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trans-generational immune priming [3–5]. Understand-
ing how host immune systems respond to disease threats, 
such as viral infections, will allow us to develop strategies 
to combat current and future disease outbreaks and sup-
port vulnerable populations globally.

Insect species, including some critical insect pollina-
tors, have been experiencing population declines across 
the globe in the past decades [6, 7]. The western honey 
bee (Apis mellifera), a critical pollinator species due to its 
domestication status [8, 9] and generalist pollination ser-
vices [10], has experienced a marked increase in colony 
mortality in recent years, particularly in North America 
and Europe [11]. Multiple factors have been associated 
with declining bee health [12], including infections with 
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Exposure to parasites and pathogens is a universal expe-
rience for all organisms living on Earth [1, 2]. Organ-
isms defend themselves from these threats through 
suites of immune strategies deployed at different stages 
of parasite exposure, from disease avoidance behaviors 
through cellular and humoral responses to infection and 
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Abstract
Organisms respond to infectious agents through diverse immune strategies, and may need to cater a specific 
response to distinct pathogen challenges, such as various strains of a virus, to maximize fitness. Deformed wing 
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host transcriptomic responses to viral exposure, host responses to different DWV strains have not been fully 
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a mixed infection, and conducted transcriptomic analyses to compare differences in host molecular response to 
infection. We confirmed canonical anti-viral response to DWV infection, including upregulation of Toll pathway 
genes and the antimicrobial peptides abaecin and hymenoptaecin. Furthermore, our results suggest a potential 
role of aerobic glycolysis during viral infection in honey bees. DWV-A and mixed infections were associated with 
differential expression of a much larger number of host genes than infection with DWV-B. That DWV-B potentially 
elicits a reduced host immune response may provide a mechanistic explanation for its higher virulence and global 
emergence. Overall, this study provides the first evidence for strain-specific immune responses to DWV infection, 
and integrates these findings into the broader domain of insect immunity and host-pathogen dynamics.
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numerous pathogens and parasites [13–15]. Deformed 
wing virus (DWV), a (+)ssRNA picorna-like virus, is one 
of the most important viruses of honey bees [16], with 
infection across multiple age and behavioral states such 
as nurses and foragers [17] resulting in a range of symp-
toms, including deformed wings, declines in learning and 
memory, accelerated maturation and shortened lifespan 
[18, 19], and, if infection is severe enough, dwindling and 
death of the whole colony [20]. DWV infection is associ-
ated with increased severity when the virus is transmit-
ted by the Varroa destructor mite, an ectoparasite that 
spreads DWV while it feeds on developing and adult 
honey bees [15, 21–23], and has been proposed as a criti-
cal selective pressure on DWV populations [24–26].

With the introduction of the Varroa mite vector and 
global trade expansion, DWV rapidly spread across 
the globe [27–29]. Currently, two main master vari-
ants (i.e. strains) dominate global DWV genetic diver-
sity, deformed wing virus A (DWV-A) and DWV-B [30], 
although other variants have been identified at much 
lower occurrence [31, 32]. DWV-B is the emerging 
genotype, currently replacing the previously prevailing 
DWV-A in Europe and North America in the 2010s [30]. 
DWV genotypes can vary in their molecular dynamics, 
with DWV-B titers outcompeting DWV-A when co-
infecting [33], and intriguingly, only DWV-B appears to 
replicate within Varroa mites [34]. DWV-A and DWV-B 
share approximately 84% nucleotide sequence similarity 
[35, 36], and both genotypes, as well as their recombi-
nants, have been found to negatively impact honey bee 
health [33, 37–42]. However, different studies have gen-
erated different outcomes with respect to the molecu-
lar dynamics and relative virulence of DWV-A versus 
-B– for example, McMahon and colleagues found that 
DWV-B was more virulent than DWV-A for adult bees ( 
[38], see also [43, 44]), whereas DWV-B was no different 
to [37] or lower than [33] DWV-A in virulence in pupae. 
Previous research has found that even within master 
variant classifications, virulence can differ [42]. DWV 
virulence, and the mechanism behind variant differences, 
therefore, require further investigation.

Viral infection in insects triggers a cascade of con-
served pathways involved in the insect innate immune 
response [5, 45]. The honey bee immune response con-
sists of many canonical antiviral pathways shared across 
insect species, although represented by fewer immune 
genes compared to Drosophila melanogaster [46]. These 
include the RNA interference (RNAi) pathway, which 
detects dsRNA produced during viral replication and 
uses these products for targeted degradation of viral 
transcripts [47]. Additionally, canonical pathways includ-
ing Toll and Immune Deficiency (Imd) have been associ-
ated with host responses to DWV infection [47–49], as 

well as heat shock proteins [50], which are implicated in 
stress and infection [51, 52].

Beyond conserved immune pathways, honey bee 
molecular response to infection also consists of non-
canonical immune genes. A key example is Vitellogenin, 
a yolk protein precursor that plays a role in important 
biological processes in honey bees, including behavioral 
maturation, nutrition, longevity, and immunity [53], and 
its downregulation is considered a biomarker of stress in 
adults [48, 54]. A meta-analysis of shared transcriptional 
responses to pathogens identified the down-regulation of 
metabolic pathway genes as a common response to infec-
tion, which may be adaptive to either host or pathogen 
[55]. Furthermore, exposure to other stressors, such as 
Varroa mites and pesticides, has been shown to affect 
a bee’s ability to mount an effective immune response 
[56–58], demonstrating the complexity and interconnect-
edness of biological pathways. As immune responses are 
resource intensive, and potentially damaging to the host, 
organisms must balance the trade-offs between immune 
response investment and other biological functions such 
as growth, development, and reproduction [59]. Such 
balancing of trade-offs has been observed in honey bees, 
including trade-offs between body mass and production 
of antiseptic enzymes involved in social immunity [60] 
and immune investment across sex and age stage [61].

Immune responses can also vary according to the gen-
otype of the pathogen [62]. For example, strain-specific 
immune responses have been observed in mice with the 
rodent malaria parasite Plasmodium yoelii [63], respi-
ratory syncytial virus in a mouse model [64], and with 
entomopathogenic fungal strains from the genus Isaria 
in the Aedes aegypti mosquito [65]. Norton et al. (2024) 
tested whether honey bees exhibited distinct responses 
to DWV variants, but did not find any expression differ-
ences in a subset of candidate immune genes [66]. How-
ever, since the honey bee molecular response to infection 
extends beyond canonical immune genes [55], a full tran-
scriptomic analysis is necessary to identify viral-strain-
specific immune responses.

To better understand the finer-scale differences in 
the molecular response to distinct viral genotypes, we 
sought to investigate both global immune gene expres-
sion to DWV infection, as well as responses specific to 
viral genotypes, and how this may relate to purported 
higher virulence of DWV-B over DWV-A. We evaluated 
responses of honey bee pupae, since this is the life stage 
where DWV infection is most common and detrimental. 
We conducted experimental infections with purified iso-
lates of DWV-A and DWV-B, as well as a Mixed group 
of these two isolates, and assessed the transcriptional 
profile at 3 days post-infection compared to Controls. 
We hypothesized that across all DWV-positive groups, 
we would see shared responses to infection, as identified 
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in a previous meta-analysis of honey bee transcriptional 
responses to DWV and other parasites [55]. Importantly, 
we sought to define viral-strain-specific transcriptomic 
response by comparing expression profiles between 
DWV-A, DWV-B, and Mixed infections, to gain further 
insights into the molecular mechanisms underpinning 
the emergence of DWV-B, and broadly how immune sys-
tems can respond to variable infectious agents.

Methods
Experimental infection samples and procedure
Experimental infections were conducted in Fall 2020, fol-
lowing protocols from Tehel et al. (2019) [37]. Two dif-
ferent colonies (thus representing distinct genotypes, C1 
and C2) in the General Zoology apiary at Martin Luther 
University Halle-Wittenberg, Germany were used in 
this study. Colonies were visually inspected to ensure 
no to low Varroa destructor mite presence in the col-
ony. Prior to infection studies, colonies were evaluated 
for viral infection via quantitative PCR (qPCR) to assess 
background levels of common bee viruses (DWV-A, 
DWV-B, acute bee paralysis virus (ABPV), black queen 
cell virus (BQCV), chronic bee paralysis virus (CBPV), 
slow bee paralysis virus (SBPV), and sacbrood virus 
(SBV)) using primers from [67]. Colonies were consid-
ered “virus free” by a threshold cycle of greater than 35. 
DWV-A and DWV-B inocula were those used in Tehel et 
al. (2019), with consensus sequences given in Figs. S3 and 
S4 of Tehel et al. (2019); inocula nucleotide similarity to 
two reference DWV genomes (DWV-A: NC_004830.2, 
DWV-B: NC_006494.1) was 97.4% and 99.3% respec-
tively. Inocula were propagated in white-eyed honey bee 
worker pupae to obtain highly concentrated viral isolates 
(crude lysates), assessed for purity as described above, 
and quantified via standard curve (for detailed Methods, 
see Tehel et al., 2019; its Materials and Methods, Appen-
dix A).

