with different study designs and suggests the importance of
the peroxisome, which plays a key role in viral infections.
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1 | INTRODUCTION

The invasive ectoparasitic mite Varroa destructor (Anderson & Trueman,
2000) is currently distributed worldwide [1, 2], including in Australia,
where the first outbreak was recorded in 2022 [3, 4]. The mite has
become a major threat to honey bees since it shifted and broadened
in the 1950s from the eastern honey bee Apis cerana Fabricius, 1793,
to the western honey bee Apis mellifera Linnaeus, 1758. The infestation
of honey bee colonies by Varroa is connected to virus transmission and
an increase in viral load [5, 6]. Varroa infestation is closely associated
with Deformed wing virus (DWV), which is a cause of bee deformation
and is considered the most common sign of varroosis worldwide [2].
Moreover, DWYV infection is driven by the spread of Varroa mite pop-
ulations throughout the world [7]. Notably, a virome analysis of bee
populations in central Europe and the subsequent comparison of this
population with naive Australian bee populations, which were free of
both Varroa and DWV at the time of the study, indicated that DWV
profoundly affects the composition of the virome in the new host [8,
9]. Thus, the Varroa-DWYV interaction is profound and affects the sur-
vival and function of bee colonies. Understanding the mechanisms of
interaction among mites, viruses, and honey bees is important for the
implementation of strategies to prevent the weakening and death of
bee colonies.

The negative effect of mite parasitismis connected to the weakening
of the host, as the parasite consumes nutrients, resulting in lower pro-
tein and carbohydrate levels in bees [10]. Using a proteomic approach,
Varroa bodies were shown to carry numerous proteins acquired from
host honey bees [11, 12], and viral proteins have also been identified
in these mites [11]. Additionally, cell components such as those from
the fat body [13] together with hemolymph components have been
identified in mites [11]. 2D electrophoresis-tandem mass spectrom-
etry (2D-E-MS/MS) proteomic analysis of 1-day-old bee hemolymph
revealed the effect of Varroa on diverse physiological processes, such as
energy metabolism, detoxification, the oxidative stress response, and
olfaction [14].

The effect of Varroa parasitism and DWYV infection on the immune
response of bees is controversial. An increase in the DWV load
mediated by Varroa was associated with the suppression of immunity-
related markers (e.g., antimicrobial peptides and enzymes) due to
Varroa parasite in capped comb cells [15, 16]. Studies on Varroa-
parasitized larvae have indicated that the negative effect of DWV on
humoral and cellularimmune responses is mediated through NF-xB sig-
naling, as indicated by the observation of dorsal-1A, Amel~LRR, and
apidaecin expression [16, 17]. A quantitative proteomic analysis of
emerging bees suggested that Varroa infection disrupts host autophagy
via modulation of TGF-g signaling. In addition, the synergistic effects
of Varroa and DWV modulate NF-xB and JAK/STAT signaling, both of
which are associated with autophagy [18]. However, in other studies,
only aweak association between Varroa infection and immunosuppres-
sion was observed [19-21]. Most recently, a significant upregulation of
the immune response of bees to Varroa infection was observed in 10-
day-old bees from Varroa-infested colonies compared with those from

control colonies [22]. Specifically, the antimicrobial peptides apidaecin,
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Varroa destructor is the greatest threat to honey bees world-
wide. The disease caused by mites is called varroosis and is
associated with the appearance of crippled bees and leads
to weakened colonies. It is known that Varroa parasitism
triggers DWYV infection, while in the absence of a mite, the
virus can reach a persistent state. To date, different stud-
ies have produced different results regarding the effect of
Varroa-DWV interaction on honey bees. This variation is
caused by differences in developmental stages and study
designs. We designed a manipulative experiment to study
the Varroa-DWYV interaction. This study is the first to report
the effect of Varroa on the proteome of 3-day-old worker
bees exposed to high Varroa loads after emergence. Using
high-throughput proteomic analysis, we identified signifi-
cant changes in Varroa-treated and control bees, suggesting
the importance of the role of peroxisomes. Until now, the
role of peroxisomes in Varroa-DWYV interactions has not
been emphasized, although peroxisomes play a crucial role
in viral infections. In addition, we complemented the previ-
ously suggested role of the TGF-f signaling pathway in Varroa

parasitism.

abaecin, defensin, and hymenoptaecin were strongly upregulated in
Varroa-parasitized bees. Conversely, the expression of the NF-xB-like
Relish gene, which induces a humoral response (in the IMD pathway),
was downregulated [22]. The observed differences in the impact of
Varroa mites on bees reported in various studies most likely resulted
from differences in experimental designs and the use of different
developmental stages and castes of bees [23, 24].

In this study, we exposed previously unparasitized emerged worker
bees for 3 days (72 h) to Varroa mites collected from a collaps-
ing diseased bee colony with typical symptoms of varroosis. Using
label-free quantitative proteomics, we observed proteomic changes
in honey bees after exposure to the mites, and from the same data,
we retrieved information about the viruses present in the experi-
mental bees. We analyzed the key pathways involved and compared
the changes with those found in previous studies that investigated

Varroa-virus exposure.

2 | MATERIALS AND METHODS
2.1 | Approach and samples

All the biological samples were collected in mid-July, when Varroa
infestations are generally very infrequent and collapsing colonies are
exceptional. The experimental scheme, including an overview of the

analyses, is shown in Figure 1.
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FIGURE 1 The overall approach used in this study.

