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ABSTRACT Honey bees are globally important pollinators threatened by many dif-
ferent pathogens, including viruses. We investigated the virome of honey bees col-
lected at the end of the beekeeping season (August/September) in Czechia, a Central
European country. Samples were examined in biological replicates to assess the ho-
mogeneity, stability, and composition of the virome inside a single hive. By choice of
healthy workers from colonies, where Varroa destructor was under control, we could
identify ubiquitous bee viruses. Deformed wing virus (DWV) was highly prevalent,
even though the bees were healthy, without any noticeable disease signs. The overall
virome composition (consisting of honey bee-, plant-, and bacterium-infecting viruses)
was driven primarily by the hive and its location. However, honey bee-specific viruses
showed an uneven distribution within the same hive. In addition, our results point to
an unusual cooccurrence between two rhabdoviruses and reveal the presence of five
distinct lineages of Lake Sinai viruses (LSVs) clustering with other LSV strains
described globally. Comparison of our results with the virome of Australian honey
bees, the last truly Varroa- and DWV-free population, showed a strong difference
with respect to DWV and a set of diverse members of the Picornavirales, of which the
latter were absent in our samples. We hypothesize that the occurrence of DWV intro-
duced by Varroa strongly affects the virome structure despite the mite being under
control.

IMPORTANCE The Western honey bee, Apis mellifera, is a vital part of our ecosystem
as well as cultural heritage. Annual colony losses endanger beekeeping. In this study,
we examined healthy bees from the heart of Central Europe, where honey bee colo-
nies have been commonly affected by varroosis over 5 decades. Our virome analysis
showed the presence of ubiquitous viruses in colonies where the mite Varroa de-
structor was under control and no honey bee disease signs were observed.
Compared to previous studies, an important part of our study was the analysis of
multiple replicates from individual hives. Our overall results indicate that the virome
structure (including bee-infecting viruses, plant-infecting viruses, and bacterio-
phages) is stable within hives; however, the bee-infecting viruses varied largely

Editor Seth Bordenstein, Vanderbilt University

Copyright © 2022 Kadleckova et al. This is an
open-access article distributed under the terms

within interhive replicates, suggesting variation of honey bee viruses within individ- of the Creative Commons Attribution 4.0
ual bees. Of interest was the striking difference between the viromes of our 39 pools International license.
and 9 pools of honey bee viromes previously analyzed in Australia. It could be sug- hetliess CoiEsgandiEee o

Jelle Matthijnssens,

gested that Varroa not only affects DWV spread in bee colonies but also affects jellematthijnssens@kuleuven be.
diverse members of the Picornavirales, which were strongly decreased in Czech bees The authors declare no conflict of interest.
compared to the Varroa- and DWV-naive Australian bees. Received 24 January 2022

Accepted 18 April 2022
KEYWORDS Apis mellifera, Picornavirales, rhabdovirus, Lake Sinai virus, metagenomics, Published 9 May 2022
viruses

May/June 2022 Volume 7 Issue 3 10.1128/msystems.00072-22 1


https://orcid.org/0000-0002-4312-7373
https://orcid.org/0000-0003-1730-779X
https://orcid.org/0000-0003-1188-9733
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/msystems.00072-22
https://crossmark.crossref.org/dialog/?doi=10.1128/msystems.00072-22&domain=pdf&date_stamp=2022-5-9

The Virome of Healthy Honey Bee Colonies

he European honey bee, Apis mellifera Linnaeus 1758, is used for the production of

honey, propolis, beeswax, venom, pollen, and royal jelly (1). However, the most cru-
cial beneficial feature of honey bees lies in pollination in both agricultural (2, 3) and
natural (4) habitats. Annual colony losses jeopardize these benefits provided by honey
bees (5). In temperate zones of Europe, the main colony losses occur over winter and
are thus referred to as wintering losses (6). Another problem, not yet fully understood,
is colony losses in the United States, also known as colony collapse disorder (CCD) (7).
This phenomenon is probably due to a combination of several factors, mainly Varroa
destructor (8), other viral pathogens, and their interaction (7, 9). Conservation of honey
bees is difficult, especially in countries where the density of managed colonies is very
high, and this is precisely the case in Czechia, in the heart of Central Europe (10).

The global spread of V. destructor has had a severe effect on the transmission and viru-
lence of certain honey bee viruses such as deformed wing virus (DWV); DWV variant B
(DWV-B), also described as Varroa destructor virus 1 (11, 12); and viruses belonging to the
acute-Kashmir-Israeli complex (13-15). However, without high mite infestations, DWV
infections are often benign or asymptomatic. Important from this point of view is the
presence of diverse viruses in Australia, where honey bees are free of both V. destructor
and DWV, although some viruses from the Picornavirales order can be found (16).
Interestingly, the interaction between viruses and the mite can affect virus strain distribu-
tion, as described previously for DWV (17-20). The DWV-A/B strain ratio is affected by the
level of mite infestation in a colony (21). Another parasite, Nosema ceranae, has been
shown to aggravate black queen cell virus (BQCV) infection (22). However, the synergistic
effect of N. ceranae in combination with different viruses such as DWV was negated (23).
Thus, for other known or newly identified viruses, similar or unexpected interactions may
exist. Various nonviral pathogens may play an important role in the prevalence and sever-
ity of diseases.

Until lately, honey bee virus research focused mainly on 23 described viral species, as
reviewed in 2015 (24). In the last few years, more viruses that demonstrably or presum-
ably infect honey bees were discovered due to the increased use of next-generation
sequencing (NGS) technologies (16, 25, 26). Moreover, it was recently shown that the
honey bee gut virome contains many bacteriophages (27, 28). Previous knowledge was
limited to phages from pathogens such as Paenibacillus larvae (27). In contrast to the
best-characterized bee-infecting viruses, which belong to the Picornavirales or other posi-
tive-sense single-stranded RNA (+ssRNA) virus groups (e.g., Iflaviridae and Dicistroviridae),
some novel viruses belonging to viral families like the Rhabdoviridae or Orthomyxoviridae
have recently been reported in honey bees (29, 30) and the parasite V. destructor (30).
Most infections with these novel viruses are not yet known to manifest symptomatically
but could impact colony health through fitness costs, even though subtle, for the host
and/or through interactions with the host and other pathogens/parasites associated with
honey bees. Furthermore, the spread of viral infections from honey bees to wild pollina-
tors is also of great concern (31, 32).

In this study, we explored the diversity and composition of the virome in honey
bees from healthy colonies from beekeepers breeding various honey bee genetic lines
in Czechia. To see the robustness of the virome analyses, we analyzed three biological
repeats from each hive. To our knowledge, this is the first such analysis performed on
honey bees. We focused on the virome composition (common versus new viruses,
plant viruses, and bacteriophages). In addition, we compared our results with those for
nine Australian viromes from bees with no exposure to V. destructor or DWV.

RESULTS

Composition and similarity of virome samples. NGS of 39 samples (3 replicates of
9 pooled bees from 13 colonies) yielded a total of 398,231,288 reads, with an average of
10 million reads (range, 1,920,148 to 30,170,502; median, 11,650,042) per sample con-
taining 9 bees. The reads were classified as follows: (i) 46.66% eukaryotic, (ii) 30.98% viral,
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FIG 1 Composition of sequencing reads in all 39 analyzed samples. Each hive was analyzed in 3 independent replicates consisting of nine individual bees.
The percentages of reads of different taxonomic affiliations (plant viruses, bacteriophages, bee viruses, and nonviral) are denoted in different colors.

(iii) 13.14% bacterial, and (iv) 9.21% not identified as homologous to any reference
sequence.

First, we analyzed the composition of sequencing reads in each of the 39 samples by
determining the proportion of reads originating from nonviral sequences (e.g., honey bee
genome and bacterial microbiome), known bee viruses (33), bacteriophages, and plant
viruses (Fig. 1). Although some replicates seemed to be rather consistent, notable hetero-
geneity was detected among several other samples (e.g., samples 3, 5, 6, 7, and 8). Next,
we analyzed the taxonomic composition of the bee virome with respect to the (i) abun-
dance and (i) diversity of viral families (see Fig. S1 in the supplemental material).

To visualize the virome similarity of the 39 samples, a heatmap was constructed
from the relative abundances of all viral sequences (Fig. 2; Table S1). For almost all
samples, replicates originating from the same hive clustered together and thus exhib-
ited similar total viromes. Samples obtained from different sites (hives and apiaries) at
the same location also exhibited related viromes. The Adonis test confirmed the highly
significant association of virome composition with hive and location (P < 0.0001 by an
Adonis-Bray test; R?, 0.62964 and 0.45389). k-means clustering had for k 13 (representing
hives) an adjusted mutual information score (taking on values from 1 for identical to
around 0 for random) of 0.14, suggesting the existence of a pattern in clustering (Fig. S1).

Bee viruses. Furthermore, we focused our analysis on eukaryotic viruses that were
demonstrated or predicted to infect honey bees (33). Altogether, the analyzed samples
revealed the presence of one DNA and nine RNA viruses. Besides the well-known viruses
belonging to the Dicistroviridae and Iflaviridae, we found viruses belonging to the families
Rhabdoviridae and Orthomyxoviridae as well as several variants of Lake Sinai virus (LSV)
and the DNA virus Apis mellifera filamentous virus (AmFV) (Fig. 3).

Overall distribution of bee viruses. A heatmap was constructed based on the rela-
tive abundances of all detected bee-infecting viruses (Fig. 3). The most commonly pres-
ent viruses were Deformed wing virus variant A (DWV-A) and variant B (DWV-B), Black
queen cell virus (BQCV), Aphid lethal paralysis virus (ALPV), AmFV, and Sacbrood virus
(SBV). In sharp contrast to the heatmap constructed from all viral sequences (Fig. 2),
clustering between bee viruses of most replicate samples was no longer discernible
(Fig. 3). We presume that the lack of geographic clustering can be attributed to the ab-
sence of bacteriophages and plant viruses (see below) in this analysis. For bee-infecting
viruses, the adjusted mutual information score for k 13 (hive) was low (—0.006), further
confirming that clustering between samples is absent.

High differences in abundance among the replicate samples were observed for all
known bee-infecting viruses, even though each sample consisted of nine pooled bees.
This implies that the pooling of nine bees per hive is not sufficient to compensate for
the variability in the occurrence of viruses in individual bees. Importantly, in some
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FIG 2 Heatmap constructed from all classified viral sequences in all 39 samples. The viral sequences are taxonomically assigned to the family or species
level. Relative abundances (viruses per 1 million sequencing reads) are shown on a log,, scale. Samples (columns) and contigs (rows) are clustered by
Ward’s minimum variance method; both columns and rows are seriated by optimal leaf ordering.

samples, a single virus accounted for over 50% of the total sequencing reads (58.8%
LSV-A reads in pool 3C and 59.4% acute bee paralysis virus [ABPV] reads in pool 12C)
while being present in negligible quantities (<1% reads) in each of the two remaining
replicate samples. This indicates the (sporadic) presence of individual bees with very
high viral loads compared to those in other bees within the same honey bee colony.