For experimental infections, honey bee workers at the 
white-eyed pupal stage were collected and kept within an 
incubator at 35 °C and 50% relative humidity until injec-
tion. Pupae that showed melanization, indicating injury 
during collection, were not used for experiments. DWV 
isolates used in this study were propagated from Tehel et 
al., (2019, see Sect. 2.2 for propagation methods). Briefly, 
crude isolates were derived from pupae that had been 
experimentally injected with 1 µL (104 genome equiva-
lents of DWV) of the original inoculum of Tehel et al. 
(2019) and then incubated at 35 °C for three days. Inocu-
lum was injected laterally between its second and third 
abdominal tergites using a Hamilton syringe (32 gauge 
hypodermic needle, outer diameter: 0.235 mm), cleaning 
after each use and changing syringes between inocula to 
avoid contamination. After three days, crude viral iso-
lates were prepared by homogenizing pupae in 0.5 M cold 

potassium phosphate buffer. For experimental infections, 
1µL inoculum containing 103 genome equivalents per µL 
of the propagated DWV-A, DWV-B, or an equal mix of 
DWV-A plus DWV-B (i.e. Mixed) was injected into each 
pupa. To measure the effect of the injection itself on gene 
expression, control bees (‘Control’) were injected with a 
virus-free inoculum prepared from uninfected bees of 
the same two colonies.

Injected pupae were kept in an incubator at 34.5 °C and 
50% RH. Samples were collected at 3 days post injection 
(DPI), when DWV levels begin to plateau in the honey 
bee host [33]. To assess pupal eclosion rates as a metric 
for virulence, additional bees from three colonies (the 
two used in the gene expression study as well as one addi-
tional colony) were injected and allowed to develop past 
3DPI (n = 48 per group).

Virus screening from experimental infections
Collected samples were analyzed by quantitative PCR 
(qPCR) to confirm infection with DWV and confirm that 
there were no other infecting viruses, including ABPV, 
BQCV, CBPV, SBPV, and SBV, prior to submitting the 
samples for next-generation sequencing (Supplemental 
Table 26).

RNA isolation, cDNA synthesis, and qPCR were con-
ducted as described in [37]. Briefly, RNA was isolated 
from whole bees using an RNeasy mini kit (Qiagen, 
Hilden, Germany). cDNA was synthesized from 800ng 
of RNA using oligo(dT)18 primers (Thermo Scientific, 
Waltham, MA, USA) and reverse transcriptase (M-MLV 
and Revertase, Promega, Mannheim, Germany) follow-
ing the manufacturer’s protocol. cDNA was diluted 1:10x 
prior to qPCR reactions. qPCR was conducted using 
SYBRgreen Sensimix (Bioline, Luckenwalde, Germany) 
melt curve analysis to ensure the correct product had 
been amplified.

Sequencing and analysis
RNA (n = 4 per group per colony) was submitted to 
GENEWIZ Germany (Leipzig, Germany) for library 
preparation sequencing on the Illumina NovaSeq plat-
form, resulting in 150 nucleotide pair-end stranded 
mRNA reads. Total reads ranged from 28 to 71  million 
per sample. Reads were assessed for quality with FastQC 
(version v0.11.9) [68], and quality trimmed with Trim-
momatic (version 0.39, option SLIDINGWINDOW:4:30) 
[69], retaining on average 96.3% of reads across all 
samples.

Reads were aligned with Hisat 2 (version 2.1.0) to 
the DWV reference genomes from NCBI (DWV-A: 
NC_004830.2, DWV-B: NC_006494.1) to calculate the 
percentage of DWV reads in each sample (Supplemen-
tal Table 1). One-way analysis of variance (ANOVA) was 
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used to compare the sum of DWV-aligning reads in R 
(version 3.6.3), using the stats package.

Kallisto (version 0.46.2) [70] was used for pseudo-
alignment and estimation of transcript abundance on the 
Apis mellifera genome assembly (HAv3.1) from NCBI 
(GCF_003254395.2). Transcript estimates were compiled 
in R (version 3.6.3), and summed by gene using tximport 
(version 1.14.2, Supplemental Table 2) [71], as in [72].

Differentially expressed genes (DEGs) across groups 
(Control (C), DWV-A (A), DWV-B (B), and Mixed (M)) 
were assessed using Limma-Voom (version 3.42.2) [73, 
74]. Low count genes, representing less than 1 count per 
million (cpm) across two samples were removed, result-
ing in a gene list of 10,375, and were normalized to the 
trimmed mean of M-values (TMM). Mean-variance rela-
tionship of the log2 counts per million (CPM) estimates 
was used for variance stabilization calculation, which was 
then used for linear model fitting with empirical Bayes 
smoothing of standard errors [75]. Benjamini-Hochberg 
(BH) correction for multiple testing was used through-
out, and DEGs were assigned across groups at a thresh-
old of adjusted p-value < 0.05, both with and without a 
log2 fold change (LFC) expression threshold (LFC = 1 or 
0, respectively).

DEG overlaps were made with SuperExactTest (ver-
sion 1.1.0) [76] to calculate significant overlaps with BH 
correction. For Gene Ontology (GO) enrichment analy-
sis, DEGs were converted to Drosophila melanogaster 
protein-coding orthologs, when possible, then uploaded 
to the GOrilla online database for enrichment analysis 
against a global ortholog list of 7,419 genes [77]. Raw 
sequence reads can be found on the NCBI SRA database 
(Bioproject: PRJNA1223014).

Results
Pupal survival rates across DWV groups
Bees that were allowed to develop past 3DPI were 
assessed for adult eclosion rates as a metric for viru-
lence (Supplemental Table 25). At approximately 7 days 
post-injection, nearly all injected Controls eclosed suc-
cessfully (47/48 successfully eclosed, 98%). All DWV 
inocula were found to be highly virulent compared to 
Controls (Pearson’s χ2 test, p-value < 0.001): only 6.3% of 
DWV-B injected bees survived to eclosion, and no bees 
survived to eclosion in the DWV-A and Mixed groups. 
While only bees exposed to DWV-B were able to survive 
to eclosion (2/48), this was not significantly different to 
the DWV-A and Mixed groups (0/48) (Pearson’s χ2 test, 
p-value > 0.05).

Confirmation of infection status
Quality trimmed reads were aligned to the two ref-
erence DWV genomes used in this study (DWV-A: 
NC_004830.2, DWV-B: NC_006494.1) to confirm 

infection and measure possible contamination (Sup-
plemental Table 1). The proportion of total reads 
that aligned to either DWV-A and DWV-B reads in 
DWV + groups ranged from 17 to 56% of total trimmed 
reads, whereas the proportion of DWV reads in Control 
samples was less than 0.3% of the total reads (Fig. 1). The 
sum of DWV reads was significantly lower in DWV-A 
groups compared to DWV-B and Mixed (One-way 
ANOVA, p-value < 0.001), but was not significantly dif-
ferent between DWV-B and Mixed (One-way ANOVA, 
p-value = 0.76).

Evaluation of transcriptomes
On average, we obtained approximately 22.3  million 
pseudo-alignments per individual pupa to the honey bee 
reference genome (Amel_HAv3.1) (Supplemental Table 
2). Multidimensional scaling of log2 fold change (LFC) 
expression profiles demonstrates clustering by group 
with high overlap of DWV + groups, particularly DWV-A 
and Mixed-infection groups (Supplemental Fig. 1).

The number of DEGs across groups (with and without 
log2 fold change (LFC) cut-off) is provided in Table  1. 
Genes that survived the LFC threshold cut-off of 1 show 
a two-fold or greater difference in expression. Of the total 
DEGs, 2,906 genes were differentially expressed between 
DWV-A and Control, and 3,827 genes were differentially 
expressed between Mixed and Control, but only 189 
DEGs between DWV-B and Control. 16.4% and 14.4% of 
DEGs survived the LFC threshold in Control vs. DWV-A 
and Control vs. Mixed infection, respectively, resulting 
in 476 and 550 DEGs. Though fewer genes were differ-
entially expressed in bees with DWV-B infections com-
pared to Control, a greater percentage (44.4%) of these 
were above the LFC threshold, resulting in 84 DEGs after 
LFC filtering (Supplemental Tables 3–19). Overall, these 
results demonstrate that DWV-A– alone or in a Mixed 
infection– triggers a substantial host immune response, 
while DWV-B infection has a much smaller impact on 
host gene expression.