2.1.1 | Unparasitized emerging Apis mellifera worker
bees

The bees used for the manipulative experiment originated from a
colony at the Crop Research Institute (CRI), Prague. The worker bees
were collected from a brood frame at the time of emergence when
they were chewing the cell cap [18, 25, 26]. The experimental bees had
no obvious defects, were vital, and had no mites found on them or in
their cells when they were collected. In addition, the colony had a rapid
buildup with no damaged cappings, and no obvious symptoms of bee
diseases were observed in the colony throughout the season.

2.1.2 | Varroa destructor

The mites came from a collapsing colony with typical symptoms of var-
roosis, located at another site about 100 km away from CRI in the South
Bohemian municipality of Blatna, Czechia. On July 12, a frame with a
sealed brood was taken from the diseased colony and transported to
the laboratory in Prague, where the female mites were collected after
the comb caps were disturbed by circular motion using a toothpick.

2.1.3 | The manipulative experiment

The emergent bees were placed in plastic chambers with mesh lids
on the bottom. The chambers were equipped with two 1-mL syringes
placed at the top of the chamber to provide a feed consisting of a 50%

(w/v) sugar solution prepared by dissolving granulated beet sugar. The

experiment was started by placing 50 mites on 11 worker bees with a
brush in a chamber through the opening of the syringe. The same num-
ber of bees were placed in a different chamber without mites. Both
chambers were incubated in a portable ICT-P mini-incubator (FALC
Instruments, Treviglio, Italy) of 18 Lin volume (internal dimensions 275
% 185 x 335 mm) with circulating air, a precision of + 0.2°C and a stabil-
ity of + 0.2°C. The exposure lasted for 72 h at 35°C. The availability of
the sugar feed supply in the syringes was continuously checked. At the
end of the exposure period, the bees were collected, and mites were
removed with a brush. The bees were placed in 0.5 mL microvials and
immediately frozen on dry ice (~ —70°C). Samples were then stored in
a deep freezer at —80°C until analysis. At the end of the experiment,
the number of dead and live mites were counted.

2.1.4 | Use of bees for virome analysis

At the Blatna site, additional samples were collected from the Varroa
source colony and a neighboring colony. The samples included bees
that were shaken from the brood frame into a plastic bag and then
frozen on dry ice. Later, the samples were stored at —80°C and used
for analysis of the bee virome, which provided complementary data to

the manipulative experiment.

2.2 | Proteomic analysis of bees

Ten control and ten Varroa-exposed bees from the manipulative

experiment were subjected to label-free quantitative (LFQ) mass
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spectrometry (MS) analysis. Each bee was homogenized in 2.5 mL of
homogenization buffer consisting of 100 mM triethylammonium bicar-
bonate buffer (TEAB; Cat No. 90360; Sigma-Aldrich) and 2% sodium
deoxycholate (SDC; Cat No. 30970, BioXtra, Sigma-Aldrich) in a 5-
mL glass Potter-Elvehjem tissue grinder (Kartell Labware division,
Noviglio, Italy) with a Teflon pestle operated by a drill. The homoge-
nization was completed onice in three cycles, with each cycle involving
1 min of homogenization followed by incubation on ice for 10 min.
The homogenate was transferred to a 15-mL centrifugation tube and
centrifuged for 10 min at 3000 x g at 4°C in an MR 23i centrifuge
(Jouan Industries, France). The supernatant was collected, divided into
aliquots, and stored at —80°C until analysis. Further sample processing
and MS analysis were performed as previously described [27]. Briefly,
the protein concentration was determined using a BCA protein assay
kit (Cat No. 23225, Thermo Fisher Scientific, MA, USA). Cysteines were
reduced with Tris(2-carboxyethyl) phosphine hydrochloride (TCEP)
and blocked with methyl methanethiosulfonate (MMTS). The samples
were digested with porcine trypsin. Then, the samples were acidi-
fied with trifluoroacetic acid to a final concentration of 1%. SDC was
removed by extraction to ethylacetate and subsequently to hexane.
Peptides were desalted using a Michrom C18 column. The dried pep-
tides were resuspended in 25 pL of water containing 2% acetonitrile
and 0.1% trifluoroacetic acid. The samples were injected into the LC
in the order they were numbered, with all control samples analyzed
first, followed by the Varroa-exposed samples. Peptides were separated
by nanoliquid chromatography (nanoLC) on a Dionex Ultimate 3000
system (Thermo Fisher Scientific) and analyzed on an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Fisher Scientific).

2.3 | Proteomic data evaluation

The data were evaluated with MaxQuant version 2.2.0.0 using LFQ
algorithms [28, 29] and the Andromeda search engine [30]. The key
criteria used in the data analysis were a false discovery rate (FDR)
of 0.01 for proteins and peptides, a minimum length of seven amino
acids, a fixed modification (methylthio), and variable modifications of
N-terminal protein acetylation and methionine oxidation. The data
were locally evaluated against selected databases of nonredundant
protein sequences that were downloaded from NCBI on February 13,
2023. Sequences related to the honey bee host and the mite ectopara-
site were downloaded from the Reference Sequence protein database
(RefSeq, [31]) and consisted of 23,251 sequences from A. mellifera
(txid7460) and 30,221 sequences from V. destructor (txid109461). In
addition, 6785 viral sequences restricted to A. mellifera (excluding bac-
teriophages) were downloaded from the NCBI database. The local
database is available along with the raw data and result files in Mas-
sIVE (see the Data Availability section). The data were processed in
Perseus version 2.0.7.0 [32]. Results representing standard contami-
nants, reverse sequences (decoys), and sequences identified only with
modified peptides were discarded. The dataset containing proteins
with at least five valid LFQ values in at least one experimental group

