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Background
The decline in honey bee (Apis mellifera) health is a 
global concern with significant environmental and eco-
nomic implications. Monitoring programs have reported 
substantial colony losses at local scales, with rates vary-
ing across countries and years [1–9]. In Italy, a mean 
colony loss of 17% was recorded in the winter of 2018–
2019 [9], while in the USA, annual losses reached 60% 
in 2024–2025 [10]. The reduced survival of bee colonies 
results from a multifactorial syndrome driven by inter-
acting stressors that collectively impair colony immuno-
competence [11–13]. A common feature of collapsing 
colonies is the high prevalence of parasites and associ-
ated pathogens, particularly deformed wing virus (DWV) 
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Abstract
Background  The global decline of honey bee health, driven by multiple stressors impairing immunity, threatens 
both natural and managed ecosystems. Deformed Wing Virus (DWV) is often found at high loads in collapsing 
colonies, associated with an immunosuppressive syndrome still poorly understood. This study investigates gut 
microbiota community patterns associated with different levels of DWV infection, an overlooked aspect which can 
contribute to the reduction of immunocompetence in infected honey bees.

Results  We quantified DWV in nurse bees from the field and compared gut microbiota in individuals with high 
vs. low viral loads. We also examined microbiota changes in bees experimentally infected with DWV. In both cases, 
highly infected bees showed a decreased transcription level of dorsal 1-A, a consolidated molecular proxy of reduced 
immunocompetence in honey bees. Host immunosuppression was associated with a consistent gut dysbiosis, 
marked by a reduced relative abundance of beneficial genera such as Fructobacillus, Lactobacillus, and Apilactobacillus 
(Firmicutes, Bacilli), and a relative enrichment of Bartonella (Proteobacteria).

Conclusions  These findings shed new light on host-pathogen interactions and will allow a targeted manipulation of 
honey bee gut microbiota to limit DWV infections, which strongly contribute to colony losses.
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[7, 14–16]. DWV (family Iflaviridae; genus Iflavirus) is an 
endemic immunosuppressive RNA virus of honey bees, 
vectored by the parasitic mite Varroa destructor, with 
which is symbiotically associated [17–20].

The mite V. destructor is an obligate ectoparasite of 
developing brood and adult honey bees, which feeds on 
host hemolymph and fat body [21–23]. This has a severe 
impact on host physiology, causing the reduction of 
weight and lifespan of adult bees [24–27] and the trans-
mission of viral pathogens. Indeed, V. destructor acts as 
vector of several viruses, including acute bee paralysis 
virus (ABPV), Israeli acute paralysis virus (IAPV), black 
queen cell virus (BQCV) and Kashmir bee virus (KBV) 
[28]. However, the best known pathogen transmitted by 
Varroa mites is DWV, which causes the symptoms of 
crippled wings and shortened abdomens in individuals 
from heavily infested colonies [20, 29].

As the other viruses, DWV has been considered a 
minor problem to honey bee health before the occur-
rence of Varroa mites [30]. The vectoring activity and the 
immune stress caused by V. destructor, a relatively novel 
parasite for A. mellifera, promoted the spread and the 
uncontrolled replication of the virus, triggering the tran-
sition of common covert infections to devastating overt 
infections [18, 31, 32].

When transmitted by the mite or artificially injected, 
both widespread genotypes of DWV (A and B) act as 
highly virulent pathogens of A. mellifera [33–36]. The 
honey bee immune response is based on canonical 
immune pathways [37]. Although the primary antivi-
ral defense response of honey bees is RNA interference 
(RNAi), other major immune pathways, such as Toll, 
IMD, and JACK/STAT, participate in antiviral response 
[38, 39]. Under limited stress conditions, DWV repli-
cation is controlled by the honey bee immune system, 
resulting in asymptomatic covert infections [38, 40–43]. 
However, increasing exposure to multiple stressors weak-
ens antiviral defenses [12, 38], allowing uncontrolled viral 
replication [40, 41, 44]. This leads to a self-reinforcing 
cycle of immunosuppression, as increasing DWV titers 
further impair immune responses, primarily by target-
ing NF-κB signaling [12, 41]. Indeed, high viral levels are 
associated with a reduced expression of dorsal-1 A gene, 
which encode the NF-κB transcription factor involved 
in the response to several stressors, including pathogens 
[41, 42]. Dorsal is a key component of the Toll pathway, 
which regulates both systemic [17, 45] and gut immunity 
[46, 47] in honey bees. Gut immunity plays a crucial role 
in shaping the honey bee gut microbiota (GM), influ-
encing both its composition and its ability to modulate 
immune responses at local [48, 49] and systemic levels 
[50], as observed in other model species [51]. Honey bee 
GM is a simple community dominated by 5 core species 
which are acquired after adult emergence through social 