Virome comparison with the Varroa- and DWV-naive honey bees (Australia).
Since we used healthy asymptomatic bees where varroosis was under control, we com-
pared our data with those reported previously by Roberts et al. (16). The heatmap in
Fig. 4 shows that the virome of Varroa- and DWV-naive Australian honey bees is differ-
ent from that of the Czech samples. All the Australian viromes clustered together and
were separated from the Czech viromes. The Australian viromes included several abun-
dant and diverse viruses belonging to the Picornavirales (e.g., Perth bee virus, Darwin
bee virus, or Robinvale bee virus). In contrast, we did not detect any of the diverse
Picornavirales (Fig. 4). Conversely, DWV-A/B and ABPV found in Czech honey bees were
absent in the nine Australian viromes. Finally, several viruses (BQCV, variants of LSV,
SBV, and ALPV) were present in both Australian and Czech viromes.

Prompted by these results, we decided to investigate if this difference was also dis-
cernible in other studies of non-Australian viromes. We used public NGS data from
Belgium (34); Israel (30); South Africa, The Netherlands, and Tonga (29); and the United
States, Central America, Europe, Kenya, India, and New Zealand (26). This allowed us to
compare the bee populations where V. destructor is present (most of the world) with
Varroa-naive populations (16). The results showed that the difference observed
between the Czech and Australian bee viromes can be generalized to other parts of
the world: the above-mentioned diverse Picornavirales were absent from the honey
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FIG 3 Diversity of viruses infecting honey bees in healthy bee colonies from Czechia. Relative abundances (viruses per 1 million sequencing reads, calculated
from reference genome coverage [see Materials and Methods]) are shown on a log,, scale. Samples (columns) and viruses (rows) are clustered by Ward’s
minimum variance method algorithm and seriated by optimal leaf ordering. ABPV, acute bee paralysis virus; ALPV, aphid lethal paralysis virus; AmFV, Apis
mellifera filamentous virus; BRV, bee rhabdovirus; BQCV, black queen cell virus; DWV, deformed wing virus; SBV, Sacbrood virus; LSV, Lake Sinai virus.

bee viromes in all other geographic regions except Australia (the trace amount can be
attributed to read misalignment), whereas DWV-A and DWV-B were globally abundant.
Australia clustered aside from other interleaved samples (for the principal-coordinate
analysis [PCoA] and heatmap, see Fig. S1; for raw data, see Table S3).

Emerging viruses in samples from Czechia. The heatmap of bee virus abundances
(Fig. 3) revealed a conspicuous pattern of cooccurrence of two recently discovered
rhabdoviruses, bee rhabdovirus 1 (BRV-1) and BRV-2, which possibly infect both the
honey bee and the mite V. destructor (29). Among our samples, BRV-1 and BRV-2 were
always present together (pools 4A, 6A, 7C, 9A, and 10A), whereas both identified rhab-
doviruses were absent from the remaining replicates (Fig. 3). The positivity of one out
of three replicates probably implicates a low prevalence of BRV-positive bees within
hives. In addition, BRV-1 always showed a higher abundance than BRV-2 in individual
samples (Fig. 3). These viruses, albeit related, are phylogenetically distinct and display
very limited sequence similarity (Fig. S1).

Furthermore, we reanalyzed NGS data from BRV-1-positive samples reported in three
previous studies (26, 29, 35) by differentially mapping the sequencing reads to BRV-1 and
BRV-2 reference genomes. Despite differences in multiple sample characteristics (i.e., bee
pooling, nucleic acid isolation, and library preparation), we detected BRV-2 in all BRV-1-
positive samples (Table 1). As in the Czech samples, BRV-2 was always present at a lower
abundance. We consider this to be an indicator of an unusual relationship between the
two rhabdoviruses, which has been left unnoticed previously (see Discussion).

Surprisingly, our analysis also revealed a large diversity of LSVs. The LSV genomes
identified in the Czech samples were distributed in five positions in the global LSV phy-
logenetic tree (Fig. 5). Five variants were thus designated de novo as LSV-A to LSV-E for
the purpose of this study. The interlineage nucleotide identity among Czech genomic
sequences ranged from 72% to 79%, and the intralineage identity ranged from 86% to
99%. As shown in Fig. 5, among the closest relatives of LSV variants A, B, C, and E were
sequences originating from different continents, suggesting that these variants
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FIG 4 Heatmap of bee-infecting viruses in a comparison between the data from our study and Australian bees (SRA accession numbers SRR5117442 to
SRR5117450). Relative abundances are shown on a log,, scale. Samples (columns) and viruses (rows) are clustered by Ward’s minimum variance method
algorithm and seriated by optimal leaf ordering. Row colors show if the virus is present in Australia, Czechia, or both countries. Czech, viruses found only in
Czechia; Australia, viruses found only in Australia; shared, viruses present in both regions. White lines separate the heatmap into several parts, Australian/Czech
samples and viruses present/absent in the given regions.

belonged to LSV lineages with an intercontinental or even a global distribution. The
RNA-dependent RNA polymerase (RdRp) phylogeny places LSV-D among a dozen
European and one Iranian LSV genotypes; however, the resolution of the RdRp frag-
ment phylogeny is insufficient, as indicated by the level of bootstrap support (Fig. S2).
In general, the distribution of LSV variants in Czechia was variable in both between-
and within-hive comparisons. Interestingly, two or more variants of LSV were detected in
individual hives (LSV-B and LSV-C in hives 7 and 12 and LSV-A, LSV-D, and LSV-E in hive 3).
Bacteriophages and clustering. The results showed the high diversity and abun-
dance of bacteriophages (Fig. S1). Therefore, we analyzed the bee phageome in detail.

TABLE 1 Cooccurrence of bee rhabdoviruses 1 and 2 in NGS samples here and in three other studies where BRV-1 was identified®
No.of  No.of

BRV-1 BRV-2 BRV-1/BRV-2 SRA No. of NA for library
Sample ID reads reads ratio Country accession no. bees/sample construction
SRR3927497 9,509 765 124 Israel SRR3927497 30 Total RNA
DWV 41,335 1,024 404 USA SRR6033679 10 Virus-enriched (encapsulated) DNA + RNA
NE_AWD_1442 34,115 737 46.3 The Netherlands SRR5109823 5 Total RNA (rRNA depleted)
SA_RI_49 83,757 6,791 12.3 South Africa SRR5109831 5 Total RNA (rRNA depleted)
T_V9 104,233 181 575.9 Tonga SRR5109822 5 (thoraces only) Total RNA (rRNA depleted)
T_V10 38,738 12,120 3.2 Tonga SRR5109821 5 (thoraces only) Total RNA (rRNA depleted)
T_T12 449,293 4,501 99.8 Tonga SRR5109828 5 (thoraces only) Total RNA (rRNA depleted)
T.T23 331,169 113 2,930.7 Tonga SRR5109834 5 (thoraces only) Total RNA (rRNA depleted)
4A 44,492 6,741 6.6 Czechia SRS11094606 9 Virus-enriched (encapsulated) DNA + RNA
6A 83,517 4475 18.7 Czechia SRS11094614 9 Virus-enriched (encapsulated) DNA + RNA
7C 7,029 1,072 6.6 Czechia SRS11094620 9 Virus-enriched (encapsulated) DNA + RNA
9A 127 40 3.2 Czechia SRS11094624 9 Virus-enriched (encapsulated) DNA + RNA
10A 16,770 1,493 11.2 Czechia SRS11094627 9 Virus-enriched (encapsulated) DNA + RNA

aSequencing reads were mapped to a hybrid reference sequence consisting of combined BRV-1 and BRV-2 genomes (BRV-1, GenBank accession number MH267692; BRV-2,
GenBank accession number KY354234) to prevent the interference of multiple mapped reads. The BRV-1/BRV-2 ratio was calculated from read counts.
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FIG 6 Host calling and clustering of prokaryotic viruses. (A) Heatmap of all contigs classified as bacteriophages. Relative abundances (viruses per 1 million
sequencing reads) are shown on a log,, scale. Samples (columns) and contigs (rows) are clustered by Ward’s minimum variance method; both columns and
rows are seriated by optimal leaf ordering. (B) Count of predicted hosts for 158 bacteriophage contigs identified by VirSorter2. Contigs with no prediction

are in the “Unknown” category.

A heatmap was created by mapping reads to the set of phages identified by VirSorter2
(Table S1). Clustering of the phageome by the geographic origins of the samples was
weaker than that in the heatmap of all viral sequences (Fig. 2), but still, replicate sam-
ples from seven hives clustered together. In five other hives, two out of three replicate
samples clustered together; the replicate samples from hive 13 did not cluster
(Fig. 6A). The Adonis test showed a highly significant correlation between the phag-
eome and hive/location (P < 0.0001 by an Adonis-Bray test; R?, 0.47355/0.34024).

Since the plant viruses originating from pollen were abundant (Fig. S1), we further
explored their clustering. The plant viruses clustered almost perfectly (Fig. S1) (P <
0.0001 by an Adonis-Bray test; R?, 0.70959 for hive and 0.53102 for location).
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Interestingly, k-means clustering had higher adjusted mutual information scores for
both bacteriophages and plant viruses than for all viral sequences (0.22 and 0.23,
respectively, against 0.14) (Fig. S1).

To classify the phage genomes, which were predicted to be more than 50% com-
plete (by CheckV), we used vConTACT2, which clustered the sequences with phages in
the RefSeq database by their encoded protein profile. The resulting network had 398
individual viral clusters (roughly equivalent to genus-level assignment). Visualization of
the resulting sequence similarity network (Fig. S3) shows the distribution of putative
phage contigs through the network. Out of 158 individual phage contigs, 71 were unam-
biguously clustered. These formed 22 clusters, 15 of which were composed entirely of
putative phage contigs from this study; 22 viral clusters (representing 26 putative bacte-
riophage contigs) were clustered with at least one reference sequence. Thanks to the ref-
erence sequences, the clusters could be tentatively classified as belonging to the family
Myoviridae but also as belonging to the Siphoviridae, Podoviridae, and Microviridae. A sin-
gle cluster contained strains from more than one viral family.

Host calling for each of the 158 detected phage contigs was performed through
matches with CRISPR spacers identified using MinCED (36) and an additional analysis
with CrisprOpenDB (37). Over 200 spacers matched the detected viral contigs, yet due
to duplicate assignments (one contig matching spacers from multiple strains of one
bacterial host species), only 22 (14%) of the phage contigs could be assigned to a host.
The most common phage hosts were Lactobacillus species, Bifidobacterium, Bartonella,
and Salmonella (Fig. 6B).