was further analyzed. The dataset was log2 transformed. Missing LFQ

values were replaced from the normal distribution (width 0.3; down-
shift 1.8) and histograms before and after the data imputation were
examined. Heatmap with hierarchical clustering was used to check
the uniformity of the sample proteomes between the two subgroups.
Significant differences were determined by a permutation-based two-
sided t-test with an error-corrected p-value (FDR = 0.05; SO =0.1). The
number of randomizations in the analysis was 1000. The results were
visualized in a volcano plot, and the significant proteins were exported
in tabular form. In addition, the significantly differentially expressed
proteins (DEPs) were normalized by z-scores across rows, and hier-
archical clustering using average Euclidian distance was performed in
OriginPro 2024 (OriginLab, Northampton, MA, USA).

To identify functional protein network interactions, we performed
ananalysisin STRINGv11.5[33, 34]. The STRING network analysis was
performed with the identified 77 A. mellifera DEPs, for which a list of
the curated gene names (including alternative) was found. The analy-
sis was performed at a confidence of 0.3. Only those terms that were
significantly enriched with a Benjamini-Hochberg FDR-corrected
p-value of less than 0.05 were included. Furthermore, the proteins
were analyzed individually to correct and complement automated pro-
tein annotations. The representative GenBank accession numbers of
the significant proteins were provided with a hyperlink to the NCBI
protein database, facilitating direct individual examination via the
Conserved Domains Database (CCD) [35]. In addition, we performed
individual analyses of the DEPs via the Kyoto Encyclopedia of Genes
and Genomes (KEGG) [36], InterPro [37], and UniProt. The information
retrieved from these databases was added to the proteins in tabular
form and provided with hyperlinks, and the key caption was reflected
in the visualization of the STRING analysis to the gene symbols. Finally,
all the observed proteome changes, together with reference studies,
were used to create a schematic of relevant pathways using BioRender
(https://biorender.com).

We analyzed the presence of unique peptides retrieved from a
MaxQuant peptide table in the samples and checked whether the pep-
tides in the individual samples were identified by MS/MS or only based
on mass matching without MS/MS spectra. To increase the reliability
of the identified viruses, we performed a qualitative analysis of the
viruses via peptide searches based on MaxQuant intensity values with

the disabled match-between-runs option [38].

2.4 | Virome analysis of colonies from the mite
source site

Virome analysis was performed on randomly selected bees from the
brood comb of the colony that was the source of Varroa mites and
a neighboring colony at the Blatna site. The modified NetoVIR pro-
tocol was utilized as described previously [39]. Briefly, two bees per
colony were homogenized in 1 mL of 1x phosphate-buffered saline
(PBS) in tubes with 2.8-mm ceramic (zirconium oxide) beads (cat.
no. P0O00911-LYSKO-A, Bertin Technologies, Montigny-le-bretonneux,
lle-de-France, France). Homogenization was performed for 1 min at

3000 rpm with a MINILYSIS tissue homogenizer (Bertin Technologies,
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Montigny-le-bretonneux, lle-de-France, France). The samples were
treated with benzonase nuclease and micrococcal nuclease (New Eng-
land Biolabs, Ipswich, MA, USA), and nucleic acids were subsequently
isolated with a QlAamp Viral RNA Mini Kit (QIAGEN, Hilden, Ger-
many). Reverse transcription and the first amplification procedure
were performed via a modified WTA2 protocol (MERCK, Rahway,
NJ, USA). Libraries were prepared via a modified Nextera XT proto-
col (Illumina, San Diego, CA, USA). The samples were subsequently
sequenced at the KU Leuven Nucleomics Core (VIB), Leuven, Bel-
gium, on the HiSeq2000 platform (lllumina, CA, USA) for 2x cycles,
during which 150-bp paired-end reads were obtained. The reads
were evaluated with FastQC [40] and subsequently trimmed with
Trimmomatic [41]. After another evaluation with FastQC, the reads
were assembled with SPAdes [42] with the settings -meta- and -
k 21, 33, 55, 77. The contigs obtained were blasted with Diamond
[43] against a nonredundant protein database (NCBI, downloaded
on September 8, 2022). The reads were subsequently mapped to
contigs with bwa-mem2 [44], and CoverM [45] was used to iden-
tify the reads mapped to individual contigs. The hits and number
of reads that had been mapped were uploaded into KronaTools
[46].

3 | RESULTS

3.1 | Survival of bees and mites in the
manipulative experiment

All 11 control and 11 Varroa-exposed bees survived 72 h of exposure
to 50 Varroa mites. Nineteen dead mites were found at the end of
the experiment, while 31 out of 50 mites remained viable through-
out the experiment. Ten bees from each group were then subjected to
proteomic analysis.