interactions and contact with the hive environment [52, 
53]. The core community, consistently found in healthy 
worker bees, comprises taxa within the genera Bifidobac-
terium, Bombilactobacillus, Gilliamella, Lactobacillus, 
and Snodgrassella. These species are functionally essen-
tial for host physiology, contributing to digestion, detoxi-
fication and immunity [52–56]. In addition to these core 
members, non-core but frequently detected taxa such 
as Bartonella, Commensalibacter, and Frischella may be 
present. Environmental (such as Fructobacillus spp.) or 
pathogenic bacteria (such as Hafnia alvei) are typically 
detected at low abundances in adult bee guts [57, 58]. 
Consequently, stressor-induced suppression of NF-κB 
signaling not only can directly compromise immunity but 
can also disrupt GM homeostasis, leading to a dysbiosis 
that could further weaken host immune defenses.

Here we focus on this hypothesis, by investigating GM 
community patterns associated with DWV infection by 
adopting a dual and complementary approach based on 
field-collected and artificially infected bees, analyzed 
via bacterial 16S rRNA amplicon sequencing and RT-
qPCR. This approach highlights the central role of the 
GM as an interface between bees and their environment, 
where it may mediate and amplify synergistic interac-
tions among multiple stressors, an aspect largely over-
looked so far [12, 59]. Indeed, the GM of honey bees is 
susceptible to several perturbing factors, such as antibi-
otics [60], agrochemicals [61] and nutritional imbalances 
[62]. The possible consequences of gut dysbiosis, defined 
as an alteration in microbial balance and functionality in 
the gut, on bee health remain poorly understood [59]. 
However, considering that acute effects can range from 
reduced fitness of individuals [54] to dysfunctional social 
behavior [63, 64], the possible contribution of honey bee 
gut dysbiosis to colony collapse certainly warrants fur-
ther investigation [65]. Recently, a study performed under 
controlled conditions indicated that dysbiotic honey bees 
are less tolerant to DWV infection than bees with a reg-
ular GM [66]. The present study, by investigating GM 
community patterns associated with DWV infection, will 
generate new information crucial for understanding the 
overall impact of this key viral pathogen on honey bee 
immunity and health. This will likely provide also useful 
insights on how to define targeted GM manipulations to 
alleviate the negative effects of one of the key stressors 
associated with honey bee colony losses worldwide.

Results
Characterization of DWV genotype landscape in field-
collected and experimentally infected bees
To characterize the distribution of DWV genotypes 
in our honey bee colonies we quantified DWV-A and 
DWV-B loads in nurse bees collected over two consecu-
tive years, as well as in bees experimentally infected with 
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a DWV lysate. In naturally infected nurse bees (N = 100), 
DWV-A and DWV-B loads showed a weak but positive 
correlation (Fig. 1a), suggesting only a limited degree of 
co-infection. Notably, DWV-A load was strongly cor-
related with total DWV load (Fig. 1b), whereas DWV-B 
showed only a weak correlation with total DWV load 
(Fig. 1c), indicating that DWV-A is the primary contribu-
tor to overall viral burden in these bees. Relative quantifi-
cation revealed that DWV-A consistently dominated over 
DWV-B in field-collected bees, particularly at moderate 
to high infection levels (Fig.  1d). Interestingly, DWV-B 
represented a higher proportion of viral reads only in 
bees with extremely low total DWV loads (< 100 copies/
ng RNA). When stratified by year, DWV-A remained 
significantly more abundant than DWV-B in both 2019 
and 2020 (Fig.  1e), supporting the temporal stability of 
DWV-A dominance in natural infections. To assess geno-
type dynamics under controlled conditions, bees were 
injected with a DWV lysate obtained from symptomatic 
bees (i.e. bees with crippled wings indicating overt DWV 
infection). The viral lysate contained mostly DWV-A 
(1.60 × 104 copies/ng), which replicated to significantly 
higher levels than DWV-B in artificially infected bees 