DISCUSSION

This study is the first to analyze the honey bee virome in Czechia, a country located
in the heart of Central Europe. In addition, to our knowledge, this is the first work
where the honey bee virome was examined in biological replicate samples within
hives/colonies. Virome variation in sample replicates raises the question of to what
extent single bees can affect the virome structure of an entire colony. However, the
open question that remains is how NGS-based virome analysis of pools of bees can be
affected by a single bee with a distinct virome. It is relevant to what we have
attempted: to examine the homogeneity of virus infection within hives. A major factor
that could affect the virome is that honey bee colonies were from a Central European
country with one of the highest colony densities worldwide (10). Thus, despite the fact
that V. destructor occurrence was low in all investigated colonies, and no signs of var-
roosis were observed, a virus(es) introduced by the mite (17, 38) was expected to be
found. Furthermore, we compared our viromes with previously described viromes of
Australian honey bees, which have never been exposed to varroosis (DWV and Varroa
mite) (16, 39). When it came to bee-infecting viruses, our sets of viruses were diametri-
cally different from those in Australia. Notably, one substantial difference was the lack
of diverse members of the Picornavirales in our data set, which could be explained by
Varroa-DWV interaction pressure indicated previously (17-22). Further investigation
will be necessary because of methodological differences in this study compared to the
study of Roberts et al. (16). For future comparability with other studies, it is also of im-
portance to note that our samples were collected at the end of the beekeeping season
in August/September because seasonal variations in virus occurrence have been previ-
ously described (40), whereas the Australian samples were collected between a longer
period (August 2013 to April 2015, but the majority were collected in August).

Traditional and new bee viruses. The following viruses were detected in Czech
samples: BQCV, AmFV, DWV-A and -B, SBV, ALPV, ABPV, BRV-1 and -2, Apis mellifera
orthomyxovirus, and variants of LSV. The prevailing honey bee virus, in both abun-
dance and prevalence, was DWV-B. Importantly, this result is in accordance with its
recent global spread (20). Notably, the prevalence of DWV-B observed in asymptomatic
(healthy) hives/colonies is in agreement with the results of a study by Norton et al.,
who showed DWV-B persistence in colonies with low V. destructor levels and those
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treated with miticides (21). Finally, the prevalence of DWV-A was low in our virome
samples, consistent with the fact that varroosis was under control in our colonies (21).

We determined the viromes in 39 pools, each consisting of nine individual honey
bees. Importantly, we show that none of the structures of our Czech virome resembled
those of the Australian viromes (16). Moreover, unique viruses were identified in each
data set. These results may correspond to the fact that the virome structure is affected
by the presence/absence of V. destructor since Australian honey bees are Varroa-free
(16, 39), while the Czech viromes originated from regions where V. destructor has been
widely distributed since the late 1970s (41, 42). Although we worked with “healthy”
honey bee colonies, where V. destructor was under control, the effect of the mite is still
to be considered. In Czech samples, the diverse set of viruses belonging to the
Picornavirales detected in Australian honey bees was absent. Another important obser-
vation is the complete absence of DWV in the Australian viromes (16) and the contrary
wide DWV presence in our samples. This shift from diverse Picornavirales members to a
primarily DWV-dominated virome could signify that the presence of V. destructor and
its interaction with DWV change the virome of honey bees. We suggest that the ab-
sence of diverse Picornavirales in other samples from honey bee populations around
the world, even though varroosis was under control in some, adds support to this
assumption.

The two rhabdoviruses (BRV-1 and -2) exhibited a conspicuous pattern of distribu-
tion among our samples: (i) both viruses were always present simultaneously; (ii) in
each sample, BRV-1 was more abundant than BRV-2; and (iii) BRV-1 and -2 were always
present in only one out of three replicate nine-bee samples per hive. Reanalysis of pre-
viously reported BRV-positive NGS samples (26, 29, 35) independently validated both
the first and second phenomena (see above). So far unnoticed, this relationship may
indicate a type of (inter)dependence between these two viruses. It is possible that an
interaction takes place, either a nondirect one (e.g., through the immune system) or a
direct one (e.g., a defect in protein synthesis) (43). This phenomenon can also be
caused by a common transmission route or another unknown mechanism. Either way,
the precise nature of the relationship between BRV-1 and BRV-2 should be confirmed
by a single-bee analysis.

Since the first description of LSVs by Runckel et al. (44), various variants of this
group of new viruses have been discovered in different regions around the world,
including Australia (39, 45-48). Such diversity, in combination with a global distribu-
tion, could indicate a long coexistence of LSV with honey bees (39). According to cur-
rent knowledge, LSV infections occur asymptomatically, with no described adverse
effect, which might have hindered their discovery in the pre-omics era. It was sug-
gested that, based on the specific antibody detection LSV was described as bee virus X
or Y (39, 49, 50). Among 39 Czech samples, we detected five distinct variants (desig-
nated LSV-A to -E) that were distributed in 17/39 samples (read count of =1 per million
reads). Several cases of the simultaneous presence of several variants in one colony/
hive were observed. A single-bee analysis is needed to determine the precise preva-
lence of LSV variants and the frequency of their cooccurrence as the simultaneous
presence of several LSV variants in a single bee has been reported previously (47). The
phylogenetic analysis of LSV sequences suggests that the LSV variants identified in the
Czech samples belong to lineages that are globally distributed. Given the variable dis-
tribution and extraordinary global diversity of LSV, additional LSV variants are likely to
be found in future studies. However, the available LSV sequences, both partial and
complete, suffer from a heavy geographic sampling bias, implying that the true diver-
sity might be even (much) larger than currently observed.

Virome structure stability. When all viral sequences present in our samples were
analyzed, most samples clustered in accordance with their site of origin. Clustering was
also observed for samples originating from different hives from the same apiary and
for hives from different apiaries located in the same municipality. It appears that this
clustering is driven mainly by plant viruses and to a lesser extent by bacteriophages
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(see Fig. S1 in the supplemental material). In this study, bacteriophage sequences were
one of the most diverse and abundant virome components in our samples. However, bac-
teriophages still represent a novel topic in honey bee research (27, 28) and are often
excluded from analyses. In the bacteriophage heatmap, replicate samples still clustered
based on hive and location, like the whole virome (plant viruses plus bacteriophages and
other viral sequences). This is in accordance with previously reported findings that the
phageome should be relatively stable in the location for the given year (28). The plant
viruses in the total bee virome display the strongest geographic dependence (Fig. S1).
Unfortunately, to our knowledge, no studies examining the stability and geographic dif-
ferences of the pollen virome have been carried out yet.

The robust overall clustering pattern was lost when only viruses known to infect
honey bees were analyzed. The uneven distribution of bee-infecting viruses among repli-
cate nine-bee samples from the same hive raises serious questions for the NGS study
design. NGS studies are typically carried out on pools of a small number (~1 to 5 [e.g.,
see reference 34]) or large numbers (>30 [e.g., see reference 35]) of individual bees.

In our case, the pooling of nine bees per sample was not enough to balance the
uneven representation of bee viruses among individuals. The recurring observations that
only one nine-bee pool out of three yielded positivity for some viruses (e.g., BRV-1/2 [see
“Traditional and new bee viruses,” above) indicate that the actual prevalence of infected
worker bees per hive is low. In addition, we suspect that individual bees with relatively
high viral loads are present in hives, and when they are randomly included in a pool for
NGS virome analysis, this virus may dominate the virome of this pool. To accurately deter-
mine the abundance and prevalence of bee viruses in a hive, NGS of a large number of
libraries, each prepared from an individual bee, appears to be the methodologically cor-
rect solution, which unfortunately is labor-intensive, expensive, and, thus, often beyond
feasibility. Another possibility is to pool a large number of bees into a single master NGS
library per hive (Fig. 7) and carry out NGS at a sequencing depth that is the same as or
higher than the one in this study. The actual number of bees per master NGS library pool,
our results suggest, should optimally be 50 individuals or more. Such an approach is
expected to (i) detect the diversity of the viruses present, including those of low preva-
lence, and (i) determine the actual genotypes of the viruses present in an affordable fash-
ion (even though it can be challenging to disentangle closely related genomes). In this
case, however, the viral prevalence in hives would remain to be assessed by analyzing
similar quantities of individual bees, preferably by a rapid method like quantitative PCR
(qPCR) (Fig. 7).

Bacteriophages. The phages identified in the Czech viromes belonged to several
families, with Myoviridae, Podoviridae, Microviridae, and Siphoviridae being the most com-
mon. Out of the total of 158 (at least 50% complete) phage genomes, 26 could be directly
clustered with the reference sequences from the database (approximately genus-level
assignment), while the majority of contigs could not be assigned to a known genus or
family (132), suggesting that multiple novel phage genera are present in honey bees.
Host calling through CRISPR spacers predicted bacterial hosts for around 15% of bacterio-
phages. The predicted hosts (mainly Lactobacillus species, Bifidobacterium, Bartonella, and
Salmonella) are those residing in the honey bee gut (51, 52). Even though this assignment
level is higher than, e.g., that in the human gut, it did not reach the levels described previ-
ously for honey bees (27), with the majority of contigs being assigned to their hosts. This
difference may be due to our approach for assigning a host to individual phage sequen-
ces instead of a viral cluster or to our stringent setting when comparing CRISPR spacers
with phage sequences.

Conclusion. In conclusion, we identified an important aspect of the total bee
virome: the bee-infecting viruses vary widely among individual bees, while the com-
plete virome, which is composed predominantly of bacteriophages and plant viruses, is
largely stable and geographically dependent. As the samples originate from the heart of
Central Europe, our virome could be considered representative for the region. We
revealed the absence of diverse Picornavirales in Czech and other global non-Australian
honey bees, probably resulting from the cooccurrence/interaction of V. destructor and
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FIG 7 Effect of the NGS experimental design on hive status determination (positive/negative) for low-
prevalence bee viruses (5%; 1/20 bees infected). + or — shows positivity or negativity, respectively,
for that replicate sample (9-bee sample).

DWV. We report the wide presence of LSVs among Czech bees and their unexpected di-
versity, consisting of five globally represented variants. We provide the first description of
a tentative close relationship between two related honey bee-infecting rhabdoviruses.
Finally, we provide a preliminary characterization of bacteriophages present in the Czech
honey bee virome samples.

MATERIALS AND METHODS

Sample origin. The worker bees were collected from 8 August to 29 September 2018 with owner
permission from 13 representative bee colonies of nine beekeepers, some of whom provided more sub-
species/subtype information (see Fig. ST and Table S1 in the supplemental material). The honey bee
workers were shaken off the brood combs into plastic bags, which were immediately placed into a box
with dry ice for transport. The samples were then stored at —80°C until analyses. An overview of sam-
pling sites (13 hives, 11 apiaries, and 9 locations) is shown in Fig. S1. All apiaries enrolled in this study
were healthy; i.e,, they did not exhibit symptoms of common pathogen infections or V. destructor infes-
tation. All hives (except hive 9) were previously treated against V. destructor by either organic acids or
amitraz. Three subspecies/subtypes of honey bee as provided by the beekeeper were included: Buckfast
honey bee (A. m. buckfast), a hybrid of dark honey bee (A. m. mellifera Linnaeus 1758), and Carniolan
honey bee (A. m. carnica Pollman 1879). Some bees originated from different apiaries from the same
location or from different hives of the same apiary (metadata are available in Table S1).