3.2 | Overall proteomic analysis results

LFQ proteomics revealed 26,343 peptides (Table S1) in all the ana-
lyzed samples, which were assigned to 2663 proteins (Table S2A). Using
the LFQ algorithm, we found six groups of viral proteins (Table S2B;
Section 3.3). In addition, we found several proteins identified by V.
destructor sequence information, of which those identified only by V.
destructor sequence information were filtered out from further data
analysis. For quantitative analysis of honey bee DEPs, we further fil-
tered the data to a threshold of at least five valid LFQ values in an
experimental group, resulting in a dataset of 2421 proteins. The his-
tograms before (Figure S1) and after (Figure S2) the imputation of
missing data (width 0.3; downshift 1.8) were both symmetric/unimodal.
Exploratory analysis of the proteomes using hierarchical clustering
on columns (Figure S3) revealed sample homogeneity in the two

experimental groups.

Proteomics and Systems Biology

3.3 | Identification of viral proteins

Initial analysis using LFQ algorithms revealed that four protein groups
matched polyproteins of DWV origin. Importantly, DWV was identified
by a total of 16 unique peptides exclusively expressed by Varroa-
exposed bees. The high number of MS/MS counts (149 for unique pep-
tides) indicates a high level of DWV-B polyprotein in the treated bees.
The polyproteinis alarge precursor protein that includes the structural
proteins VP1, VP2, VP3 and possibly V4 [47] at the N-terminal domain
and nonstructural regions (RNA helicase, a chymotrypsin-like 3C pro-
tease, and an RNA-dependent RNA polymerase) at the C-terminal
domain [48]. Detailed inspection of the identified peptides revealed
that all the peptides mapped to the amino acid sequence of the DWV-
B polyprotein (665 identical or closely related sequences at NCBI), of
which APP91308 was used as a representative sequence. The peptides
covered both the structural and nonstructural domains of the protein.
In addition, we identified a single unique peptide with a single amino
acid substitution D/N at position 871 that matched the VP1 domain
of the DWV-A protein (AMK01489) and a unique peptide with a sub-
stitution A/T at position 916 (the VP3 domain) corresponding to the
polyprotein AUI41303 (Figure 2, Table S3). Because only a single pep-
tide was found for each protein, the interpretation of these findings is
inconclusive.

As quantitative LFQ methods may lead to false negatives, we veri-
fied the distribution of viral peptides in control and Varroa-treated bees
via qualitative analysis based on peptide intensities and mapping to the
reference sequence. This analysis confirmed the absence of DWV in
the control samples, while all Varroa-treated bees were DWV positive
(Figure 2, Table S3).

In addition to DWV, LFQ-based analysis revealed the presence of
Apis flavivirus (AFV) and Apis mellifera filamentous virus (AmFV),
which was confirmed by qualitative analysis. Moreover, the latter anal-
ysis suggested the presence of two additional viral species, Kashmir
bee virus (KBV) and Bee macula-like virus (BMLV) (Figure 2). Polypro-
tein of AFV origin (YP_009388303) [49] was detected by two unique
peptides found only in four Varroa-treated bees, while no AFV infec-
tion was observed in the controls. In three control bees, we found two
unique peptides that matched the protein of AmFV origin with the C-
terminal domain of the putative metallopeptidase (AKY03074). The
presence of KBV was suggested by the identification of two overlap-
ping unique peptides that matched a domain of the 3C-protease of
the nonstructural KBV protein [50]. These peptides were detected in
two control bees and six Varroa-treated bees (Figure 2). Finally, BMLV
infection was suggested only for a single Varroa-treated bee (v5). In
this sample, three unique peptides matched the BMLV coat protein
(UYM19103). Importantly, all these proteins were identified with very
low MS/MS count values (3—8; Figure 2), suggesting a low load of
the corresponding viruses in comparison to DWV. Collectively, our
data indicate significant Varroa-dependent DWYV infection in Varroa-
treated bees. Persistent infections with AFV and BMLV might also be
associated with Varroa, while infections with KBV and AmFV in our
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Virus Protein ID¥* ~ MS/MS Number Number

Count Peptides UniPep**

DWV-B APP91308 149 129 16
DWV-A AMKO01489 14 60 1
DWV  AUI41303 13 2 1
AFV AKY03074 3 2 2
AmFV  ARO50047 4 2 2
BMLV® UYM19103 3 3 3
KBV*®  AHL83499 8 2 2

DVW, Deformed wing virus

AFV, Apis flavivirus

AmFV, Apis mellifera filamentous virus
BMLYV, Bee macula-like virus

KBV, Kashmir bee virus

Varroa-treated Control
12345678910 12345678910

*Accession number of leading peptide in unique protein group
**Uni Pep, number of peptides that belong to unique protein group

* |dentification based on peptide searches

FIGURE 2 Distribution of viruses identified in Varroa-treated and control bees by MS/MS identified peptides.

samples seemed to be Varroa independent. Importantly, the persistent

infections of AFV and BMLYV did not compromise the control samples.

3.4 | Virome in Varroa source colony and
neighboring colony

Identification of viral proteins in Varroa-treated samples prompted us
to investigate viromes in the Varroa source colony and the neighbor-
ing colony without any signs of varroosis. Among the viruses that infect
honey bees in the Varroa source colony, AmFV had the highest abun-
dance (4% of all reads) (Figure S4). The others accounted for less
than 1% of the reads. These viruses included Black queen cell virus
(BQCV), Varroa/Bee orthomyxovirus-1, and DWV-B. In addition, many
other viruses, including bacteriophages and plant-infecting viruses,
have been identified, but these are not related to virus transmission by
Varroa. The virome composition of the neighboring colony (Figure S5)
significantly differed. This colony contained overwhelmingly Sacbrood
virus (SBV) (23% of all reads) and less than 1% AmFV and BQCV.
Although the proportions of DWV-B and Varroa/Bee orthomyxovirus
in the virome structure were not high, their presence is important
because they are viruses associated with the Varroa mite. A comparison
of the number of reads for the selected viruses between the collaps-
ing colony (from which the Varroa mites were used for the manipulative

experiment) and the neighboring colony is shown in Figure 3.