(Fig. 1f–g). Non-injected control bees also harbored sig-
nificantly more DWV-A than DWV-B, further reinforc-
ing DWV-A’s dominance. Together, these results confirm 
that DWV-A is the predominant circulating genotype 
in both natural and experimental conditions, and likely 
plays a central role in shaping viral dynamics in our 
experimental honey bee colonies.

Gut bacterial microbiota associated with DWV infection 
under natural conditions
Given the low abundance and weak correlation of 
DWV-B with overall viral load, we focused subsequent 
quantifications exclusively on DWV-A. This approach 
allows us to simplify the experimental design and data 
interpretation, while still capturing the main patterns of 
virus-host and virus-microbiota interactions relevant to 
honey bee health.

In a first set of observations, we compared GM com-
position of nurse bees with “low” (< 1 DWV copies/ng, 
n = 7) and “high” (> 105 DWV copies/ng, n = 7) DWV 
loads (Fig.  2a), the two extremes of the sampled popu-
lation (N = 58). DWV-A load ranged from 0.23 × 101 to 
3.90 × 106 viral genome copies in the carcasses obtained 

Fig. 1  Quantification of DWV genotype A and B in field-collected and lab-infected bees. (a) Loads of DWV-A and DWV-B were positively correlated in 
nurse bees collected over two consecutive years. (b) DWV-A load is strongly positively correlated with total DWV load in nurse bees. (c) DWV-B load is 
positively correlated with total DWV load in nurse bees. DWV load, normalized on total RNA extracted (copies/ng), was not normally distributed (Shapiro-
Wilk test). In blue are indicated Spearman’s rank correlation p-values (P) and rho (r). Nurse bees (N = 100) were field-collected over two consecutive years 
(2019–2020). (d) Relative abundance of DWV genotypes in field-collected (naturally infected) bees showed a dominance of DWV-A, except at low infec-
tion levels (0-100 copies/ng of RNA). (e) In both 2019 and 2020, DWV-A was significantly more abundant than DWV-B in naturally infected bees (Wilcoxon 
rank sum test, P < 0.001). (f) Relative abundance of DWV genotype in bees artificially infected (DWV) by injecting a viral lysate containing 1.60 × 104 DWV-A 
and < 2 DWV-B copies, compared with non-injected controls (NI). (g) In both non-injected (NI) and DWV-injected bees (DWV), DWV-A was significantly 
more abundant than DWV-B (Wilcoxon rank sum test, P < 0.001)
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after gut dissection. To identify differences in the abun-
dance of core bacterial species between the two groups, 
DNA samples isolated from whole guts were used for 
bacterial profiling by 16 S rRNA sequencing.

Relative abundance composition revealed a differ-
ent pattern in highly infected bees, characterized by an 
increased relative abundance of Bartonella (Alphap-
roteobacteria) and a relative reduction of Lactobacil-
lus (Bacilli) (Fig. 2b and S1a). Notably, three samples in 
the lowly infected group were colonized by taxa which 
are not commonly associated with bees, such as Rumi-
nococcus, Ligilactobacillus and Streptococcus (Fig.  2b). 
β-diversity analysis at the ASV level, based on Bray-Cur-
tis dissimilarity matrix, revealed a significantly different 
composition between “low” and “high” groups (Fig.  2c; 
PERMANOVA: F = 2.03, P < 0.05). The most important 
contributors to these different compositions belong to the 
genus Bartonella and Apilactobacillus, associated with 
highly and lowly infected bees, respectively (ANCOM-
BC; Fig. 2d). GM of highly infected bees showed a signifi-
cant reduction of α-diversity, at the ASV level (Simpson 
Index; Fig. 2e; Wilcoxon-test: W = 1, P < 0.01).