Nucleic acid extraction and sequencing library preparation. Bees were processed according to
the NetoVir protocol (28, 53). Three randomly chosen bees from each hive were homogenized in a tube
with 2.8-mm ceramic beads (zirconium oxide) (Bertin Technologies, Montigny-le-Bretonneux, France)
and 1 mL of sterile phosphate-buffered saline (PBS) using a Minilys homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France) at 3,000 rpm for 5 min. After centrifugation at 17,000 x g for 3 min,
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the supernatant was filtered through a 0.8-um filter (polyethersulfone [PES]) (Sartorius, Gottingen,
Germany) and centrifuged again at 17,000 x g for T min. The supernatant from three homogenates,
each consisting of three individuals, gave a pool of nine bees after mixing in one tube. Overall, three dis-
tinct replicates of the pooled nine individuals from a hive, denoted replicates A, B, and C, were used in
further analyses.

For nuclease treatment, 260 L of each pooled sample was used and treated with 4 uL of Benzonase
nuclease and 2 uL of micrococcal nuclease (New England BioLabs, Ipswich, MA, USA). The total nucleic acids
were extracted using the QIAamp viral RNA minikit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions, without using carrier RNA. Extracted nucleic acids were reverse transcribed and ampli-
fied with the WTA2 kit using 17 amplification cycles (Sigma-Aldrich, St. Louis, MO, USA). The concentration
of samples was measured by the Qubit dsDNA (double-stranded DNA) HS (high-sensitivity) assay kit
(Thermo Fisher Scientific, Waltham, MA, USA) on the Qubit 2.0 fluorometer. Three nanograms of isolated
DNA was processed with the Nextera XT library preparation kit (lllumina, San Diego, CA, USA). The quality
of the DNA libraries and size distribution were evaluated using a high-sensitivity DNA assay on a
Bioanalyzer 2100 instrument (Agilent Technologies, CA, USA), and the concentration was measured on the
Qubit 2.0 fluorometer. The libraries were sent on dry ice to the KU Leuven Nucleomics Core (VIB), Leuven,
Belgium, for analysis. Sequencing was performed on the HiSeq2000 platform (lllumina, CA, USA) for 2x
150-bp paired-end cycles.

Bioinformatic analysis. (i) Sequencing data processing and assembly. Sequencing quality was
assessed using FastQC (Babraham Bioinformatics, Cambridge, UK) both before and after trimming. Adapters
and low-quality bases were removed using Trimmomatic (54) with settings of 4, 20; leading of 19; tailing of
15; and minlen of 50. The assembly of trimmed reads was done with SPAdes (55) with the metagenomic
option and using the following k-mers: 21, 33, 55, and 77. Contigs larger than 500 nucleotides (nt) and with
identities of >95% and coverage of at least 80% of the length of the shortest scaffold were merged with
ClusterGenomes (https://bitbucket.org/MAVERICLab/docker-clustergenomes). DIAMOND (56) with the set-
tings -sensitive and -c 1T was used to compare sequences against the nonredundant protein database
(NCBI) downloaded on 30 September 2018 and subsequently annotated via Kronatools (57). Individual
reads were mapped against the nonredundant contigs with BWA-MEM (58), and BamM was used to deter-
mine coverage (tpmean) (https://github.com/Ecogenomics/BamM).

(ii) Targeted analysis of bee-infecting viruses. To obtain precise mapping information about the
viruses that infect honey bees, we performed an additional analysis targeted on individual bee viruses.
Reference genomic sequences of all currently recognized viral species known to infect honey bees (33)
were retrieved from the GenBank database. Sequencing reads were mapped to these reference sequen-
ces under conditions of a maximum of 20% mismatches and a maximum of 20% gaps using the
Geneious 6.0.3 Read Mapper (59). Consensus nucleotide sequences (majority rule) were called for viruses
with complete or nearly complete coverage of reference sequences; the terminal and low-coverage
regions of consensus sequences were visually inspected and manually curated. Virus abundance values
(virus reads per 1 million sequencing reads) were determined from the sequencing read coverage of the
actual viral sequences present in the samples from Czechia.

Comparison with other studies. For comparisons, we addressed data from previous honey bee
virome studies (16, 26, 29, 30, 34). FastQ files were retrieved with the prefetch and fasterq-dump tools
available in the SRA toolkit (NCBI). Reads were mapped against viruses known to infect bees (33) with
BWA-MEM (58), and coverage was extracted with BamM using the tpmean method. Only RNA viruses
(DNA viruses were not investigated in the Australian samples) with sum tpmean values over all samples
of =20 were included for downstream analysis. Furthermore, we specifically screened our data for novel
viruses from the order Picornavirales.

Phylogenetic analysis. For phylogenetic analysis, complete and partial (>500-bp; RdRp) LSV sequen-
ces (as of 6 January 2021) were retrieved from the NCBI database and combined with the LSV sequences
obtained in this study. Sequence alignment was done with MAFFT with —localpair; -maxiterate 1000 (60).
Alignments were trimmed with trimAL -automated1 (61), and the best model was determined by
ModelTest-NG (62). Phylogenetic trees were created with PhyML (63) with the model best suited for
alignment.

Bacteriophage identification. Bacteriophages were identified from all nonredundant contigs (=500 bp)
with VirSorter2 (64), ignoring the groups Nucleocytoplasmic large DNA viruses and Lavidaviridae. Presumed
phage contigs were checked with CheckV (65) to determine their “completeness.” Putative phage sequences
that were at least 50% complete were then classified with VConTACT2 (66) with the BLASTP mode using the
Prokaryotic Viral RefSeq 88 database MCL for protein clustering and ClusterONE for genome clustering. Host
calling was performed using CRISPR spacers retrieved from a set of 304 genomes of bacterial species
described to reside in the honey bee gut (NCBI and JGI IMG/M) (Table S2). Bacterial genomic sequences
were processed with MinCED (36), and the predicted spacers were pulled and analyzed by BLAST against
phage contigs with the stringent settings -ungapped and -perc_identity 100. A complementary host-calling
approach was performed by utilizing a CrisprOpenDB (37) search against all complete bacterial genomes to
identify bacterial hosts outside the common spectrum (only level 1 predictions). All predicted hosts from
CrisprOpenDB were bee-infecting bacteria less frequently mentioned in the literature and therefore were not
included in our database (MinCED). The results of the two predictions were merged.

Statistical analysis and visualization. Statistical analysis was done in R with the Adonis test (per-
mutations, 10,000) implemented in the vegan package (67). Heatmaps were created using the heatma-
ply package (68), and trees were visualized with iTOL (69). The VConTACT2 network was visualized in
Python with the graph-tool library (70). k-means clustering was done in Python with sklearn (71). For
each data set, data were first scaled by a standard scaler, and clusters were predicted with k-means
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(13 clusters). Labels of these predicted clusters were compared with labels of real clusters (1 to 13).
Gained scores are available in Fig. S1.
Data availability. The sequencing reads were deposited in the NCBI Sequence Read Archive (SRA)
under BioProject accession number PRJINA781422. The assembled viral genomic sequences were depos-
ited in GenBank (accession numbers OL803813 to OL803870).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.6 MB.

FIG S2, PDF file, 0.3 MB.

FIG S3, PDF file, 0.2 MB.

TABLE S1, XLSX file, 1.6 MB.

TABLE S2, XLSX file, 0.01 MB.

TABLE S3, XLSX file, 0.05 MB.
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Apis mellifera: expanding the honey bee virome through
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ABSTRACT To date, many viruses have been discovered to infect honey bees. In this
study, we used high-throughput sequencing to expand the known virome of the honey
bee, Apis mellifera, by identifying several novel DNA viruses. While the majority of
previously identified bee viruses are RNA, our study reveals nine new genomes from
the Parvoviridae family, tentatively named Bee densoviruses 1 to 9. In addition, we
characterized a large DNA virus, Apis mellifera filamentous-like virus (AmFLV), which
shares limited protein identities with the known Apis mellifera filamentous virus. The
complete sequence of AmFLV, obtained by a combination of laboratory techniques and
bioinformatics, spans 152,678 bp. Linear dsDNA genome encodes for 112 proteins, of
which 49 are annotated. Another large virus we discovered is Apis mellifera nudivirus,
which belongs to a group of Alphanudivirus. The virus has a length of 129,467 bp and a
circular dsDNA genome, and has 106 protein encoding genes. The virus contains most of
the core genes of the family Nudiviridae. This research demonstrates the effectiveness of
viral binning in identifying viruses in honey bee virology, showcasing its initial applica-
tion in this field.

IMPORTANCE Honey bees contribute significantly to food security by providing
pollination services. Understanding the virome of honey bees is crucial for the health
and conservation of bee populations and also for the stability of the ecosystems and
economies for which they are indispensable. This study unveils previously unknown
DNA viruses in the honey bee virome, expanding our knowledge of potential threats
to bee health. The use of the viral binning approach we employed in this study offers
a promising method to uncovering and understanding the vast viral diversity in these
essential pollinators.

KEYWORDS metagenomics, honey bee viruses, virome, virus discovery, honey bee

he honey bee (Apis mellifera Linnaeus, 1758) is an indispensable global pollinator,

playing a pivotal role in global agriculture and ecosystem dynamics (1, 2) and
is @ model organism for biological research on eusocial insects (3, 4). Therefore, it is
alarming that the high annual losses of honey bee colonies continue around the world.
The overwintering losses in some countries exceed 30%, but in some regions, losses
exceeding 50% have been reported (5, 6). Many different factors have been described
that could account for these colony losses and most likely a combination of several of
them is the cause (6, 7). One of the many factors is viral infections (8), which may interact
with diverse biotic and abiotic stressors (9). Although the focus is often on pesticides, the
main threat is Varroa destructor which triggers viral infections in honey bees (10, 11). Itis
important to consider that viruses are a common and abundant part of the bee colony,
similar to the more thoroughly studied bacterial microbiome.
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All viruses found in certain spaces are called viromes. In bees, the virome consists
of bee-infecting viruses, viruses infecting other eukaryotes living in/on bees (viruses
of parasites), bacteriophages, and transient viruses present in pollinator resources such
as pollen (12). Several new bee viruses have been discovered using next-generation
sequencing (NGS) techniques (13-15). Thanks to NGS, approximately 72 viruses have
been described in honey bees (16). Most of viruses found in honey bees belong to
the +ssRNA group, such as the Iflaviridae and Dicistroviridae. So far, only a few DNA
viruses have been identified: the large dsDNA virus Apis mellifera filamentous virus
(AmFV), discovered in 1978 (17) but fully sequenced in 2015 (17, 18), and the recently
discovered small single-stranded DNA viruses belonging to the families Genomoviridae
and Microviridae (19).