3.5 | Effect of Varroa/DWV on the bee proteome

Statistical analysis using permutation-based two-sided t-test
(FDR = 0.05; SO = 0.1; permutations = 1000) to compare the changes
in the proteomes of the 10 Varroa-treated and 10 control samples

revealed significant changes in 77 bee proteins (Figure 4, Table S4):

(B) Neighboring colony
without signs of varroosis

(A) Varroa source colony

Orthomyxovirus DWV-B BQCV ) §
12% e 1% 6% 40
BaCV. N fo

1% N y N
% 4 \ \ / \  AmRV
C9a%
N -
AmFvV SBV

86% . 99.93%

FIGURE 3 Composition of viruses infecting honey bees (%) in (A)
the source colony of Varroa mites and (B) the colony neighboring the
source colony.

50 were downregulated, and 27 were upregulated. This was further
reflected in the heatmap of the z-score-transformed data (Figure 5). In
the rows, there were two main clusters in which the 27 upregulated
proteins and the 50 downregulated proteins clustered together. In the
columns, the two subgroups of 10 control and 10 Varroa-exposed bees
were clustered together, confirming the sample-type uniformity of the
identified DEPs.

STRING network analysis of 77 A. mellifera DEPs at a confidence
level of 0.3 revealed 75 nodes and 59 edges versus 38 expected
edges (Figure 6). Note that 75 nodes could be identified among the
77 imputed DEPs because mapping (Table S5) revealed that the pro-
tein encoded by the gene LOC113218812 was not found in STRING;
furthermore, our individual verification showed that two proteins
(XP_392405.3 and XP_003251576.1) were found under the same gene
name (LOC408875). The protein-protein interaction (PPI) enrichment
p-value was 9.87 x 10~%. Functional enrichment analysis revealed
20 enriched terms (FDR-corrected p-value/g-value < 0.05) in six cat-

egories and all p-values corrected for multiple testing within each
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FIGURE 4 Volcano plot identifying 77 significantly (FDR = 0.05;
S0 = 0.1; permutations = 1,000) differentially expressed proteins
(DEPs) between Varroa-treated and control samples of bees. Selected
DEPs are labeled in the volcano plot.

category using the Benjamini-Hochberg procedure (FDR) are shown in
Table Sé.

The most significantly enriched term was the term peroxisomes
in the following three categories: cellular component (GO:0005777;
7/91 - observed/background gene count; g-value = 5.2 x 107%),
KEGG pathways (ame04146; 6/59 - observed/background; g-
value = 9.64 x 107°), and compartments (GOCC:0005777; 7/93
- observed/background; g-value = 8.9 x 1074). In addition, the
peroxisome term was combined with other enriched KEGGs:
fatty acid metabolism (ame01212; 4/50 - observed/background;
g-value = 6.1 x 1073), biosynthesis of unsaturated fatty acids
(ame01040; 4/27 - observed/background; g-value = 9.9 x 107%),
B-alanine metabolism (ame00410; 3/21 - observed/background;
g-value = 7 x 1073), and alpha-linolenic acid metabolism (ame00592;
2/11 - observed/background; g-value = 4.7 x 1072). Functional
enrichment analysis revealed that structural molecule activity
(GO:0005198; 12/355 - observed/background; g-value = 3.6 x
10~%), was the only significantly enriched term in the category
Molecular function. The next important enriched terms were those
connected to the cuticle in the Annotated UniProt keywords (KW-
0193; 4/42 - observed/background; g-value = 1.05 x 10~2) and Local

Proteomics and Systems Biology

STRING network cluster CL19319; 5/92 - observed/background;
g-value = 3.71 x 1072). Many counts in the network were found
in the enriched term “cellular anatomical entity” in two categories:
cellular component (GO:0110165; 62/8868 - observed/background;
g-value = 1.3 x 1073) and compartments (GOCC:0110165; 58/8023
- observed/background; g-value = 4.2 x 103). The results of hyper-
linking the individual analysis of the significant proteins in the
bioinformatic resources (KEGGs, CDs, InterPro) are shown in Table S7.
The key information obtained is reflected in the STRING interaction
network (Figure 6) together with the gene symbols.

The key group of interacting proteins in the STRING network
(Figure 6) was found to be six peroxisomal proteins. This was supported
by the heatmap (Figure 5), which shows the coexpression of the per-
oxisomal proteins, as five of them clustered immediately next to each
other and the sixth clustered nearby. Furthermore, the three nodes
directly related to the peroxisomal proteins identified via STRING,
that is, proteasomal proteins, proteins involved in steroid degradation
and p24, were also upregulated. Notably, p62 was found to be coex-
pressed in the heatmap, although the direct interaction between p62
and peroxisomal proteins was not detected via STRING. STRING anal-
ysis also revealed other groups of interacting DEPs, and the detailed
analysis collectively suggested that bee exposure to Varroa and con-
sequently DWYV infection has an impact on peroxisomal function and
cyto-/exoskeleton reorganization and supports the importance of TGF-
Bsignaling and the involvement of the mTORC1 and Hippo pathways in
Varroa-DWYV interactions.