In a second set of observations, we performed a hier-
archical clustering based on β-diversity and, then, we 
compared viral loads between the clusters, to assess if 

different GM compositions were associated with differ-
ent levels of DWV infection. DWV load in field-collected 
nurse bees, measured as DWV-A genome copies/ng of 
total RNA, ranged from 7.84 × 101 to 4.42 × 107 in 42 sam-
ples collected from two hives. All samples were processed 
for 16 S rRNA profiling and, after filtering for sequencing 
depth, the final dataset included 34 samples. Hierarchi-
cal clustering using Bray-Curtis dissimilarity and Ward’s 
clustering algorithm identified two main biogroups (A 
and B) and five sub-groups (A1, A2, B1, B2, B3). The 
main groups A and B were associated with June and July 
sampling dates, respectively (Fig.  3a; X-squared = 7.63, 
df = 1, P < 0.01). DWV load was not different between A 
and B macro-groups, but it was higher in subgroups A1 
and B2, compared to B3 and A2 (Fig. 3b). DWV load was 
not affected by hive (Fig. S2a) or by sampling date (Fig. 
S2b). No significant differences in α- or β-diversity were 
observed between colonies (Fig. S3a and S3b).

Our analysis reported the core bacterial genera of the 
honey bee adult microbiota. Barchart of relative abun-
dance at genus level (Fig. 3c) showed that the biogroups 
with higher DWV loads, B2 and A1, are associated with 
higher abundance of Bartonella (Alphaproteobacteria, 
Fig. S1b). Differential abundance analysis indicated that 
Bartonella is significantly more abundant in nurse bees 

Fig. 2  Bacterial gut community of lowly and highly infected bees. (a) DWV loads of bees with “low” (< 1 DWV copies/ng) and “high” (> 105 DWV copies/ng) 
viral infection quantified by RT-qPCR. (b) Barchart of relative abundance at genus level. Each column represents a single sample. (c) Principal coordinate 
analysis of bacterial compositions per infection group based on Bray-Curtis dissimilarity matrix. Centroids are depicted as labels for low and high DWV 
groups. PERMANOVA indicated a significant difference between infection groups (F = 2.03, P < 0.05). (d) Significant ANCOM-BC results (P < 0.05) of genera 
associated with high and low DWV loads. (e) α-diversity (Simpson index) per infection group (Wilcoxon-test: W = 1, P < 0.01). Boxes denote inter-quartile 
range, bar denotes median, and whiskers denote range
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Fig. 3  Bacterial gut community associated with different DWV loads in nurse bees. (a) Hierarchical clustering, using Bray-Curtis distance (microbiota 
composition) and Ward’s clustering algorithm, identified five biogroups and two main biogroups (A and B). These two latter, are associated with two dif-
ferent sampling dates (June and July), as indicated by Pearson’s Chi-squared test (X-squared = 7.63, P < 0.01). (b) The five biogroups identified showed dif-
ferent viral levels, with A1 and B2 having higher DWV load than A2 and B3 (Kruskal-Wallis test = 14.6, df = 4, P < 0.01; Pairwise comparisons using Wilcoxon 
rank sum exact test with Benjamini-Hochberg correction). Biogroup B1 had an intermediate DWV load, compared to the other subgroups. (c) Barchart of 
relative abundance at genus level showed that biogroups with higher DWV loads, A1 and B2 (highlighted in red), are associated with a higher abundance 
of Bartonella (Alphaproteobacteria, gray). (d) Heatmaps showing differentially abundant genera identified by ANCOM-BC analysis. Compared to A2, A1 
(higher DWV load, in the same macrogroup/period) showed a higher relative abundance of Bartonella and Snodgrassella (A1/A2). Compared to B3, B2 
(higher DWV load, in the same macrogroup/period) showed higher relative abundance of Bartonella, and a reduced relative abundance of Lactobacil-
lus (B2/B3). (e) Spearman correlations between DWV load and Dysbiosis Index (DI). DI, calculated using the formula: DI = log10((Bartonella abundance)/
(Lactobacillus abundance)), was positively correlated with DWV load (N = 34). (f) DWV load correlated negatively with the expression of dorsal-1 A, a key 
gene of the immune response (N = 34). In blue are indicated Spearman’s rank correlation p-values (P) and rho (r)
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with higher DWV loads, such as A1 and B2 (Fig. 3d). On 
the other hand, Lactobacillus (Bacilli) was less abundant 
in one of the groups with higher DWV loads (B2), com-
pared to B3 (Fig. 3d).