Within DWV + groups, 84 and 131 DEGs were found 
when comparing infection of DWV-B to DWV-A and 
Mixed at the LFC threshold, respectively, but no sig-
nificant differentially expressed genes were observed 
between DWV-A and Mixed infections even without 
implementing the LFC threshold. These results dem-
onstrate that DWV-A results in different– and greater– 
gene expression responses than DWV-B, and DWV-A 
dominates the gene expression response in Mixed 
infections.

For further examination of DEGs across groups, we 
focused on genes that survived the fold change cut-off 
(LFC > 1). The expression pattern for the top 5% of sig-
nificantly expressed genes based on adjusted p-value 
(32/637) genes can be found in Fig.  2. Similar to the 
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multidimensional scaling analysis, DWV-A and Mixed 
groups cluster together, with DWV-B interspersed with 
Control and the other DWV groups.

Genes consistently differentially regulated in DWV-A, 
DWV-B, and mixed infections
To establish the general immune response to DWV in 
our experimental infections, we compared the inter-
section between the genes differentially transcribed in 
the DWV-A, DWV-B, and Mixed groups compared 
to Controls. There was significant overlap within our 
DWV + groups of genes upregulated or downregulated 
compared to Controls (Fig.  3, Supplemental Table 22). 

When considering genes that were consistently regulated 
in DWV-A, DWV-B, and Mixed, we found 4 genes were 
downregulated compared to Control (hypergeometric 
test, fold enrichment [FE] = 35.9, p < 0.001) and 70 genes 
were upregulated with DWV infection across all three 
groups (hypergeometric test, FE = 35.1, p < 0.001) (Fig. 3). 
Genes that were consistently differentially expressed in 
the three DWV-infected groups versus the Control group 
largely did not correspond with the canonical immune 
response genes (Supplemental Tables 14–15).

The top 4 genes downregulated in DWV infection 
across all DWV + groups included the serine protease 
chymotrypsin-2 (LOC409626), the feline leukemia virus 

Table 1 Differentially expressed genes across treatment groups, with and without log fold change (LFC) cutoffs, adjusted 
p-value < 0.05

No LFC threshold LFC threshold: 1
Upregulated Downregulated Upregulated Downregulated

DWV-A vs. Control 1454 1452 374 102
DWV-B VS Control 134 55 80 4
Mixed vs. Control 1883 1944 437 113
DWV-A vs. DWV-B 139 153 57 24
DWV-A vs. Mixed 0 0 0 0
DWV-B vs. Mixed 327 523 26 105
*Out of 10,375 genes

Fig. 1 Proportion of DWV reads across groups confirms infection status and little to no background DWV contamination in Controls. Proportions were 
calculated from the number of reads that successfully aligned to the DWV-A or DWV-B genome over the total count of reads for each sample. Color 
indicates group (Control (C) = teal, DWV-A (A) = maroon, DWV-B (B) = pink, and Mixed (M) = orange) and shape indicates the sample’s colony of origin (C1 
or C2), n = 4 per colony per group
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Fig. 3 DEG overlaps across DWV + groups. Overall, we see a higher overlap between DWV-A and Mixed infection in Downregulated (A) and Upregulated 
(B) genes compared to Control

 

Fig. 2 Expression pattern of the top 5% of DEGs. Clustering depicts similar expression of DWV-A (A, maroon) and Mixed (M, orange) expression profiles, 
while DWV-B (B, pink) clusters with both Control (C, teal) and other DWV groups, irrespective of sample’s colony of origin (black or gray). Genes (listed on 
right) were also clustered based on their expression similarity. Color scale depicts lower (gray) to higher (blue) log2 counts per million
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subgroup C receptor-related protein 2 (LOC107965219), 
as well as two uncharacterized genes (LOC102653658 
and LOC102654085). Of the 70 genes upregulated in 
DWV versus Control, the top 2 genes with the great-
est fold change difference included two uncharacterized 
protein-coding genes (LOC100576152 and LOC726094). 
While no match was found for LOC100576152 on the 
Alphafold protein structure database [78], the predicted 
structure for LOC726094 is a low-confidence match with 
Osiris genes of other insects, and Osiris genes have pre-
viously been associated with bee immunity [79]. Other 
highly upregulated genes in the DWV + group included 
chitinase-3-like protein 1 (LOC100577156), cytochrome 
P450 6AS5(Cyp6as5 - LOC409677), glycine N-methyl-
transferase (LOC552832) and protein lethal (2) essential 
for life (LOC724367).

Genes showing virus-strain-specific responses to infection
After establishing the immune response shared across 
all DWV + groups compared to Controls, we then sought 
to examine the finer-scale transcriptional differences 
between DWV-A, DWV-B, and Mixed infections. To 
examine differential expression across DWV + strains, we 
compared the DEG overlaps between DWV-A, DWV-
B, and Mixed infections. As there were no DEGs when 
comparing DWV-A and Mixed infections (Table  1), we 
used DWV-B infection as our baseline expression and 
compared DEGs in DWV-A and in Mixed compared to 
DWV-B. We found 10 overlapping genes downregulated 
(hypergeometric test, FE = 166.3, p < 0.001) and 28 genes 
upregulated (hypergeometric test, FE = 48.5, p < 0.001) 
in DWV-A and Mixed infection compared to DWV-B 
(Fig. 4).

Of the 10 downregulated genes shared across DWV-A 
and Mixed infection compared to DWV-B, we find 

two leucine-rich repeat proteins, LOC100577598 and 
LOC100576903, which are associated with sensing 
pathogen-associated molecular patterns (PAMPs), as 
well as nicotinic acetylcholine receptor alpha9 subunit 
(nAChRa9, LOC411303), lysosomal alpha-mannosidase 
(LOC552249), and multiple uncharacterized genes (Sup-
plemental Table 18).

Of the 28 genes upregulated in DWV-A and Mixed 
infection compared to DWV-B, the gene with the high-
est fold change difference was the glycolysis gene 
l-lactate dehydrogenase (LOC411188). The other top 
upregulated genes included proline-rich protein 36-like 
(LOC102655429), two heat shock proteins (protein lethal 
(2) essential for life (LOC412197 and LOC724449)), and 
two cuticular proteins (CPF1 and CPR2) (Supplemental 
Table 19).

While DWV-A and Mixed infections had the highest 
number of DEGs compared to Control, often the expres-
sion of these genes in the DWV-B group trended towards 
differential expression compared to Control, but did not 
always satisfy the LFC threshold requirements (Fig.  5). 
Thus, the expression patterns in DWV-B infected bees 
seem to be similar to those of the DWV-A and Mixed 
infection bees, but just at a lower level.

Differential regulation of immune response genes
DEGs from DWV + groups did not significantly overlap 
with honey bee immune pathways (hypergeometric test, 
p > 0.1) [46], but a subset of canonical immune genes 
were differentially expressed in response to infection 
(Table 2, Supplemental Table 20). The antimicrobial pep-
tides (AMPs) abaecin (LOC406144) and hymenoptaecin 
(LOC406142) were upregulated across all three DWV 
groups. DWV-A and Mixed infections also upregulated 
toll-like receptor 6 (LOC410229), defensin 1 (Def1), and 

Fig. 4 DEG overlaps between DWV-A and Mixed groups compared to DWV-B. Ten genes were consistently downregulated in both DWV-A and Mixed 
infections relative to B (A), and twenty-eight genes were consistently upregulated in DWV-A and Mixed infections compared to DWV-B (B)
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Fig. 5 Average Log2 counts per million (CPM) of the 437 genes upregulated in Mixed versus Control (above) and 113 genes downregulated in Mixed 
versus control (below). Each dot represents a different DEG, and lines connect the same DEG across groups (Control, DWV-B (B), DWV-A (A), and Mixed). 
Average was calculated over 4 samples per group and 2 colonies: n = 8 per gene per group
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apoptosis-associated gene caspase 3 (LOC411381) com-
pared to Controls. Two toll-pathway genes were also 
found to be downregulated in DWV-A and Mixed infec-
tion compared to Control: lysozyme 2 (LOC724899) and 
proclotting enzyme (PPOAct - LOC726126) (Table 2).