In our recent project focusing on the honey bee virome, we found sequences of
bee DNA viruses belonging to the Parvoviridae family, a large DNA virus related to the
AmFYV virus, and another to Nudiviridae. Parvoviruses, especially those belonging to the
subfamily Densovirinae, are well-known small nonenveloped viruses that infect insects
(20). The genome of parvoviruses consists of linear ssDNA, 4-6 kb long, which contains
two major expression cassettes with open reading frames (ORFs) that code non-struc-
tural proteins and structural capsid proteins (21, 22). The known members of this family
are highly pathogenic for their insect hosts (20). The other sequences we have identified
are similar to a large dsDNA AmFV with a genome of over 450 kb. This virus has not
yet been classified and some of its proteins show identities with proteins of the family
Baculoviridae (18). Individuals with high viremia have milky hemolymph due to cellular
degradation caused by the presence of virions and show signs of weakness in crawling
bees at the entrance. Although the virus is widespread in colonies in different parts of
the world (23, 24), clinical symptoms are detected only sporadically (17, 25). Nudiviridae
are also a group of viruses that infect insects and crustaceans; they are enveloped dsDNA
viruses with a large genome of 90-230 kb (26).

In this study, we, for the first time, describe bee parvoviruses, Apis mellifera fila-
mentous-like virus and Apis mellifera nudivirus (AmNV). Laboratory and bioinformatic
approaches were combined to complete the genomes of these new honey bee viruses.
Viral binning and the creation of vMAGs (viral metagenome-assembled genomes) were
used for the first time, to our knowledge, for the genome assembly of honey bee viruses.

MATERIALS AND METHODS
De novo sequencing
Honey bee collection, sample processing, and libraries preparation

Bees were collected from 18 hives in five different locations in Czechia [Lisnice, Libechov,
Prasily, Brdy/Nerezin, and Prague-Ruzyne in the Crop Research Institute (abbreviated as
VURV)]. In addition, two of the five VURV colonies used for analyses were moved from
a different site out of the flying range to a demarked place in VURV two weeks before
sampling. Immediately after sampling by shaking from a brood comb frame into a plastic
bag, they were placed in a polystyrene box on dry ice. Then, the bees were divided to
sterile centrifugal tubes and stored at —80°C until further use. Except for two colonies,
which had obvious signs of varroosis, i.e. crippled wings, all hives were denoted to be
“healthy,” that is, the colonies had rapid build-up, showed no damaged capping, and no
signs of overt diseases or Varroa infestation were observed. The list and specifications of
the samples are available on GitHub (https://github.com/kadlck/NAZV19).

Fifty randomly selected bees from each hive were pooled in one sample. As we
suggested in (24) this number of bees in the sample should allow for capturing the
full diversity of eukaryotic viruses in the colonies. We processed the bees as descri-
bed in detail before (24). Briefly, the homogenization was done in four 5mL tubes
with ceramic beads (Bertin technologies, Montigny-le-bretonneux, lle-de-France, France),
after centrifugation and filtration the bees were pooled into two separate aliquots of 25
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bee pools, and after extraction of encapsulated nucleic acids with QIAamp Viral RNA Kit
(Qiagen, Hilden, Germany), the two 25 bee pools were combined back into one sample
of 50 bees. The reverse transcription of RNA and amplification of cDNA/DNA was done
with WTA2 kit (Sigma-Aldrich, St. Louis, Missouri, United States). Libraries were prepared
with Nextera XT (lllumina, San Diego, California, USA). The sequencing was performed
in several runs on NextSeq 500 using Mid Output Kits (lllumina, San Diego, California,
USA) for 2 x 150 bp paired-end cycles, with minimum of 10M reads per sample. The
1xPBS was used as a negative control and has been processed through all the steps
(from homogenization to sequencing) to exclude possible contamination of samples and
reagents during processing (see Fig. 1 for overview).

Bioinformatics—data analysis

The quality of sequences was checked with FastQC v0.11.9 (https://www.bioinfor-
matics.babraham.ac.uk/projects/fastqc). Trimming was performed with Trimmomatic
v0.39.10 (27) using adapters/primers from both amplification steps with ILLUMINACLIP,
HEADCROP:19, LEADING:15, TRAILING:15, SLIDINGWINDOW:4:20, and MINLEN:50. After
trimming, the quality of the reads was checked again. The reads were assembled with
SPAdes v3.15.3 (28) --meta using the following k-mers: k 21, 33, 55, 77, and the gained
contigs were classified with Diamond v2.0.11 (29) blastx against the non-redundant
(NR) database ((National Center for Biotechnology Information (NCBI) downloaded on 9
August 2021). The classification for each sample was displayed using Kronatools v2.8.1
(30). Contigs larger than 500 bp from all samples were clustered based on pairwise
ANI (average nucleotide identity) with 95% identity over 85% length using scripts
and instructions provided by CheckV v1.0.1 (31). Classification was done again using
Diamond v2.0.11 (29) blastx, but with --sensitive and --c 1 settings. The reads were
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mapped back to the contigs using bwa-mem2 v2.2.1 (32) and the mapping of reads was
extracted using CoverM v0.6.1 (https://github.com/wwood/CoverM).

We considered removing the host reads from the samples prior to analysis but they
made up on average ~36% of all reads. When we compared the results of assembly of
dehosted reads with those non-dehosted we found that the statistic of the scaffold was
in very slight favour of non-dehosting option on most of the samples. Therefore, we
continued with reads containing the host reads (Table 1 and full statistics on GitHub).
Determination of the complete genome of Apis mellifera filamentous-like
virus
Bioinformatics—the creation of MAGs
Since we found contigs belonging to large viruses, we tried binning and creating vMAGs,
see Fig. 1. Several different steps and softwares were tried on test samples, and the
best-performing software was used further. First, we predicted viral contigs from the
scaffold (>1,500 bp) using Virify v0.4.0 (33) and geNomad v1.2.0 (https://github.com/
apcamargo/genomad). Trimmed reads were mapped back to the viral contigs and then
were binned using vRhyme v1.1.0 (34). The viral contigs were also checked with CheckV
v1.0.1 (31), whose output was used for dRep v3.4.0 (35), removing bins with less than
50% completeness. The complete genomes (ITR/DTR/circular genomes) identified by
vRhyme (34) and CheckV v1.0.1 (31) were extracted and added to the bins. Bins were
checked for mismatched classifications [Diamond (29) against IMG/VR v4 (36) and NR,
geNomad classification], and split if necessary. They were further split on the classifica-
tion which we were able to designate with certainty, considering the percent of identity
and CheckV statistics (contamination/warnings). Furthermore, the high-quality vMAGs/
genomes from all samples were gathered, and CheckV v1.0.1 (31) with dRep v3.4.0 (35)
was run again. This resulted in a non-redundant set of vMAGs that were at least 50%
complete. They were classified against IMG/VR v4 (36) and the NR protein database
(NCBI). All suspicious vMAGs (based on CheckV statistics and warnings; or with uncertain
or disputable classification), with a focus on eukaryotic viruses, were checked again over
the whole length of the sequence against the NR in BLAST at NCBI and manually curated.
Most of these cases with difficult assignment/splitting were phages.
TABLE 1 The most important sequencing statistics of the samples®.
Sample Reads % of remaining % of % of mappedto % ofviral N50 N50/dehosted Longest Longest

reads assembled  host reads contig contig/dehosted

Lisnice11 41,440,100 74.99 95.88 57.95 25.31 2,126 1,972 44,207 44,207
Lisnice24 30,596,366 62.40 9437 66.67 25.38 2214 2,011 28235 28,235
Lisnice333 22,914,070 78.46 99.16 19.03 88.86 1,675 1,047 8,256 8,255
Brdy1 55,271,986 73.82 92.85 40.76 35.67 2,021 2,125 103,615 43,060
Brdy2 32,128,740 71.95 92.56 4501 35.10 2,429 2,279 49872 44,479
Brdy3 30,099,480 49.37 89.81 28.58 54.30 2,839 2,483 54,474 32,004
Libechov11 39,834,524 69.30 92.84 37.24 28.49 2218 2,186 64,021 63,918
Libechov14 18,261,622 70.76 96.92 90.57 6.63 2,908 2,845 31,936 31,936
Libechov6 18,149,762 74.32 94.54 44.83 28.76 2,126 2,115 59,551 47373
Prasily1 13,634,908 82.14 99.59 6.61 99.00 1,325 1,406 5,956 5,956
Prasily2 15,098,038 81.19 99.61 8.39 95.61 3,632 3,720 30,652 30,652
Prasily3 45,293,424 78.05 98.48 49.74 43.63 1,984 1,967 42,461 42,461
VURV1 26,401,994 76.93 98.18 3237 60.10 1,965 1,942 47,953 47,953
VURV5 33,526,926 75.66 97.59 33.31 68.74 2,085 1,879 18,154 15,974
VURV4 44,055,956 84.95 99.57 12.82 94.37 2349 2,279 72,955 72,955
VURV7 27,161,514 84.68 99.71 15.45 87.60 1,703 1,669 7,761 7,742
VURV_H 18,125,694 78.71 97.11 29.24 66.73 1,707 1,652 22,873 27,430
VURV_D 11,303,362 87.06 99.88 11.30 99.26 4,987 4,846 5,359 5,358

“Number of remaining reads after trimming, number of those which mapped back at scaffold, to the host genome and to identified viral sequences. See full Table on GitHub

(https://github.com/kadlck/NAZV19). Statistics were done on contigs >1,000 bp.

April 2024 Volume 9 Issue 4

10.1128/msystems.00088-24 4


https://github.com/wwood/CoverM
https://github.com/kadlck/NAZV19
https://github.com/apcamargo/genomad
https://github.com/kadlck/NAZV19
https://doi.org/10.1128/msystems.00088-24

Research Article

Completing vMAG with additional sequencing

For the processing of AmFLV), the sequences of the three largest contigs were extended
by amplicon sequencing. Primers were designed at both ends of the three contigs
(available on GitHub, see Data Availability for link), and PCR was performed with
primer combinations using Phusion polymerase (Thermo Fisher, Waltham, Massachu-
setts, USA) according to manufacturer’s protocol with three different extension times
(2.5, 5, and 10 min). The resulting amplicons were purified using MSB SPIN PCRAPACE
(Invitek Molecular, Berlin, Berlin, Germany). The concentrations were measured using
Qubit dsDNA HS Assay kit (Thermo Fisher, Waltham, Massachusetts, USA). The library
was prepared using Nextera XT kit (see NetoVIR protocol) with 5-min tagmentation,
sequenced, and analyzed as described above.