4 | DISCUSSION

4.1 | Original system for investigating the specific
developmental stage of bees and Varroa/DWV
exposure status

In this study, we used a novel, well-defined biological system to inves-
tigate the effect of Varroa/DWYV on the bee proteome. In our system,
we used 3-day-old worker bees and particular Varroa loads, including
the viruses, most notably high levels of DWV in Varroa-treated bees.
We increased the uniformity of the experimental bees for manipu-
lative experiments by collecting them at the time of emergence [18,
25], ensuring the absence of Varroa mites in the cell and on the bees.
Thus, since their emergence after the completion of metamorphosis,
the experimental bees have had no prior contact with colony members
and could not have been contaminated by sharing the feeding route
with other bees or the comb, including food stores, as can occur when
newly emerged bees are collected collectively from brood combs. In
addition, the bees were collected from a single colony with no signs
of disease to increase the sample uniformity, but this reduces the bio-
logical variability that can be useful in other studies. Importantly, we
recorded the number of bees and mites used at the beginning of the
experiment and the number that survived. In particular, similar data are
required for chronic toxicity tests on bees [51]. Somewhat unexpect-

edly, all the Varroa-exposed bees survived the 72-h treatment, as did
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FIGURE 5 Heatmap visualization of the protein expression profiles of all 77 identified DEPs. LFQ values were z-score normalized prior to
hierarchical clustering using Euclidean distance in Origin software. In addition to the curated protein names, specific marks are provided for

selected proteins.

all the controls. However, there was a 38% loss of live mites during the
exposure, which could be due to a decrease in their fitness during the
experiment and the previous manipulation, that is, mite collection and
placement in the experimental cage. Thus, this study involved Varroa
parasitization of 11 bees by 31 fully functional mites that were alive at
the end of the experiment out of 50 initial mites.

Overall, the results of this study complement those of other stud-
ies that have produced similar or different results and interpretations
most likely due to differences in study designs and/or analyses of devel-

opmental stages, castes, and ages of the bees [23, 24]. For instance,

proteomic studies have analyzed the effect of Varroa parasitization at
the time of emergence [18], in 10-day-old bees [22], in the hemolymph
of 1-day-old bees [14], and in worker and drone pupae [52].

4.2 | Virus identification using proteomics
The Varroa mite is known to transmit DWV and cause the transition

from latent to acute symptomatic DWYV infection [2, 53]. In our exper-
iment, we expected a transmitted DWYV infection in Varroa-exposed
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FIGURE 6 Functional protein association network of the significant DEPs determined via STRING. The description added to the gene symbols
is derived from the data in Table S7, where annotations from bioinformatic resources (i.e., KEGGs, CDs, InterPro) are provided; orange indicates
upregulated DEPs, while blue indicates downregulated DEPs. The red text highlights proteins of specific importance (see Discussion).

bees because the colony from which the mites came showed typical
symptoms of varroosis. In addition, we found that the virome of honey
bees in the Varroa-source colony contained a considerable portion of
DWV-B, which is the main genotype associated with Varroa occur-
rence in Europe [54]. Indeed, our proteomic analysis confirmed the
presence of DWV-B at high intensity in all 10 Varroa-exposed bees,
while the virus was not detected in the control bees. For pathogen
identification, we exploited the ability of proteomics to identify viral
proteins instead of RNA-based gPCR. This approach allowed reliable

identification of the viral proteins and host proteins from the same

data. Because we endeavored to avoid false-positive identifications
of pathogen proteins in honey bees [55], we carefully verified pro-
teins that were identified from the virus alongside honey bee and
mite identification. An important issue to address was the occurrence
of low LFQ values for the positives for DWV in 6/10 control bees,
which could indicate latent DWYV infection. However, detailed qualita-
tive analysis revealed that these identifications were based exclusively
on the MaxQuant matching-between-runs algorithm, while no MS/MS
spectra were recorded for the controls. Thus, DWV in the controls

could be considered false positives. In addition, a virus-focused analysis
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indicated the presence of persistent viral infection of AmFV, AFV,
BMLYV, and KBV in some bees. The distribution of viral positives in the
bee samples, particularly AmFV and KBV in the controls, suggested
that these could be viral legacies that survived metamorphosis in some
bees at the time of emergence [15].

4.3 | Pathways affected in bees

The most prominent group of proteins affected by Varroa-DWV
exposure was a group of peroxisomal proteins, all of which were
collectively upregulated. A greater abundance of peroxisomal pro-
teins suggested the upregulation of fatty acid -oxidation with acyl-
CoA oxidase (LOC412020; LOC552757) and multifunctional enzyme
type 2 (LOC409986), alpha-oxidation (GB45184), the biosynthesis
of ether phospholipids (alkyldihydroxyacetonephosphate synthase;
LOC725343), and lipid transfer (sterol carrier protein-2; LOC408904).
In general, peroxisomes play key roles in diverse cellular processes,
including fatty acid/lipid and amino acid metabolism and the mainte-
nance of reactive oxygen species (ROS) [56-58]. Peroxisomes are func-
tionally and in some cases physically associated with other organelles,
including the endoplasmic reticulum (ER), lysosomes, autophagosomes,
mitochondria, and lipid droplets [57, 59, 60]. However, peroxisomes
are less known for functioning as cell signaling organelles, and ROS
generated by peroxisomes can activate intracellular signaling cascades
[58, 61]. The observed DEPs suggested that these peroxisome-related
functions, whether affected by peroxisomes or those affecting per-
oxisomes, were modulated by pathogen exposure, as depicted in
Figure 7.