Beyond canonical immune pathways, genes upregu-
lated in DWV + groups had a significant degree of over-
lap with putative serine protease genes (hypergeometric 
test, p < 0.05) [80], particularly in DWV-A and Mixed 
infections (Supplemental Table 21), with one exception, 
chymotrypsin 2, which was significantly upregulated in 
Controls. Additionally, genes upregulated during infec-
tion significantly overlapped with DEGs from the Dou-
blet et al., 2017 meta-analysis of conserved molecular 
responses to pathogens (hypergeometric test, p < 0.005) 
(Table  3). The highest fold enrichment of our upregu-
lated genes were also the genes found upregulated in the 
Doublet et al. dataset, although we do also see significant 
overlap in the genes downregulated across the Doublet 
dataset, as well as Doublet DEGs overall (Table 3).

GO analysis
Overall, functional enrichment with DEGs with LFC > 1 
did not result in many GOs after FDR adjustment. 
DWV-A and Mixed infections compared to Controls 
were significantly enriched for GOs relating to serine 
protease activity, and all three DWV groups were sig-
nificantly enriched for extracellular space components 
(Supplemental Table 23). No significant GOs were found 
for genes upregulated in Controls compared to any DWV 
group. When examining GOs with all DEGs (LFC thresh-
old: 0), we observed many more significant GOs after 
FDR correction across DWV + groups. Of note, of the 
genes downregulated in DWV infection, we see enrich-
ment for GOs related to mitochondrial translation (Sup-
plemental Table 24).

Discussion
Here, we examined whether infection by different vari-
ants of deformed wing virus (DWV) resulted in unique 
transcriptional profiles in the honey bee (Apis mel-
lifera). We performed experimental infections with pure 

Table 2 Differentially expressed canonical immune genes (Evans et al., 2006, LFC > 1) in DWV + groups. Bold squares indicate 
significance at the LFC threshold (< 0.05) after p-value adjustment
NCBI_ID pathway Gene LFC

AvC BvC MvC BvA BvM
411,381 Apoptosis caspase-3 (LOC411381) 3.4 2.1 3.7 -1.3 -1.6
725,154 Toll serine protease snake (LOC725154) 1.0 0.6 1.1 -0.5 -0.6
412,484 Toll peptidoglycan recognition protein S2 (Pgrp-s2) 0.1 0.4 1.2 0.4 -0.8
408,317 Toll uncharacterized LOC408317– spätzle 6 (LOC408317) 1.1 1.2 1.5 0.1 -0.3
410,229 Toll Toll-like receptor 6 (LOC410229) 1.1 0.3 1.3 -0.8 -1.0
406,144 Toll abaecin (LOC406144) 1.6 2.2 2.3 0.6 0.0
406,143 Toll defensin 1 (Def1) 2.9 2.8 3.4 -0.1 -0.5
406,142 Toll hymenoptaecin (LOC406142) 1.7 3.0 1.3 1.4 1.7
724,899 Toll lysozyme (LOC724899) -1.8 -0.7 -1.5 1.1 0.8
726,126 Toll proclotting enzyme (LOC726126) -1.2 -0.7 -1.0 0.5 0.3

Table 3 Degree of overlap with DEGs upregulated in infection compared to the Doublet et al. (2017) meta-analysis DEG lists
Group Observed overlap Fold Enrichment Adjusted p-value
DWV-A vs. Control (374) DEGS 43 3.9 1.9E-13

UP 17 8.3 1.1E-10
DOWN 16 4.0 1.3E-05

DWV-B vs. Control (80) DEGS 17 7.2 1.5E-09
UP 8 18.2 1.1E-07
DOWN 5 5.9 0.006

Mixed vs. Control (437) DEGS 48 3.7 2.9E-14
UP 18 7.5 1.2E-10
DOWN 17 3.7 2.1E-05

DWV-A vs. DWV-B (57) DEGS 7 4.2 0.005
UP 3 9.6 0.014
DOWN 1 1.7 n.s.

DWV-B VS MIXed (105) DEGS 15 4.8 3.2E-06
UP 6 10.4 1.2E-04
DOWN 7 6.3 6.1E-04

Number of DEGs per Group listed in parentheses. Number of DEGs per Doublet et al. group: Total DEGS: 307, UP: 57, DOWN: 110
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DWV-A and DWV-B isolates, as well as a Mixed infec-
tion containing both variants, in white-eyed pupae, mim-
icking the start of the honey bee developmental stage 
targeted by reproductive Varroa parasites and associated 
DWV infection. We then assessed whole-body transcrip-
tomes 3 days post-injection. We found that DWV infec-
tion across all groups did result in a significant change in 
gene expression compared to Controls. Moreover, there 
were distinct transcriptional profiles between DWV-B 
infection compared to the other DWV + groups. Signifi-
cantly differentially expressed genes (DEGs) included a 
subset of canonical immune genes, as well as key ener-
getics and metabolic factors, tying DWV variant epi-
demiology and the emergence of DWV-B to honey bee 
immunometabolic responses to viral infections.

DWV-B infection versus Control resulted in fewer dif-
ferentially regulated genes compared to DWV-A and 
Mixed, although expression of many DEGs from DWV-A 
and Mixed appear to be at somewhat intermediate 
expression in DWV-B. For example, alpha-mannosidase 
(LOC552249), a gene implicated in arbovirus infections 
and Wolbachia-mediated pathogen blocking mosqui-
toes [81, 82], is significantly downregulated in DWV-A 
and Mixed compared to Control (LFC = -2.1 and − 1.9, 
respectively); but decreased expression of this gene did 
not meet the log fold change cutoff in DWV-B compared 
to Control (LFC = -0.79). L-lactate dehydrogenase was 
significantly upregulated in DWV-A and Mixed infection 
versus Control (LFC = 4.8 and 5, respectively), but also in 
DWV-B infection compared to Control, just to a lesser 
extent (LFC = 1.7). This indicates that the viral strain-spe-
cific transcriptional response does not result in different 
suites of genes, per se, but instead manifests through the 
intensity of activation of immune genes. If the immune 
response itself produces some immunopathological side 
effects, this may provide one mechanism behind viru-
lence differences across viral strains [37, 38, 83]. Indeed, 
we did see slightly higher pupal survival in the DWV-B 
group, yet DWV titers appear to be higher in DWV-B 
infected samples than in the DWV-A group. Rather than 
resisting the virus, hosts may instead minimize the nega-
tive impacts of infection, for example, by decreasing their 
immune response, thereby minimizing immunopathol-
ogy-induced damage, demonstrating a tolerance immune 
strategy to infection with DWV-B. Alternatively, DWV-B 
may be able to evade the host’s immune response, leading 
to higher viral titer in pupae (this study) and adults [38] 
and higher virulence in adults. Further investigation is 
needed to disentangle the pathogenic effects of viral rep-
lication versus immune response, and how this relates to 
disease tolerance and resistance.

The mechanism driving differential response to DWV 
strains, and how these genes affect infection, is not obvi-
ous. Gene expression seemed not to be driven by titer 

alone, as DWV-B on average has a higher proportion of 
DWV-aligning reads compared to DWV-A and a similar 
abundance of DWV reads to the Mixed group (Fig.  1), 
yet had a more similar expression profile to Control, 
with fewer DEGs compared to DWV-A and to Mixed 
(Table  1). Genes differentially expressed after exposure 
could facilitate viral replication or act as immune effec-
tors. Indeed, a number of pro- and anti-viral factors have 
been identified in Drosophila melanogaster [84]. Expres-
sion differences may be driven by the honey bee host’s 
detection of particular genotypes within a viral popula-
tion, tailoring the immune response to specific strains, 
versus virus-derived factors directly altering gene expres-
sion. We observed no significant difference in the molec-
ular response of DWV-A and Mixed infections (versus a 
hybrid transcriptional profile to DWV-A and DWV-B), 
meaning the immune system may be triggered by the 
detection of DWV genotype A. It is possible that DWV-B 
may be able to evade the host immune detection, result-
ing in more rapid proliferation [26, 33, 38], and a lessened 
effect on the transcriptional profile compared to infec-
tion by DWV-A that we observe here. If the transcrip-
tional differences were driven by DWV-B suppressing the 
honey bee immune response, we would have expected 
partial suppression of immune activation in Mixed infec-
tions: instead, we saw the most DEGs in the Mixed group 
when compared to Control, suggestive of immune eva-
sion by DWV-B.