Determination of the complete nudivirus genome

First, we identified a few relatively short contigs which could be attributed to nudiviruses,
the longest contig of length 16,645 bp was obtained from one sample (Lisnice11). To
enhanced detection of DNA, the sample was sequenced again without WTA2 preamplifi-
cation which includes reverse transcription. One sample contained more than 50,000
reads attributable to Nudiviridae contigs (Lisnice24). All obtained reads from three
samples were co-assembled with setting of SPAdes as described above. Then, we
mapped individual samples on the scaffold, used vRhyme to get bins, extended them
from the assembly graph with binSPReader, pre-release (37). The extended nudivirus bin
was checked with Virsorter2 v2.2.4 (38) and DRAM v1.4.6 (39) to ensure that all contigs
we have gained had a majority of Nudiviridae alignments. Then, we tried to get cleaner
reads to resolve some regions. We mapped the reads of these three samples on the
bin of four contigs undoubtedly belonging to Nudiviridae and extracted mapped reads
(with a mate in case of one read from pair mapping). We repeated the mapping but on
scaffold (>1 kbp) gained in co-assembly and extracted unmapped reads. The reads were
from the three samples, mapped on nudivirus and unmapped on anything else (scaffold
from co-assembly of three samples, greater than 1,000 bp). With these reads, we tried
assembly, the best was obtained with SPAdes v3.15.5, --metaviral -k 21, 33, 55, and 77
settings which resulted in three contigs, 76,482, 24,683, and 22,709 bp (= 123,874 bp).

Therefore, we design primers similarly as for AmFLV (available at GitHub, see Data
Availability for link), on the ends of contigs aiming outward. We performed PCR
with different combinations of primers with Phusion polymerase and using different
elongation times. The obtained fragments were purified and the library using Nextera
XT (tagmentation based on lengths of amplicons: 2, 3, and 7 min) was prepared and
sequenced on MiSeq with reads 2 x 250 bp.

Comparison with published data sets

After finding possible new viruses in our de novo data, we analyzed sequences obtained
by NGS from studies which used protocol for sample processing that allows detection
of both RNA and DNA viruses (40). FastQ files obtained in the study by Deboutte et
al. (41) were pulled from the Sequence Read Archive (SRA) archive using prefetch and
fastg-dump available from NCBI, and all non-redundant scaffolds from all the samples
were made available on GitHub. Additionally, we used data from our previous study
(24). The non-redundant scaffolds from both studies were classified with Diamond blastx
against NR with --sensitive and -c 1.

The viral set we created for further analyses consisted of novel viral genomes
detected in the current study combined with viruses found in the previous studies
(24, 41) as described above. The viral set contains all the vMAGs/genomes. Reads from
the studies were mapped on them using bwa-mem?2 v2.2.1 (32), and the coverage was
extracted using CoverM v0.6.1 (https://github.com/wwood/CoverM).
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Phylogeny, visualization, annotations, and data processing

We gathered NS1 proteins of Densovirinae available in the database (NCBI, 06.16.2022),
and the data set was filtered several times for partial and misnamed proteins. NS1-super-
family region was identified using Batch CD-Search (42) and extracted in Python. For
AmFLV, the sequences of DNA polymerases were randomly selected from each group of
large viruses (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/). For the described AmNV,
the core genes of 13 nudiviruses were extracted (DNA polymerase B, DNA helicase,
integrase, p47, lef-4, lef-8, lef-9, vif-1, p74, pif-1, pif-2, pif-3, pif-4/19 kda, 38k, vp39,
vp91, ac81); for outgroup, we used Baculovirus with the same set of genes but with-
out integrase (see https://github.com/kadlck/NAZV19 for accessions) as described in
reference (26).

Alignment was done with mafft v7.520 --auto (43), then it was trimmed with trimAl
v1.4.1 --gappyout (44). The best model was determined with ModelTest-NG v0.1.7 (45),
and the tree was built using Phyml v3.3.20220408 (46) using the model best suited for
our data set. Visualization was done using iTOL (47).

Annotations of densoviruses, Apis mellifera filamentous-like virus, and Apis mellifera
nudivirus were performed using BLAST in NCBI (48) and DRAM-v v1.4.6 (39). Schemes
of the genomes were generated using the Python library DNA Features Viewer v3.1.2
(49) and pyCirclize v0.5.0 (https://github.com/moshi4/pyCirclize), and other libraries were
used to process data (Pandas, Numpy, Biopython). The terminal repeats were predicted
by RNA-fold as specified in reference (50). The genomes of AmFLV and AmNV were
polished using Pilon v1.24 (51).

RESULTS
Sequencing statistics

The sequencing statistics are listed in Table 1. We gained more than 10M of reads per
sample. Also, a large number of reads mapped back to our curated vMAGs, showing
efficiency of our protocol.

Parvoviridae

NGS of 18 analysed samples resulted in 77,423 reads which belong to the Parvoviridae
family. This presents approximately 0.02% of all reads and 0.03% of those determined
to be viral reads. These reads were present in 7 out of 18 samples. In the analyzed
sequences from three studies from which we gained contigs, we found 16 unique
contigs corresponding to the subfamily Densovirinae: nine were complete and seven
were incomplete genomes. The complete genomes were named Bee densoviruses 1
to 9. The lengths of the complete genomes ranged from 3.6 to 6 kbp. All complete
genomes contained two major ORFs that code structural and non-structural proteins
with Parvoviridae-specific motifs and other short ORFs encoding additional hypothetical
proteins surrounded by non-coding regions at both ends (Table 2; Fig. 2). The number of
proteins and their predicted function based on similarity are shown in Table 3.

Terminal repeats (TRs) were present in five of the nine complete genomes (Bee
densoviruses 1, 2, 3, 6, 9). Detailed information and predicted structure of TRs are shown
in Table 2 ; Fig. 2 in the file with additional densoviruses figures at https://github.com/
kadlck/NAZV19. The TRs were completely identical for Bee densoviruses 2 and 6 or had
1-2 bp mismatches for the other Bee densoviruses. The rest of the complete genomes
lack terminal repetition; however, the ORFs are flanked by non-coding regions in length
ranging from 14 bp (Bee densovirus 4) to 414 bp (Bee densovirus 7) at the 5" end of the
genomes and from 104 bp (Bee densovirus 4) to 229 bp (Bee densovirus 5) at the 3" ends.

Incomplete genomes (3.7-4.5 kbp) contain neither non-coding regions nor com-
plete ORFs. They were therefore deemed incomplete and are available on GitHub (see
Materials and Methods for link).

The bee densoviral genomes were highly variable; they differed in length and
terminal repetitions, and predicted ORFs. The sequence similarity of the genomes ranged
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TABLE 2 Detailed information about the TRs and ends of the densoviruses®

5" Flank 3" Flank

Virus TRlength TRtype TR mismatches (bp) (before TR) (after TR)
Bee densovirus 1 232 Homotelomeric 1 38 38

Bee densovirus2 155 Homotelomeric 0 14 0

Bee densovirus3 76 Homotelomeric 2 1 0

Bee densovirus4 NP NP NP 14 104

Bee densovirus5 NP NP NP 323 229

Bee densovirus6 77 Homotelomeric 0 0 0

Bee densovirus7 NP NP NP 414 223

Bee densovirus8 NP NP NP 251 126

Bee densovirus9 169 Homotelomeric 1 66 0

“NP, not present.

from 24% to 44% across the whole genome (Table 2 in file with additional densovi-
ruses figures at https://github.com/kadlck/NAZV19). This variability was confirmed by
phylogenetic analysis using sequences retrieved from NCBI (Fig. 3 in file with addi-
tional densoviruses figures at https://github.com/kadlck/NAZV19). The genomes were
distributed through the phylogenetic tree based on NS1-superfamily region-conserved
sequences of densoviruses retrieved from NCBI. Bee densovirus 4 was closest to a
member of Miniambidensovirus, Acheta domestica mini ambidensovirus (37.0% similarity
over the whole sequence), and Bee densovirus 7 to Scindoambidensovirus but also to
members from the family Densoviridae (previously subfamily Ambidensovirus) that lack
recent classification. Bee densovirus 8 was closest to sequences belonging to Atrato
Denso-like viruses and Broome densovirus (31.2%, 30.3%, 31.2%). The group which
included Bee densoviruses 1 and 5 had the highest similarity to Ambidensovirus sp.,
40.6% for Bee densovirus 1 and 45.6% for Bee densovirus 5. Bee densovirus 3 was
closest to Tarsiger cyanurus ambidensovirus with a similarity of 36.6% over the whole
sequence. Bat-associated densovirus had a 50.6% similarity to Bee densovirus 7. Bee
densovirus 6 had the highest similarity with 75.7% to Periparus ater ambidensovirus. For
Bee densovirus 2, the similarity to Phylloscopus inornatus ambidensovirus was 59.9%.
And finally, Bee densovirus 9 had a similarity of 46.7% to the Ambidensovirus sp.

Apis mellifera filamentous-like virus (AmFLV)

From de novo sequencing, we identified one contig 103,615 bp long with low similarity
to AmFV polymerase (30.8%). The retrieved sequence was extended as a VMAG with
five more contigs (77,565 bp, 43,940 bp, 8,006 bp, 5,756 bp, and 4,443 bp), and CheckV
predicted the VMAG as 92.9% complete. A ~10 kb amplicon was obtained using PCR
with specific primers designed at the end of the large contigs (see GitHub, https://
github.com/kadlck/NAZV19, for the scheme). After sequencing the amplicon, assembly,
and polishing, a linear genome with TRs was obtained. Out of 39,950,966 reads, 448,034
reads (1.1% of the sample where contigs were discovered, region Brdy, specifically Brdy1)
mapped to the complete genome. The complete genome length, provisionally named
AmF-like virus, was 152,678 bp long with a GC content of 49.8%. A scheme of the
genome is shown in Fig. 3A. The sequence of AmFLV was flanked by inverted homolo-
gous TRs 77 bp long, forming a Y-shape at both ends (Fig. 3B). A total of 112 ORFs
were identified; the putative ORFs were distributed on both strands, and 49 (43.8%) were
identified in protein databases (Viral, Peptidase, Pfam, Cazy, Vogdb, KEEG).