Increased peroxisomal metabolism is associated with increased pro-
duction of ROS that should be eliminated; however, the downregula-
tion of peroxiredoxin-5 (Prx5) observed by us and others [62] suggests
the opposite. This downregulation may be part of the response to
inflammation [62]; in particular, a trade-off has been observed between
the protective role of Prx5 in immune and antioxidant functions [63].
Furthermore, one of the critical regulators of ROS is mitochondrial
reactive oxygen species modulator 1 (Romo1; LOC727012), whose
downregulation suggests an attempt to decrease cellular ROS levels
[64] and reduce NF-xB activation caused by DWYV, as viral infections
can increase oxidative stress through Romo1 associated with NF-xB
[65]. Taken together, these results suggest that the downregulation of
both Prx5 and Romo1 is associated with the immune response to DWV
through the modulation of ROS levels, which act as active signaling
molecules.

Upregulated transmembrane emp24 domain-containing protein 7
(Tmed7; GB40558-PA) is associated with Toll-like receptor 4 (TLR4)-
mediated viral infection [66], as it is required for TLR4 trafficking from
the ER through the Golgi to the cell surface [67]. Notably, emp24/p24
localizes to the ER, Golgi, COP vesicles, and peroxisomes [68]. Upregu-
lated sequestosome-1 (p62/SQSMT1; ref(2)P) is an autophagy receptor
that connects autophagosomes to peroxisomes via ubiquitinated per-
oxisomal PEX5 [59]. Furthermore, p62 was found to be required for the

autophagic clearance of ubiquitinated proteins and for the delivery of

ubiquitinated cargo to the proteasome, and its levels correlated with
autophagic degradation [69]. Incidentally, according to our STRING
analysis, proteasomal proteins (LOC410128; LOC552579) that are
connected to peroxisomal proteins were upregulated.

In Varroa-exposed bees, we found substantial downregulation of
the Ragulator complex protein LAMTOR1 (Lamtor1/p18; LOC725789),
which is involved in amino acid sensing and activation of mTORC1
[70, 71]. This finding suggested an increase in autophagy, particularly
pexophagy [58, 72]. In addition, suppression of mTORC1 activity has
been linked to alterations in cholesterol transport [73], the hijacking
(i.e., upregulation of NPC2; LOC724386) of which is essential for infec-
tion and the life cycle [74]. Because of the link to the nutrient-sensing
pathway, the collective changes in the mTORC1 pathway and perox-
isomal B-oxidation [75] may explain the increase in the sphingolipid
metabolic rate observed by Kunc et al. [22] in 10 day old parasitized
bees.

A downregulated Lamtor1/p18 was a key marker in our study.
According to the STRING analysis, it interacts with eukaryotic transla-
tion initiation factor 4E-binding protein 1 (4E-BP1; LOC725039), which
was downregulated to a similar extent. Importantly, 4E-BP1 harbors
numerous phosphorylation sites, and this phosphorylation is regulated
by the mTOR pathway [76], suggesting that this effect is important for
our interpretation (Figure 7). nTORC1 stimulates translation via phos-
phorylation of 4E-BP1 [77, 78]. 4E-BP1 binds elF4E, through which
some viruses modulate protein synthesis; in particular, picornaviruses
(which include DWV) induce the dephosphorylation of 4E-BP, lead-
ing to cap-dependent inhibition of protein synthesis [79]. According to
our data, 4E-BP1 was downregulated and may have been affected by
dephosphorylation triggered by viral activity [80-82]. Importantly, the
mTORC1/4E-BP1 axis is related to TGF-S-induced pathways and has
been identified as a key pathway involved in wound healing and repair
[83, 84]. Injury-induced mTOR activation in epithelial cells is likely
conserved across species, that is, insects and vertebrates [85]. Fur-
thermore, Lamtor1/p18 was linked in STRING to a regulatory subunit
(PRKAB2; alc) of AMP-activated protein kinase (AMPK), which directly
regulates cell growth and macroautophagy and microautophagy via
mTORC1. This function has also been linked to the aforementioned p62
[86].

We found that some DEPs were directly related to TGF-3, a signaling
pathway that regulates cell proliferation, differentiation, and apoptosis
and is important for inflammation, various immune responses against
microbes, and wound healing [87-90]. TGF-$ has been suggested to
play an important role in Varroa-parasitized bees at the time of emer-
gence [18]. It has been shown that there is crosstalk between the
TGF-B, Hippo, and mTORC1 pathways [91-93]. Thus, the downregu-
lation of MOB kinase activator-like 1 (MOB1; mats), a key signaling
adaptor of the Hippo pathway, which is essential for organ growth con-
trol and tissue homeostasis, is important in this context [94]. Since
MOB1 was previously shown to be upregulated in Varroa-DWYV vari-
ant emerging bees [18], we suggest that differentially regulated MOB1
may be associated with differentially altered innate immune defenses
[95, 96] in two different developmental stages (3-day-old bees vs.

emerging bees). Notably, modulation of the Hippo pathway interferes
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FIGURE 7 The overall scheme of host pathways affected by Varroa/DWV exposure. The scheme summarizes the results of this study and
accounts for the previous studies that have been conducted. The effect of picornavirus multiplication on both peroxisomes and mitochondria is
suggested, as is the cell antiviral response via the Toll signaling pathway. Furthermore, peroxisome signaling is associated with ROS production and
pexophagy. In addition, the results indicated that the TGF-S pathway is affected by Varroa feeding on the host and plays a role in DWV infection. An
important factor that is likely to affect viral replication is impaired autophagy, which is associated with stress (mainly due to Varroa parasitization)

that affects mTORC1.

with antiviral defenses [97, 98], which are likely differentially regulated
in the two different developmental stages.