While we found differences across DWV strains, we 
also observed overlaps of DEGs across all DWV groups 
compared to Control, indicative of core transcriptomic 
responses to DWV infection. This core response included 
upregulation of AMPs and other Toll pathway genes, 
similar to previous DWV studies [39, 48, 85–88]. We 
also observed upregulation of serine protease genes, also 
upregulated in IAPV infection [89] and broadly involved 
in innate immunity as well as development and digestion 
[80], and upregulation of heat shock proteins lethal (2) 
essential for life [47, 50]. Furthermore, we saw a signifi-
cant overlap with the genes identified in a meta-analysis 
of immune response [55]. Identification of these immune 
response pathways in our study and across different pop-
ulations exposed to pathogens provides further evidence 
for a conserved, global antiviral response in honey bees, 
consisting of both canonical and non-canonical immune 
genes.

Downregulated genes within the core response to 
DWV infection were limited to only 4 genes shared 
across all DWV groups, with two representing currently 
uncharacterized genes. Chymotrypsin-2 was downregu-
lated in DWV infection, and also differentially expressed 
in other studies [47, 49, 89]. Chymotrypsin-2 may act to 
regulate the activated Toll pathway [90] or alternatively 
represents a less costly, constitutive immune effector, 
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which is switched off when specific immune factors like 
AMPs are expressed. Downregulation of feline leukemia 
virus subgroup C receptor-related protein 2 appeared to 
be unique to this study, and may be involved in regulation 
of heme transport [91], which may in turn affect cyto-
chrome P450 activity during infection. Our identifica-
tion of this gene may be due to recent genome annotation 
updates [92], or alternatively, it may be a result of host 
genotypic variation in immune gene expression [93].

We also observed intriguing expression patterns of 
metabolism genes in the molecular response to DWV. A 
key gene upregulated across DWV infection was l-lactate 
dehydrogenase (LOC411188). This gene was also desig-
nated a top DEG and “hub” gene (i.e. high co-expression 
with other DEGs) in a meta-analysis of honey bee patho-
gen response [55]. Moreover, it was upregulated in bees 
with fatal IAPV infections [94], and upregulated in low-
aggression bees with “sick-like” molecular signatures 
[95]. Lactate dehydrogenase catalyzes the reversible reac-
tion of pyruvate to lactate, and its upregulation, such as 
in cancer cells, is associated with aerobic glycolysis (AG), 
a.k.a. the “Warburg Effect” [96]. During AG, glucose is 
metabolized to lactate, rather than undergoing oxidative 
phosphorylation (OXPHOS), despite the presence of suf-
ficient oxygen. While AG generates ATP much less effi-
ciently than OXPHOS (approximately 2–4  mol ATP vs 
approximately 36 mol ATP per mol glucose), it is able to 
rapidly produce ATP, NAD+, and alter concentrations of 
metabolites that may be beneficial during infection. In 
addition to increased lactate dehydrogenase expression, 
DWV + groups exhibited other characteristics associated 
with AG, including higher expression of pentose phos-
phate pathway components, and are underrepresented 
for GOs related to mitochondrial translation and elec-
tron transport chain, although this enrichment was only 
measured when assessing total DEGs (LFC threshold = 0).

Aerobic glycolysis has been implicated in a suite of 
infections across species (reviewed in [97]) including 
invertebrates [98–100]. A shift from OXPHOS to AG 
has also been observed in honey bee aggression behav-
ior [101, 102], potentially leading to an increase in pro-
duction of glutamate, a putative neurotransmitter and/or 
glycolysis modulator in the honey bee brain [103]. Addi-
tionally, AG during infection may promote rapid honey 
bee cell proliferation [96], and may explain why there is 
more rapid development in DWV-infected bees [42, 104]. 
While glucose consumption’s direct impact on viral dis-
ease in bees has not been characterized, a recent study 
by Chen et al. (2021) found increased glucose and ATP 
levels in the bodies of DWV-infected bees [105], and 
virus-infected bees are highly responsive to sucrose [106, 
107]. However, it is not known whether this putative AG 
resulting from DWV infection is more beneficial for viral 

replication [97] or the honey bee host mounting a rapid 
immune response [108, 109].

Conclusions
Viral genotype can shape disease outcomes, and the 
mechanism behind this effect in DWV-infected bees 
requires further investigation. The next steps to identify 
causative links between viral strain, honey bee immune 
response, and infection outcomes, particularly related 
to immunometabolism and potential host-damaging 
effects of immunity, will shed light on these complex 
host-microbe interactions. Functional characterization of 
putative genes expressed in infection, including numer-
ous ‘uncharacterized’ genes within the honey bee 
genome, is necessary to provide more insight into honey 
bee immune dynamics. The interplay between metabo-
lism and immunity during DWV infection can be further 
explored through metabolomics as well as gene expres-
sion manipulations through knockouts and knockdowns 
[110, 111]. How viral genotype affects immune response 
can be investigated with the recent development of DWV 
infectious clones [112], and overall the complex interac-
tion between virus genotypes and hosts can be explored 
through large-scale, population genetics approaches 
[113]. As honey bee disease outcomes have already been 
associated with numerous biotic and abiotic factors [26, 
56, 114–117], this expanding, more holistic understand-
ing of honey bee disease is crucial to investigating virus 
evolution and supporting global pollinator health. Over-
all, this study provides the first evidence for strain-spe-
cific immune responses to DWV infection, and integrates 
these findings into the broader domain of insect immu-
nity and host-pathogen dynamics.

Abbreviations
DWV  Deformed wing virus
RNAi  RNA interference
Imd  Immune Deficiency
qPCR  Quantitative PCR
DPI  Days post injection
DEGs  Differentially expressed genes
TMM  Trimmed mean of M-values
CPM  Counts per million
BH  Benjamini-Hochberg
LFC  Log(2)fold change
GO  Gene Ontology
ANOVA  Analysis of variance
MDS  Multidimensional scaling
FE  Fold enrichment
AMP  Antimicrobial peptide
AG  Aerobic glycolysis
OXPHOS  Oxidative phosphorylation

Supplementary Information
The online version contains supplementary material available at  h t t p s :   /  / d o  i .  o r  
g  /  1 0  . 1 1   8 6  / s 1 2  8 6 4 -  0 2 5 - 1  1 3 6 5 - 8.

Supplementary Material 1

https://doi.org/10.1186/s12864-025-11365-8
https://doi.org/10.1186/s12864-025-11365-8


Page 12 of 14Ray et al. BMC Genomics          (2025) 26:175 

Supplementary Material 2

Acknowledgements
We thank the reviewers for helpful comments on the original submission of 
the manuscript as well as members of Grozinger and Rasgon lab for helpful 
discussions, Henriette Kühnert and Anja Manigk for support in the lab, and we 
especially thank Sean Bresnahan for assistance with the bioinformatic analysis.

Author contributions
AMR and CMG conceived of experiments. AMR, AT, JLR, RJP, and CMG 
contributed to design. AT acquired the data. AMR conducted analyses and 
interpretation of the data. AMR drafted the first version of the manuscript. All 
authors contributed to subsequent versions and approved the final version.

Funding
This work was supported by a USDA NIFA Predoctoral Fellowship 2021-67011-
35115 to AMR and a fellowship from the DBU and FAZIT-Stiftung to AT. This 
work was supported by the USDA National Institute of Food and Agriculture 
and Hatch Appropriations under Project #PEN04716 and Accession #1020527 
and the DFG (Pa 632/10).

Data availability
Supplementary data is provided in the Supplementary Material. Raw 
sequence reads can be found on the NCBI SRA database (Bioproject: 
PRJNA1223014).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 24 July 2024 / Accepted: 14 February 2025

References
1. Schmid-Hempel P. Evolutionary parasitology: the integrated study of infec-

tions, immunology, ecology, and genetics. Oxford University Press; 2011.
2. Penczykowski RM, Laine AL, Koskella B. Understanding the ecology and evo-

lution of host-parasite interactions across scales. Evol Appl. 2016;9(1):37–52.
3. Siva-Jothy MT, Moret Y, Rolff J. Insect immunity: an evolutionary ecology 

perspective. Adv Insect Phys. 2005;32.
4. Chaplin DD. Overview of the immune response. J Allergy Clin Immunol. 

2010;125(2):S3–23.
5. Hillyer JF. Insect immunology and hematopoiesis. Dev Comp Immunol. 

2016;58:102–18.
6. Wagner DL, Grames EM, Forister ML, Berenbaum MR, Stopak D. Insect 

decline in the anthropocene: death by a thousand cuts. Proc Natl Acad Sci. 
2021;118(2):1–10.

7. Hallmann CA, Sorg M, Jongejans E, Siepel H, Hofland N, Schwan H et al. More 
than 75% decline over 27 years in total flying insect biomass in protected 
areas. PLoS ONE. 2017;12(10).