The predicted proteins mostly showed protein similarity to AmFV (similarity from
16.8% to 51.5%), but also other large viruses (see GitHub, https://github.com/kadlck/
NAZV19, for all hits): protein numbered AmFLV_89 to trimeric dUTPase of Vombatid
gammaherpesvirus 1 (55.1%), protein AmFLV_76 to orf66 gene product of Helicoverpa
zea nudivirus 2 (58.4%), protein AmFLV_2 to inhibitor of apoptosis (iap) of Trichoplu-
sia ni single nucleopolyhedrovirus (43.0%), AmFLV_34 to ribonucleotide reductase/HP
APL35_gp114 of AmFV (50.4%), and protein AmFLV_74 to putative endonuclease of
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TABLE 3 BLASTp results for complete densoviruses genome proteins®
Query Percent
ORF Length (bp) Length (aa) Motif Hit coverage Evalue identity Accession
Bee densovirus 1 (4,865 bp) GC: 44.8%
HP3 489 163 No hit
Sp 2,253 751 Structural protein (Tarsiger cyanurus 76% 2x10%°  38.6% QTE04081.1
ambidensovirus)
HP2 651 217 No hit
NS1 1,554 518 NS1 motif Non-structural ORFs (Ambidensovirus sp.) 88% 3x10°% 31.6% AWV66973.1
HP1 723 241 No hit
Bee densovirus 2 (5,601 bp) GC:39.4%
NS1 1,635 545 NS1 motif Non-structural protein 1 (Phylloscopus inornatus 99% 0 75.5% QVW56790.1
ambidensovirus)
SP-B 1,689 563 Denso_VP4 Structural protein VP1 (Phylloscopus inornatus  83% 0 70.8% QVW56791.1
ambidensovirus)
SP-A 960 320 Nterminal region Structural protein VP1 (Phylloscopus inornatus  81% 1x107%  423% QVW56792.1
of VP1 coat ambidensovirus)
protein
NS2 819 273 Non-structural protein NS-2 (Culex pipiens 100% 1x107  54.0% YP_002887626.
densovirus) 1
HP1 438 146 No hit
HP2 414 138 No hit
Bee densovirus 3 (3,632 bp) GC: 40.2%
NS1 1,020 340 NS1 motif TPA: MAG TPA: Rep 40 protein helicase 96% 3x107° 69.1% DAN51445.1
(Parvoviridae sp.)
Sp 1,611 537 Nterminal region TPA: MAG TPA: capsid protein (Parvoviridae sp.)  94% 4%x107'  452% DAN51446.1
of VP1 coat
protein
NS 486 162 TPA: MAG TPA: Rep 40 protein helicase 54% 4x107"7 51.1% DAN51445.1
(Parvoviridae sp.)
Bee densovirus 4 (5,160 bp) GC:41.8%
SP 2,823 941 Nterminal region VP (uncultured densovirus) 60% 4%x107% 24.9% QOD39535.1
of VP1 coat
protein
NS1 1,533 511 NS1 motif Putative non-structural protein (Phylloscopus 82% 1x107% 26.8% QTE04075.1
schwarzi parvoviridae sp.)
HP2 1,023 341 No hit
HP4 423 141 No hit
HP3 498 166 No hit
HP1 423 141 No hit
Bee densovirus 5 (3,910 bp) GC: 40.2%
Sp 1,728 576 Structural protein (Phylloscopus ambidensovi-  95% 6x107'%®  487% QTE03896.1
rus)
NS1 1,542 514 NS1 motif Non-structural protein (Tarsiger cyanurus 85% 4%x10% 36.0% QTE04079.1
ambidensovirus)
HP 669 223 No hit
Bee densovirus 6 (5,058 bp) GC: 42.0%
SP-A 1,821 607 Denso_VP4 Structural protein VP2 (Tarsiger cyanurus 99% 0 93.7% QVW56816.1
parvoviridae sp.)
NS1 1,599 533 NS1 motif Non-structural protein (bat-associated 100% 0 91.9% QOR29557.1
densovirus)
SP-B 741 247 Structural protein (Tarsiger cyanurus 100% 3x107" 91.1% QVW56817.1
parvoviridae sp.)
HP2 417 139 No hit
(Continued on next page)
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TABLE 3 BLASTp results for complete densoviruses genome proteins® (Continued)

Query Percent
ORF Length (bp) Length (aa) Motif Hit coverage Evalue identity Accession
HP1 576 192 No hit
NS2 789 263 Non-structural protein NS-2 (Blattella germanica 95% 6x107""7  657% NP_874382.1
densovirus 1)
NS 693 231 Non-structural protein (Nandayus nenday 100% 6x107"°  90.4% QTE03739.1
parvoviridae sp.)
Bee densovirus 7 (4,841 bp) GC: 38.3%
NS2 855 285 Non-structural protein 2 (Grus japonensis 74% 2x10™ 94.3% QTE03769.1
parvoviridae sp.)
NS1 1,680 560 NS1 motif Non-structural protein (bat-associated 95% 0 57.5% QOR29553.1
densovirus)
SP-B 765 255 Putative structural protein (Grus japonensis 96% 8x107"  41.7% QTZ83145.1
parvoviridae sp.)
SP-A 1,722 574 Denso_V/P4 VP1 (bat-associated densovirus) 99% 1x107"7%  47.3% QOR29554.1
Bee densovirus 8 (6,023 bp) GC: 41.5%
HP1 708 263 No hit
NS1 1,293 431 NS1 motif Putative non-structural protein (Ambidensovirus 63% 6x107% 29.6% UGV24202.1
sp.)
HP2 777 259 No hit
HP3 543 181 No hit
SP 2,862 954 Capsid protein (Emberiza spodocephala 24% 3x10° 25.3% QTE04116.1
ambidensovirus)
Bee densovirus 9 (5,202 bp) GC: 40.4%
HP1 597 199 No hit
NS1 1,509 503 NS1 motif Non-structural protein NS1 (Densovirinae sp.) ~ 94% 5x107"7°  52.1% QJI53739.1
NS2 798 266 Non-structural protein NS-2 (Culex pipiens 92% 9x 10 40.0% YP_002887626.
densovirus) 1
HP2 513 171 No hit
Sp 2,553 851 Denso_VP4 Viral polypeptide VP1 (Diatraea saccharalis 72% 6x10"  451% NP_046815.1

densovirus)

“HP, hypothetical protein; NS, non-structural protein; SP, structural protein.

Emiliania huxleyi virus 86 (42.9%) and AmFLV_87 to DNA polymerase of AmFV (28.4%).
Like other large viruses, this virus encodes its own DNA polymerase and proteins like
dUTPase and metalloproteinase that can affect host cell metabolism. Additionally, this
virus codes proteins like inhibitors of apoptosis or per os infectivity factors. On average,
the identity of proteins with known function was higher than that of hypothetical
proteins, and even higher for proteins that affect cell metabolism. However, even with
several significant alignments (mostly to AmFV), most of the proteins are hypothetical or
have no significant alignments detected.

Some characteristics of the new virus are similar to AmFV, like the presence of the
Baculoviridae-related regions (pif-1/2/3), which are important for cell entry and are
essential for per os infection. The similarities were relatively high (41.7%, 51.5%, and
41.7%) and we found pif 1-3 which form the conserved per os infectivity complex in
Baculoviridae (52) or the presence of the kinesin motor domain which could be one
of the components responsible for affecting cytoskeletal dynamics by viral infection. It
may be important that the virus has significant similarity to one hypothetical protein of
AmFV (APL35_gp042, 42.4%), which could encode integrase/recombinase closest to the
phage integrase family (Pfam, Vogdb). The identified AmFLV virus was also detected in
our previous study (24) and in the study by Deboutte et al. (41) (Table 4).

The phylogenetic analysis was done with a representative of large viruses (from NCBI,
random selection from RefSeq DNA polymerases sequences in each family) and shows
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FIG 2 Predicted structures of terminal repeat from described densoviruses (RNA-fold program) as in reference (50). We can see familiar structures like Y-shape or

I-shape. The color scale of pair-base probability is shown.

that the AmFV, based on sequences of polymerases, is the closest representative, but still
clearly distinct (Fig. 3Q).

The vMAG was made up mainly of three large contigs (103, 77, and 44 kbp), but only
the 103 and 44 kbp contigs were mapped to the AmFLV. All three contigs have very
similar mapping patterns (Table 4) across the samples where the contigs were present.
The sequence of the third 77 kbp contig (made available on GitHub, https://github.com/
kadlck/NAZV19) probably belongs to another large virus that infects honey bees. The
inclusion of the 77 kbp contig in VMAG isn't unexpected. The probability that the 77
kbp contig doesn’t contain a sequence of AmFLV is supported by the finding of a higher
number of reads mapping to the shorter 77 kbp fragment in comparison to the 103 kbp
contig and only two similarities to AmFV detected in the 77 kbp contig in comparison
to dozens in the 103 and 44 kbp contigs (Table 4). Additionally, when we include the
77 kbp contig into VMAG, the two genes of ribonucleoside-diphosphate reductase were
identified.

Apis mellifera nudivirus (AmNV)

At the beginning, we had 12 contigs which we reduced to three contigs by co-assembly
(see Materials and Methods), 76,482, 24,683, and 22,709 bp (= 123,874 bp) with high
reliability and continuity. They all had a number of hits to Nudiviridae. With primers that
we designed at the ends of these contigs, and directed outward utilizing PCR, we were
able to obtain three amplicons (<500 bp, <900 bp, <10 kbp) in reasonable combinations
which make the virus circular and complete (see GitHub, https://github.com/kadlck/
NAZV19, for the scheme). These amplicons were sequenced and the genome of the
new nudivirus found in honey bees was completed. We gained a circular genome of
129,467 bp, coding 106 proteins on both strands of the viral genome. The virus had
40.3% GC content, was named Apis mellifera nudivirus, and taxonomically belongs to
Alphanudivirus (Fig. 4). On the virus, mapped 219,147 reads out of 31,076,599 (0.7%)
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FIG 4 Information about new honey bee nudivirus. (A) Scheme of the genome. (B) Taxonomy of core genes * proposed genus (53).

Lisnice 11 from sample sequenced using the full NetoVIR protocol (RNA/DNA prepara-
tion), 110,763 out of 13,409,876 (0.8%) Lisnice11 with only DNA sequenced (no WTA2
preamplification), and 67,247 out of 19,091,873 (0.4%) Lisnice24. The virus was also
detected in other samples, but the number of mapping reads was below 50,000 reads
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and was also detected in studies which analyzed viromes of Czech (24) and Belgian bees
(47).

Out of 106 proteins, 79 had some significant alignments (74.5%), mainly to four
viruses: Oryctes rhinoceros nudivirus, Esparto virus, Kallithea virus, and Tomelloso virus
which are all Alphanudivirus. The other significant alignments were AmNV_10 to BRO-2
of Spodoptera litura nucleopolyhedrovirus Il (11.8%), AmMNV_39 to inhibitor of apopto-
sis 3 of Choristoneura rosaceana entomopoxvirus “L" (27.8%), AmMNV_64 to hypothet-
ical protein APL35_gp193 of Apis mellifera filamentous virus (47.1%), AmNV_66 to
chitinase of Paramecium bursaria Chlorella virus NYs1 (23.2%), another AmMNV_70 to
chitinase of Only-Syngen Nebraska virus 5 (26.6%), and AmNV_78 to membrane-type
matrix metallopeptidase-1 of Anopheles minimus iridovirus (27.2%). All annotations are
available on GitHub (see Materials and Methods for link), and a schematic of the genome
is shown in Fig. 4.