The impact of Varroa and/or DWV on cyto-/exoskeleton reorgani-
zation has been previously identified, and the relevant markers in our
study included changes in cuticle and cytoskeletal proteins, includ-
ing muscle proteins [14, 18, 52, 99]. In this context, through direct
interaction via STRING, we found MOB1 in the Hippo pathway [100].
Furthermore, the Lipoma-preferred partner TRIP6[101]; LOC412617),
which is involved in the Hippo pathway, affects actin cytoskeletal reor-
ganization, cell adhesion and migration [102]. The function of TRIP6
is linked to another protein (NUAK1; LOC409952) that is a TGF-
B target. The downregulation of the microtubule-associated protein
Jupiter (LOC551257) plays an important role in microtubule stabil-
ity in Drosophila [103, 104]. Overall, changes related to cytoskeletal
remodeling may be linked primarily to the DWV life cycle since viruses
need to hijack cytoplasmic membrane trafficking machines for their
own replication, assembly and release from a cell [105-109]. However,
cytoskeleton remodeling is also due to Varroa syndrome affecting some
of these pathways, and the interplay among these pathways leads to
synergistic effects with DWV during parasite sucking of a host [18].

The number of downregulated proteins was related to the struc-
tural constituents of the cuticle (LOC724624, CPR24, CPR5, GB48844,
LOC725804, LOC552217, Apd-2, and Cyp4g11). Like in our study,
Varroa-parasitized purple-eye pupae exhibited a downregulated array
of cuticular proteins [52]. Additionally, parasitization of honey bees

by Vairimorpha (Nosema) ceranae (5 days postinfection) downregulated

seven cuticle genes [110], some of which were the same as those in
our study. Changes in exoskeletal proteins due to infection with DWV
might be linked to weakening of the external barrier of a host to facil-
itate transmission [110]; however, transmission of this virus has been
connected mainly to the ectoparasite Varroa, which creates wounds
[111] and delays healing in a host [18]. Interestingly, differences in the
expression of cuticle genes have been implicated in different hygienic
behaviors of honey bees [112] and resistance to DWYV infection [99].
An important change affecting immunity is the downregulation of
the serine protease inhibitor 88Ea (serpin-5; serpin-5), which has been
shown to regulate prophenoloxidase (PPO) activation and antimicro-
bial peptide pathway activation. Serpin-5 has been shown to function
as asecreted negative modulator of Toll signaling[113, 114]. It also acts
as a component of the extracellular surveillance system in epithelial
cells, and the mechanism has been linked to the Hippo pathway [115].
Overall, our observations summarized in Figure 7 are in agreement
with the following previous results on the effect of Varroa-DWV on
bees: (1) the levels of lipid metabolism-related proteins increase in
parasitized worker pupae [52]; (2) the levels of proteins related to
the metabolism of lipids and branched amino acids increase in the
hemolymph of Varroa-parasitized bees [14]; and (3) the sphingolipid
metabolism rate increases in Varroa-parasitized 10-day-old bees [22].
Some of the contrasting differences in expression levels nicely illus-
trate the influence of the experimental design. For instance, the
opposite regulatory effects on Lamtor1/p18 and MOB1 illustrate the

influence of the experimental design and the age of the bees analyzed
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on the results; that is, 3-day-old with 3 days of Varroa-DWYV exposure
(this study) vs. 0-day-old (emerging) [18].

5 | CONCLUSION

This study investigated the effect of Varroa-DWYV exposure on honey
bees in a specific manipulative experiment. High-throughput pro-
teomics revealed certain characteristics that allowed the identification
of markers and pathways affected by Varroa-DWYV interaction in 3-
day-old bees postemergence. We found that a key set of affected
proteins was associated with increased peroxisomal metabolism, and
the other proteomic changes, such as ROS homeostasis/signaling, were
also associated with peroxisomes. These results are consistent with
the finding that peroxisomes play an important role in viral infections.
In the future, it will be necessary to determine to what extent per-
oxisomes act as antiviral agents or whether they also exert proviral
functions in honey bees parasitized by Varroa. These results also sup-
port the importance of TGF-g signaling in the Varroa-DWYV interaction
and reveal the link between the mTORC1 and Hippo pathways. The
ability of Varroa to promote DWYV infection likely occurs through the
subversion of host autophagy caused by the modulation of apoptosis
and proliferation associated with the suppression of wound healing and
repair by Varroa and the reprogramming of cellular functions by DWV.
Cytoskeletal remodeling and changes in cuticular proteins seem to be
concomitant processes associated with viral infection and Varroa feed-
ing on the host. The limitation of this study is that whole bees were
analyzed, and in the future, it will be necessary to localize the changes

to specific cell types and tissues.
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