8. van der Delaplane KS, Guzman-Novoa E. Standard methods for estimating 
strength parameters of Apis mellifera colonies. J Apic Res. 2013;52(1):1–12.

9. Sumner DA, Boriss H. Bee-conomics and the leap in pollination fees. Giannini 
Foundation Agricultural Econ. 2006;9–11.

10. Burkle LA, Marlin JC, Knight TM. Plant-pollinator interactions over 120 years: 
loss of species, co-occurrence, and function. Sci. 339.6127 (2013):1611–1615.

11. Osterman J, Aizen MA, Biesmeijer JC, Bosch J, Howlett BG, Inouye DW, et al. 
Global trends in the number and diversity of managed pollinator species. 
Agric Ecosyst Environ. 2021;322:1–13.

12. Goulson D, Nicholls E, Botías C, Rotheray EL. Bee declines driven by combined 
stress from parasites, pesticides, and lack of flowers. Sci. 2015;347:6229.

13. Evans JD, Schwarz RS. Bees brought to their knees: microbes affecting honey 
bee health. Trends Microbiol. 2011;19(12):614–20.

14. Grozinger CM, Flenniken ML, Bee Viruses. Ecology, pathogenicity, and 
impacts. Annu Rev Entomol. 2019;64:205–26.

15. Traynor KS, Mondet F, Miranda JR, De, Techer M, Kowallik V, Oddie MAY, et 
al. Varroa destructor: A complex parasite, crippling honey bees worldwide. 
Trends Parasitol. 2020;36(7):592–606.

16. Chen YP, Siede R. Honey bee viruses. Adv Virus Res. 2007;70(07):33–80.
17. Chen YP, Higgins JA, Feldlaufer MF. Quantitative Real-Time reverse Transcrip-

tion-PCR analysis of deformed wing virus infection in the honeybee (Apis 
mellifera L). Appl Environ Microbiol. 2005;71(1):436–41.

18. Annoscia D, Del Piccolo F, Covre F, Nazzi F. Mite infestation during devel-
opment alters the in-hive behaviour of adult honeybees. Apidologie. 
2015;46(3):306–14.

19. Natsopoulou ME, McMahon DP, Paxton RJ. Parasites modulate within-colony 
activity and accelerate the Temporal polyethism schedule of a social insect, 
the honey bee. Behav Ecol Sociobiol. 2016;70(7):1019–31.

20. de Miranda JR, Genersch E. Deformed wing virus. J Invertebr Pathol. 
2010;103(SUPPL 1):S48–61.

21. Nazzi F, Le Conte Y. Ecology of Varroa destructor, the major ectoparasite of the 
Western honey bee, Apis mellifera. Annu Rev Entomol. 2016;61(1):417–32.

22. Bowen-Walker PL, Martin SJ, Gunn A. The Transmission of Deformed Wing 
Virus between Honeybees (Apis mellifera L.) by the Ectoparasitic Mite Varroa 
jacobsoni Oud. J Invertebr Pathol. 1999;73(1999):101–6.

23. Yañez O, Piot N, Dalmon A, Miranda JR, De, Chantawannakul P, Panziera 
D, et al. Bee viruses: routes of infection in Hymenoptera. Front Microbiol. 
2020;11(May):1–22.

24. McMahon DP, Wilfert L, Paxton RJ, Brown MJF. Emerging Viruses in Bees: From 
Molecules to Ecology. 1st ed. Advances in Virus Research. Elsevier Inc.; 2018. 
1–41 p.

25. Remnant EJ, Mather N, Gillard TL, Yagound B, Beekman M, Beekman M. Direct 
transmission by injection affects competition among RNA viruses in honey-
bees. Proc Biol Sci. 2019;286(1895):20182452.

26. Ray AM, Davis SL, Rasgon JL, Grozinger CM. Simulated vector transmission 
differentially influences dynamics of two viral variants of deformed wing virus 
in honey bees (Apis mellifera). J Gen Virol. 2021;102(11).

27. Wilfert L, Long G, Leggett HC, Schmid-Hempel P, Butlin R, Martin SJM, et al. 
Deformed wing virus is a recent global epidemic in honeybees driven by 
Varroa mites. Science. 2016;351(6273):594–7.

28. Martin SJ, Highfield AC, Brettell L, Villalobos EM, Budge GE, Powell M, et al. 
Global Honey Bee Viral Landsc Altered Parasitic Mite. 2012;336(June):1304–7.

29. Mondet F, de Miranda JR, Kretzschmar A, Le Conte Y, Mercer AR. On the front 
line: quantitative virus dynamics in honeybee (Apis mellifera L.) colonies 
along a new expansion front of the parasite Varroa destructor. PLoS Pathog. 
2014;10(8).

30. Paxton RJ, Schafer MO, Nazzi F, Zanni V, Annoscia D, Marroni F, et al. Epide-
miology of a major honey bee pathogen, deformed wing virus: potential 
worldwide replacement of genotype A by genotype B. Int J Parasitol Parasites 
Wildl. 2022;18:157–71.

31. Mordecai GJ, Wilfert L, Martin SJ, Jones IM, Schroeder DC. Diversity in a honey 
bee pathogen: first report of a third master variant of the deformed wing 
virus quasispecies. ISME J. 2016;10(5):1264–73.

32. de Miranda JR, Brettell LE, Chejanovsky N, Childers AK, Dalmon A, Deboutte 
W, et al. Cold case: the disappearance of Egypt bee virus, a fourth distinct 
master strain of deformed wing virus linked to honeybee mortality in 1970 ’ s 
Egypt. Virol J. 2022;19(12):1–11.

33. Norton AM, Remnant EJ, Buchmann G, Beekman M. Accumulation and 
competition amongst deformed wing virus genotypes in Naïve Australian 
honeybees provides insight into the increasing global prevalence of geno-
type B. 2020;11(April):1–14.

34. Gisder S, Genersch E. Direct evidence for infection of Varroa destructor mites 
with the Bee-Pathogenic deformed wing virus variant B, but not variant A, via 
fluorescence in situ hybridization analysis. J Virol. 2021;95(5).

35. Ongus JR, Peters D, Bonmatin JM, Bengsch E, Vlak JM, van Oers MM. Com-
plete sequence of a picorna-like virus of the genus iflavirus replicating in the 
mite Varroa destructor. J Gen Virol. 2004;85(12):3747–55.

36. Lanzi G, Miranda JR, De, Boniotti MB, Cameron CE, Lavazza A, Capucci L, et al. 
Molecular and biological characterization of deformed wing virus of honey-
bees (Apis mellifera L). Society. 2006;80(10):4998–5009.



Page 13 of 14Ray et al. BMC Genomics          (2025) 26:175 

37. Tehel A, Vu Q, Bigot D, Gogol-döring A, Koch P, Jenkins C, et al. The two 
prevalent genotypes of an emerging equally low pupal mortality and equally 
high wing deformities in host honey bees. Viruses. 2019;11(2):114:1–18.

38. McMahon DP, Natsopoulou ME, Doublet V, Fürst M, Weging S, Brown MJF et 
al. Elevated virulence of an emerging viral genotype as a driver of honeybee 
loss. Proc R Soc B Biol Sci. 2016;283(1833).

39. Ryabov EV, Wood GR, Fannon JM, Moore JD, Bull JC, Chandler D et al. A 
virulent strain of deformed wing virus (DWV) of honeybees (Apis mellifera) 
prevails after Varroa destructor-Mediated, or in vitro, transmission. PLoS 
Pathog. 2014;10(6).

40. Mordecai GJ, Brettell LE, Martin SJ, Dixon D, Jones IM, Schroeder DC. Superin-
fection exclusion and the long-term survival of honey bees in Varroa-infested 
colonies. ISME J. 2015;10(5):1182–91.

41. Moore J, Jironkin A, Chandler D, Burroughs N, Evans DJ, Ryabov EV. 
Recombinants between deformed wing virus and Varroa destructor virus-1 
May prevail in Varroa destructor -infested honeybee colonies. J Gen Virol. 
2011;92:156–61.

42. Ray AM, Gordon EC, Seeley TD, Rasgon JL, Grozinger CM. Signatures 
of adaptive decreased virulence of deformed wing virus in an isolated 
population of wild honeybees (Apis mellifera). Proc R Soc B Biol Sci. 
2023;290(2009):20231965.

43. Tehel A, Streicher T, Tragust S, Paxton RJ. Experimental infection of bumble-
bees with honeybee-associated viruses: no direct fitness costs but potential 
future threats to novel wild bee hosts. R Soc Open Sci. 2020;7:200480.