The AmNV contains significant alignments to 17 core genes of the Nudiviridae family:
AmNV_74 to DNA polymerase to Kallithea virus (42.9%), AmNV_49 integrase/recombi-
nase of Oryctes rhinoceros nudivirus (51.9%), AmNV_41 to helicase 2 of Tomelloso
virus (40.2%), AmNV_92 lef-4 (subunit DdRp) Kallithea virus (45.6%), AmFV_44 to lef-8
(catalytic subunit DdRp) of Kallithea virus (58.9%), AmNV_80 lef-9 (subunit DdRp) Esparto
virus (51.9%), AmNV_46 to pif-1 Oryctes rhinoceros nudivirus (49.3%), AmMNV_17 to
pif-2 Tomelloso virus (68.3%), AmNV_42 to pif-3 of Tomelloso virus (58.2%), AmMNV_5
to vif-1 of Esparto virus (41.9%), AmNV_19 vp39 Oryctes rhinoceros nudivirus (53.7%),
AmNV_33 to p74 of Tomelloso virus (50.6%), AmNV_43 vp91 of Oryctes rhinoceros
nudivirus (36.1%), AmNV_61 to 38K Oryctes rhinoceros nudivirus (47.7%), AmNV_101
19 kDa protein Tomelloso virus (65.2%), and AmNV_71 to Ac81 protein of Esparto virus
(49.5%). These core genes had, on average, greater similarity than the other significant
alignments. We did not find any similarity for 4 out of 29 core genes (lef-5, p6.9, fen1, and
11K-like protein).

The virus contains a complete core of per os infectivity complex (pif-1/2/3) and all
genes we expect to see in a member of Nudiviridae (core genes), mainly DNA polymerase
B, integrase/recombinase, DNA-directed RNA polymerase, and DNA helicase 2. Apart
from Nudiviridae proteins, AmNV has other significant alignments, which might be
specific for honey bees (like alignment to APL35_gp193 of AmFV).

DISCUSSION

Historically, honey bees have been thought to be primarily associated with a plethora
of RNA viruses, belonging to the order Picornavirales, together with the most common
members of Iflaviridae and Dicistroviridae. In stark contrast, only a handful of DNA viruses
have been documented in this managed pollinator (18, 19). Our analysis in this study of
18 NGS samples, each representing a pool of 50 bees, together with sequences from two
other studies (24, 41), has significantly expanded this DNA virome landscape that may be
present in different honey bee populations. In our previous article, we suggested to use
a number of pooled bees per sample, because this approach should allow to detect the
diversity of honey bee viruses in the colony, and also low prevalence viruses (i.e., those
present in only part of bees in a colony). Even if the viruses are in low abundance in the
pooled sample, they can be used for de novo genome assembly (24). de novo assembly
and the subsequent generation of vMAGs from the sequences performed in this study
revealed several new DNA viruses. The benefit of analyzing larger numbers of bees can
be documented by the detection of low prevalence viruses and proves to be beneficial in
reflecting the diversity of DNA viruses in honey bees.

Most of the new DNA viruses could be classified as members of the Densovirinae
subfamily. Densoviruses have a classical structure, two coding ORF cassettes and
untranslated regions at the ends, with five out of nine having terminal repeats while
others lack them. Not all known members of Densovirinae have terminal repetition
at their genome ends (50). Our constructed phylogenetic tree was based on the
conserved domain of NS1 even though the most described genera of Densovirinae
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clustered together, group previously classified as Ambidensovirus, and encompassing
all the new -ambidensoviruses, were distributed through the tree with low bootstrap
support. Members of the group are known to have even less than 30% similarity within
the genus (22). The latest revision of the Parvoviridae taxonomy split the family into
seven more lineages, some of which having greater similarity to /teradensovirus than to
other members of the group previously classified as Ambidensovirus (22).

The impact of Densovirinae on arthropods varies, ranging from overt pathologies
(20, 54) to mutualistic relationships (55). Most members of the subfamily Densovirinae
cause lethal infection of their hosts. The first symptoms are often anorexia and lethargy,
followed by flaccidity, progressive paralysis, slow melanization, and tumor development
(20). With a well-defined and distinguishable set of symptoms and a high viral load in a
sick or dead animal, these viruses were relatively easy to identify before the era of NGS.
Our bees that were selected for the analysis showed no overt signs of infection, such as
deformities. To determine whether the newly described viruses are truly asymptomatic
will require further study. The large number of found densoviruses with a low degree
of nucleic acid similarities (23.9% to 44.4%) in two European countries (Czech Republic,
Belgium) may indicate the presence of these and similar viruses also in other countries.
The diversity of Densovirinae seems to be steadily increasing and new genera are being
identified within the viruses previously known as ambidensoviruses. This high variability
may not be limited to honey bee viruses like the Densovirinae. For instance, a recent
study identified nine complete and six incomplete new species of chaphamaparvovi-
ruses in six chickens (56).

After the initial analysis of the obtained sequences, we found a long fragment with
low identities to AmFV. With viral binning, we found possible other assembly fragments
of the new DNA virus. The virus AmFLV was completed using PCR that connected two
contigs in one linear viral genome with TRs and the length over a 152 kbp. The terminal
repeats form Y-structures at the ends of the genome. It contains a wide range of ORFs
encoding a range of proteins from polymerase to those that affect the host cytoskeleton.
Notably, the newly described AmFLV contains all three pifs (7, 2, 3) which have been
documented as the core of the per os infectivity complex in baculoviruses (52). Apart
from that, of interest might be the homology of the viral sequence with the phage
integrase family and probable integrase/recombinase. This protein is also present in
AmFV but denoted as hypothetical. It is possible, that under certain conditions, the
virus is able to utilize this protein for integration into the host genome. The protein has
been described in some large viruses, for example, in Nudiviridae. Therefore, it could be
involved in establishing of latency and integration into the host genome (26). Overall,
AmFLV encodes 112 ORFs, but the function of most of them remains undescribed
(hypothetical), even for those that we were able to find similarity, mainly to AmFV.

The remaining long contig has a very similar mapping pattern across all samples
where the contigs were present. The contig is approximately 77 kbp in size. However,
we didn't succeed in gaining its complete genome. It is also possible that this large
fragment represents part of the genome of another large honey bee virus. Similar large
DNA viruses with the same mapping patterns could easily be sorted as part of the vMAG
of interest; therefore, the generation of vMAGs is extremely helpful in gaining genomic
sequences but should be confirmed by a wet laboratory approach for some uses.

We completed the genome of nudivirus of honey bees using a combination of
VMAGs generation, co-assembly, and amplicon sequencing. We gained a circular genome
129,467 bp long that contains the core genes of the Nudiviridae. In particular, lef-4, lef-5,
lef-8, lef-9, and p47 are important for transcription, whereas pif-1-3, pif-4/19 kDa, and
p74 are necessary for infection. There are several proteins important for viral morpho-
genesis, 38K, vp91, vif-1, ac81, and vp39. The core genes also include proteins necessary
for replication/recombination and repair like DNApol-B, helicase, and integrase. There
are other important genes involved in nucleotide metabolism and some with unknown
function (26). It is not surprising that the virus lacks 4 of the 29 suggested core genes
(26) since, until present, only few nudiviruses have been described and the list of core
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genes is still changing. The virus encompasses a total of 108 ORFs, with significant
alignments of predicted proteins to Nudiviridae, more precisely to Alphanudivirus (36.1%
to 68.3%). The virus contains some proteins with reliable alignments to other viruses, like
one alignment to AmFV, nucleopolyhedrovirus, or entomopoxvirus, but the similarities
are low (11.8% to 47.1%). Phylogenetic analysis also revealed that the virus belongs
into Alphanudivirus. The pathologies of Nudiviridae vary from virus to virus and between
host’s life stages. In insects, they can cause lethargy, weakness, malformations, stunted
growth, reduced longevity, or fertility. They can also cause changes in the viscosity and
color of the hemolymph (opalescent), or they can concentrate in the abdomen and form
a “waxy plug” (26). However, further studies are needed to find out if a specific pathology
linked to AmNV exists. Generally, the infection with these viruses is less symptomatic in
comparison to Baculoviridae, and they seem to be restricted to certain cell types (26).

With the exception of two colonies showing varroosis symptoms, all other colonies
used as source colonies for sampling were considered healthy, i.e., they built up quickly,
had no damaged capping and no signs of overt disease, or Varroa infestation were
observed. However, all the bees we selected for the virome analysis were free of
malformation and showed no signs of overt pathology. However, it is not possible to
completely exclude the possibility that individual bees may have signs of pathology that
were not obvious and visible when the individual bees were selected prior to virome
analysis. Further studies with different experimental design and sampling are needed to
clarify this issue.

Even though the binning of sequencing data is regularly performed for bacterial
and eukaryotic species, the binning and generation of MAGs is still a novel method
for viruses. Only in recent years, new software that is designed for binning of viral
sequences has been released. The tools like Coconet (57), vRhyme (34), and vamb (58)
perform better for creating viral MAGs since they provide a larger number of cleaner bins
with fewer misclassified contigs in comparison to other programs that are better suited
for creating bacterial and eukaryotic MAGs (34, 57, 58). This was confirmed by testing
on a limited number of samples as we tried MetaWRAP (59) and all the viral binning
software mentioned above. For our data set, vRhyme (34) performed best, but it would
be beneficial to have a bin refinement tool such as MetaWRAP (59) with a combination
of different binning software for viruses. The VMAGs generated were instrumental in
piecing together a significant portion of a new large viral genomes, which otherwise
might have been overlooked since its similarities to large viruses affect the statistics
(e.g., in CheckV) and are deemed very incomplete. The generation of vMAGs then allows
for keeping maximum information while still filtering out very incomplete and poor
fragments. It allows us to “connect” the contigs and treat them as fragmented genomes.

In conclusion, our study underscores the richness of the honey bee DNA virome,
which was previously overshadowed by their RNA counterparts. The plethora of
densoviruses identified, coupled with the discovery of the AmFLV with its predominantly
hypothetical proteins, and first nudivirus in honey bee (AmNV), paves the way for deeper
investigations into the ecological and pathological implications of these viruses in bee
populations.
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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 cellular immune 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-x¥B 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,

Significance statement

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-DWV 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
x 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,
Ile-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 o
12% . T N 6% 40 A
. 1% y A
BQCV R | \ '\ \
1% AN ‘ g A 3
4 \\ ‘ 4 \ . AmMFV
N Q y
\ : o
AmFV. \ SBV y
\\ 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 10~4). 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 10~2). 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 10~3). 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 DWV 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 qPCR. 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/SQSMT; 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 mMTORC1 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-
tioninitiation 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 DWYV) 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-DWV 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 mMTORC1.

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 DWV 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

d ‘0 ‘19865191

| woxy

ASUAIIT SUOWIO)) 2ANEAI) d[qedt[dde ay) Aq pausdoaoT ale sa[onIe YO ash Jo sa[n 10J AIeiql] dul[uQ AJ[IA\ UO (SUONIPUOD-PUE-SULIdY W00 Kd[1M" AIeIqI[auI[uo//:sdN) SUOHIPUO)) PUk SWLId T, Y1 39S “[$707/€0/L0] U0 Areiqi autjuQ Ad[ia “o1qnday yoaz) aueayoo)) £q Z1€00£20T orwd/z001°01/10p/wod Aafim 4.



2016 | Proteomics

Proteomics and Systems Biology

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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