44. Naggar Y, Al, Paxton RJ. The novel insecticides flupyradifurone and sulfoxaflor 
do not act synergistically with viral pathogens in reducing honey bee (Apis 
mellifera) survival but sulfoxaflor modulates host immunocompetence. 
Microb Biotechnol. 2021;227–40.

45. Kingsolver MB, Huang Z, Hardy RW. Insect antiviral innate immunity: path-
ways, effectors, and connections. J Mol Biol. 2013;425:4921–36.

46. Evans JD, Aronstein K, Chen Y, Hetru C, Imler J-L, Jiang H, et al. Immune 
pathways and defence mechanisms in honey bees (Apis mellifera). Insect 
Mol Biol. 2006;15(5):645–56.

47. Brutscher LM, Daughenbaugh KF, Flenniken ML. Virus and dsRNA-triggered 
transcriptional responses reveal key components of honey bee antiviral 
defense. Sci Rep. 2017;7(1):1–15.

48. Zanni V, Galbraith DA, Annoscia D, Grozinger CM, Nazzi F. Transcriptional 
signatures of parasitization and markers of colony decline in Varroa-infested 
honey bees (Apis mellifera). Insect Biochem Mol Biol. 2017;87:1–13.

49. Ryabov EV, Fannon JM, Moore JD, Wood GR, Evans DJ. The iflaviruses 
sacbrood virus and deformed wing virus evoke different transcriptional 
responses in the honeybee which May facilitate their horizontal or vertical 
transmission. PeerJ. 2016;4:e1591.

50. Mcmenamin AJ, Daughenbaugh KF, Flenniken ML. The heat shock response 
in the Western honey bee (Apis mellifera) is antiviral. 2020;14–26.

51. Bolhassani A, Agi E. Heat shock proteins in infection. Clin Chim Acta. 
2019;498(July):90–100.

52. King AM, Macrae TH. Insect heat shock proteins during stress and diapause. 
Annu Rev Entomol. 2015;(May): 59–75.

53. Page RE Jr, Rueppell O, Amdam GV. Genetics of reproduction and regula-
tion of honey bee (Apis mellifera L.) social behavior. Annu Rev Genet. 
2012;46:97–119.

54. Dainat B, Evans JD, Chen YP, Gauthier L, Neumann P. Predictive markers of 
honey bee colony collapse. PLoS ONE. 2012;7(2):e32151.

55. Doublet V, Poeschl Y, Gogol-Döring A, Alaux C, Annoscia D, Aurori C et al. 
Unity in defence: honeybee workers exhibit conserved molecular responses 
to diverse pathogens. BMC Genomics. 2017;1–17.

56. Di Prisco G, Annoscia D, Margiotta M, Ferrara R, Varricchio P, Zanni V, et 
al. A mutualistic symbiosis between a parasitic mite and a pathogenic 
virus undermines honey bee immunity and health. Proc Natl Acad Sci. 
2016;113(12):3203–8.

57. Harwood GP, Dolezal AG. Pesticide– Virus interactions in honey bees: chal-
lenges and opportunities for Understanding drivers of bee declines. Viruses. 
2020;12(566).

58. DeGrandi-Hoffman G, Chen Y. Nutrition, immunity and viral infections in 
honey bees. Curr Opin Insect Sci. 2015;10:170–6.

59. Schwenke RA, Lazzaro BP, Wolfner MF. Reproduction– Immunity Trade-Offs in 
insects. Annu Rev Entomol. 2016;61:239–56.

60. Jones B, Shipley E, Arnold KE. Social immunity in honeybees — Density 
dependence, diet, and body mass trade-offs. Ecol Evol. 2018;8:4852–9.

61. Laughton AM, Boots M, Siva-Jothy MT. The ontogeny of immunity in the 
honey bee, Apis mellifera L. following an immune challenge. J Insect Physiol. 
2011;57(7):1023–32.

62. González-González A, Wayne ML. Immunopathology and immune homeo-
stasis during viral infection in insects. 1st ed. Vol. 107, Advances in Virus 
Research. Elsevier Inc.; 2020. 285–314 p.

63. Wu J, Tian L, Yu X, Pattaradilokrat S, Li J, Wang M et al. Strain-specific innate 
immune signaling pathways determine malaria parasitemia dynamics and 
host mortality. Proc Natl Acad Sci. 2014;111(4).

64. Lukacs NW, Moore ML, Rudd BD, Berlin AA, Collins RD, Olson SJ, et al. Differen-
tial immune responses and pulmonary pathophysiology are induced by two 
different strains of respiratory syncytial virus. Am J Pathol. 2006;169(3):977–86.

65. Ramirez JL, Muturi EJ, Dunlap C, Rooney AP. Strain-specific pathogenicity 
and subversion of phenoloxidase activity in the mosquito Aedes aegypti 
by members of the fungal entomopathogenic genus Isaria. Sci Rep. 
2018;8(9896):1–12.

66. Norton AM, Buchmann G, Ashe A, Watson OT, Beekman M, Remnant EJ. 
Deformed wing virus genotypes A and B do not elicit immunologically differ-
ent responses in Naïve honey bee hosts. Insect Mol Biol. 2024;34(1):33–51.

67. Mcmahon DP, Fürst MA, Caspar J, Theodorou P, Brown MJF, Paxton RJ. A Sting 
in the Spit: widespread cross-infection of multiple RNA viruses across wild 
and managed bees. J Anim Ecol. 2015;84(3):615–24.

68. Andrew S, FastQC:. A Quality Control Tool for High Throughput Sequence 
Data. 2010.

69. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for illumina 
sequence data. Bioinformics. 2014;30(15):2114–20.

70. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq 
quantification. Nat Biotechnol. 2016;34(5):525–7.

71. Soneson C, Love MI, Robinson MD. Differential analyses for RNA-seq: 
transcript-level estimates improve gene-level inferences [version 2; peer 
review: 2 approved]. F1000 Res. 2016;4:1–19.

72. Bresnahan ST, Doke MA, Giray T, Grozinger CM. Tissue-specific transcriptional 
patterns underlie seasonal phenotypes in honey bees (Apis mellifera). Mol 
Ecol. 2022;31(1):174–84.

73. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W et al. Limma powers dif-
ferential expression analyses for RNA-sequencing and microarray studies. 
Nucleic Acids Res. 2015;43(7).

74. Law CW, Chen Y, Shi W, Smyth GK. Voom: precision weights unlock 
linear model analysis tools for RNA-seq read counts. Genome Biol. 
2014;15(R29):1–17.

75. Smyth GK. Linear models and empirical Bayes methods for assessing differen-
tial expression in microarray experiments. Stat Appl Genet Mol Biol. 2004;3(1).

76. Wang M, Zhao Y, Zhang B. Efficient test and visualization of Multi-Set intersec-
tions. Nat Publ Gr. 2015;1–12.

77. Eden E, Navon R, Steinfeld I, Lipson D, Yakhini Z. GOrilla: a tool for discovery 
and visualization of enriched GO terms in ranked gene lists. BMC Bioinformat-
ics. 2009;7:1–7.

78. Ronneberger O, Tunyasuvunakool K, Bates R, Žídek A, Ballard AJ, Cowie A 
et al. Highly accurate protein structure prediction with alphafold. Nature. 
2021;596(August).

79. Cornman RS, Lopez D, Evans JD. Transcriptional response of honey bee 
Larvae infected with the bacterial pathogen Paenibacillus larvae. PLoS ONE. 
2013;8(6).

80. Zou Z, Lopez DL, Kanost MR, Evans JD, Jiang H. Comparative analysis of Ser-
ine protease-related genes in the honey bee genome: possible involvement 
in. Insect Mol Biol. 2006;15:603–14.

81. Sigle LT, Jones M, Novelo Canto M, Ford SA, Urakova N, Lymperopoulos K, 
et al. Assessing Aedes aegypti candidate genes during viral infection and 
Wolbachia -mediated pathogen blocking. Insect Mol Biol. 2022;31(3):356–68.

82. Ford SA, Allen SL, Ohm JR, Sigle LT, Sebastian A, Albert I, et al. Selection on 
Aedes aegypti alters Wolbachia - mediated dengue virus blocking and fit-
ness. Nat Microbiol. 2019;4(11):1832–9.

83. Kevill JL, Souza FS, De, Sharples C, Oliver R, Schroeder DC, Martin SJ. DWV-A 
lethal to honey bees (Apis mellifera): A colony level survey of DWV vari-
ants (A, B, and C) in England, Wales, and 32 States across the US. Viruses. 
2019;11(5):426.

84. Swevers L, Liu J, Smagghe G. Defense mechanisms against viral infection in 
drosophila: RNAi and non-RNAi. Viruses. 2018;10(5):1–35.

85. Traniello IM, Bukhari SA, Kevill J, Ahmed AC, Hamilton AR, Naeger NL et al. 
Meta-analysis of honey bee neurogenomic response links deformed wing 
virus type A to precocious behavioral maturation. Sci Rep. 2020;1–12.



Page 14 of 14Ray et al. BMC Genomics          (2025) 26:175 

86. Quintana S, Brasesco C, Negri P, Marin M, Pagnuco I, Szawarski N et al. Up-
regulated pathways in response to deformed wing virus infection in Apis 
mellifera (Hymenoptera: Apidae) Up-regulated pathways in response to 
deformed wing virus infection in Apis mellifera (Hymenoptera: Apidae). Rev 
La Soc Entomológica Argentina. 2019;78(1).

87. Pizzorno MC, Field K, Kobokovich AL, Martin PL, Gupta RA, Mammone R 
et al. Transcriptomic Responses of the Honey Bee Brain to Infection with 
Deformed Wing Virus. Viruses 13.2 (2021):287. 

88. Mookhploy W, Krongdang S, Chantawannakul P. Effects of deformed wing 
virus infection on expressions of Immune- and Apoptosis-Related genes in 
Western honeybees (Apis mellifera). Insects. 2021;12(1).

89. Chen YP, Pettis JS, Corona M, Chen WP, Li CJ, Spivak M et al. Israeli acute 
paralysis virus: epidemiology, pathogenesis and implications for honey bee 
health. PLoS Pathog. 2014;10(7).

90. Aggarwal K, Silverman N. Positive and negative regulation of the Drosophila 
immune response. BMB Rep. 2008;41(4):267–77.

91. Duffy SP, Shing J, Saraon P, Berger LC, Eiden MV, Wilde A, et al. The Fowler 
Syndrome-Associated protein FLVCR2 is an importer of Heme. Mol Cell Biol. 
2010;30(22):5318–24.

92. Elsik CG, Worley KC, Bennett AK, Beye M, Camara F, Childers CP et al. Finding 
the missing honey bee genes: lessons learned from a genome upgrade. BMC 
Genomics. 2014;15(86).

93. Barribeau SM, Sadd BM, du Plessis L, Schmid-Hempel P. Gene expression 
differences underlying genotype-by-genotype specificity in a host–parasite 
system. Proc Natl Acad Sci. 2014;111(9):3496–501.

94. Li-Byarlay H, Boncristiani H, Howell G, Herman J, Clark L, Strand MK, et al. Tran-
scriptomic and epigenomic dynamics of honey bees in response to lethal 
viral infection. Front Genet. 2020;11(September):1–16.

95. Rittschof CC, Rubin BER, Palmer JH. The transcriptomic signature of low 
aggression in honey bees resembles a response to infection. BMC Genomics. 
2019;1:14.

96. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the 
Warburg effect: the metabolic requirements of cell proliferation. Sci (80-). 
2009;324:1029–33.

97. Sanchez EL, Lagunoff M. Viral activation of cellular metabolism. Virology. 
2015;479–480:609–18.

98. Su M, Huang Y, Chen I, Lee D, Hsieh Y, Li C et al. An invertebrate Warburg 
effect: A shrimp virus achieves successful replication by altering the host 
metabolome via the PI3K-Akt-mTOR pathway. Plo. 2014;10(6).

99. Krejčová G, Danielová A, Nedbalová P, Kazek M, Strych L, Chawla G, et al. 
Drosophila macrophages switch to aerobic Glycolysis to Mount effective 
antibacterial defense. Elife. 2019;8:1–22.

100. Gao X, Xu S, Mo Y, Zhu Y, Chen X, Miao M, et al. Microbial pathogenesis 
acetylation of fructose-bisphosphate aldolase-mediated Glycolysis is 
essential for Bombyx mori nucleopolyhedrovirus infection. Microb Pathog. 
2022;170(April):105695.

101. Chandrasekaran S, Rittschof CC, Djukovic D, Gu H, Raftery D, Price ND, et 
al. Aggression is associated with aerobic Glycolysis in the honey bee brain. 
Genes Brain Behav. 2015;14:158–66.

102. Li-Byarlay H, Rittschof CC, Massey JH, Pittendrigh BR, Robinson GE. Socially 
responsive effects of brain oxidative metabolism on aggression. Proc Natl 
Acad Sci. 2014;111(34).

103. Rittschof CC, Schirmeier S. Insect models of central nervous system energy 
metabolism and its links to behavior. Glia. 2017;66:1160–75.

104. Penn HJ, Simone-Finstrom MD, Chen Y, Healy KB. Honey bee genetic stock 
determines deformed wing virus symptom severity but not viral load or dis-
semination following. Pupal Exposure. 2022;13(June):1–19.

105. Chen P, Lu Y-H, Lin Y-H, Wu C-P, Tang C-K, Wei S-C, et al. Deformed wing 
virus infection affects the neurological function of Apis mellifera by 
altering extracellular adenosine signaling. Insect Biochem Mol Biol. 
2021;139(October):103674.

106. Iqbal J, Mueller U. Virus infection causes specific learning deficits in honeybee 
foragers. Proc R Soc B. 2007;(April):1517–21.

107. Li Z, Chen Y, Zhang S, Chen S, Li W, Yan L, et al. Viral infection affects sucrose 
responsiveness and homing ability of forager honey bees, Apis mellifera L. 
PLoS ONE. 2013;8(10):1–10.

108. Dolezal T, Krejcova G, Bajgar A, Nedbalova P, Strasser P. Molecular regulations 
of metabolism during immune response in insects. Insect Biochem Mol Biol. 
2019;109(December 2018):31–42.

109. Lin Y, Tai C, Brož V, Tang C, Chen P, Ernst W. Adenosine receptor modulates 
permissiveness of baculovirus (Budded Virus) infection via regulation of 
energy metabolism in Bombyx mori. Front Immunol. 2020;11(763):1–11.

110. Kohno H, Suenami S, Takeuchi H, Sasaki T, Kubo T. Production of knockout 
mutants by CRISPR / Cas9 in the European honeybee, Apis mellifera L. Pro-
duction of knockout mutants by CRISPR / Cas9 in the European honeybee, 
Apis mellifera L. Zoolog Sci. 2016;33(5):505–12.

111. Leonard SP, Powell JE, Perutka J, Geng P, Heckmann LC, Horak RD, et al. Engi-
neered symbionts activate honey bee immunity and limit pathogens. Sci. 
2020;576:573–6.

112. Ryabov EV, Christmon K, Heerman MC, Posada-florez F, Harrison RL, Chen Y, et 
al. Development of a honey bee RNA virus vector based on the genome of a 
deformed wing virus. Viruses. 2020;12(4):374.

113. Grozinger CM, Zayed A. Improving bee health through genomics. Nat Rev 
Genet. 2020;21:277–91.

114. Yañez O, Chávez-galarza J, Tellgren-roth C, Pinto MA, Neumann P, Miranda JR. 
De. The honeybee (Apis mellifera) developmental state shapes the genetic 
composition of the deformed wing virus-A quasispecies during serial trans-
mission. Sci Rep. 2020;10:5956.

115. Zheng H, Gong H, Huang S, Sohr A, Hu F-L, Chen YP. Evidence of the synergis-
tic interaction of honey bee pathogens Nosema Ceranae and deformed wing 
virus. Vet Microbiol. 2015;177(1–2):1–6.

116. Phokasem P, Mookhploy W, Krongdang S, Sinpoo C, Chantawannakul P. 
Interaction between Thiamethoxam and deformed wing virus type A on 
wing characteristics and expression of immune and apoptosis genes in Apis 
mellifera. Insects. 2022;13(6).

117. Dalmon A, Peruzzi M, Conte Y, Le, Alaux C, Pioz M. Temperature-driven 
changes in viral loads in the honey bee Apis mellifera. J Invertebr Pathol. 
2019;160(June 2018):87–94.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	The intensity of the transcriptional response varies across infection with distinct viral strains in an insect host
	Abstract
	Background
	Methods
	Experimental infection samples and procedure
	Virus screening from experimental infections
	Sequencing and analysis

	Results
	Pupal survival rates across DWV groups
	Confirmation of infection status
	Evaluation of transcriptomes
	Genes consistently differentially regulated in DWV-A, DWV-B, and mixed infections
	Genes showing virus-strain-specific responses to infection
	Differential regulation of immune response genes
	GO analysis

	Discussion
	Conclusions
	References