When testing these genera for correlation across all 
sampled nurse bees only Bartonella (Fig. S4a) and Lacto-
bacillus (Fig. S4b) abundance resulted positively and neg-
atively correlated with DWV load, respectively. Thus, we 
included both Bartonella and Lactobacillus abundance 
in a Dysbiosis Index (DI), which resulted positively cor-
related with DWV load (Fig. 3e). Moreover, as a proxy for 
measuring host immunocompetence we used the expres-
sion of a gene involved in the activation of the immune 
response, dorsal-1 A [41], which was negatively corre-
lated with DWV load (Fig. 3f ).

Effect of DWV artificial infection on bacterial GM
To demonstrate that the observed alterations of the GM 
associated with different levels of viral loads under field 
conditions are directly induced by different levels of 
DWV infection, we carried out a set of artificial infec-
tion experiments. We injected newly emerged individuals 
with a known quantity of DWV particles. To standard-
ize their starting GM composition, we administered the 
same quantity of the same gut homogenate to all experi-
mental individuals by one minute after virus injection. 
In the injected viral lysate DWV-B load was marginal 
compared to DWV-A load, representing only 0.003% of 
total DWV genome copies (Table S1). Indeed, honey bees 
receiving a viral lysate injection were prevalently infected 
by DWV-A genotype, 5 days after injection (Fig.  1f and 
g).

To assess any microbiota alteration induced by DWV 
infection we performed an experiment of artificial 
infection in which we compared gut bacterial commu-
nity between DWV-injected (DWV) and PBS-injected 
bees (PBS) as control. This assay showed an increase of 
the relative abundance of Bartonella species in DWV-
infected bees. The analyzed dataset included PBS (n = 7), 
with total DWV loads ranging from 4.34 to 20.6, and 
DWV bees (n = 7), with total DWV loads ranging from 
3.39 × 107 to 1.67 × 108 copies per nanogram of total 
RNA (Fig. 4a). We scored the effect of artificial infection 
on the expression of dorsal-1 A, which was significantly 
reduced in DWV-injected bees (Fig.  4b), indicating the 
negative impact of viral infection on experimental bees. 
PERMANOVA revealed that gut community composi-
tion, at the ASV level, was significantly different between 
PBS and DWV (Fig.  4c). At the class level, members of 
the Alphaproteobacteria were more relatively abundant 
in DWV-injected bees compared with PBS (Fig. S1c, Wil-
coxon-test: W = 44, P < 0.05). Relative abundance at the 
genus level showed a relative increase of Bartonella in the 
DWV group (Fig.  4d). However, these differences were 

not associated with a change of α-diversity in DWV-
injected bees, at the ASV level (Simpson index, Fig. 4e). 
Differential abundance analysis identified Bartonella as 
the genus most differentially abundant in DWV-infected 
bees, compared to PBS-injected bees (ANCOM-BC, 
Fig. 4f ). Moreover, Wilcoxon-test of relative abundances 
confirmed that Bartonella (W = 47, P < 0.01) was more 
abundant in DWV bees. Dysbiosis index comparison 
between groups showed a dysbiotic effect of DWV injec-
tion, compared to PBS (Fig. 4g).

To identify any GM change stably associated with 
DWV infection under a different experimental set-up, 
we compared DWV-injected bees with undisturbed 
bees (non-injected bees).The analyzed dataset included 
NI (n = 13), with total DWV loads ranging from 0.17 to 
2.30, and DWV bees (n = 13), with total DWV loads rang-
ing from 8.40 × 105 to 2.47 × 106 copies per nanogram 
of total RNA (approximately equal to 108-109 copies/
bee) (Fig. 5a). We scored the effect of artificial infection 
on the expression of dorsal-1 A, which was significantly 
reduced in DWV bees (Fig.  5b). A total of 26 samples 
were sequenced generating an average of 389,906 reads 
per sample. The final table included 1483 ASVs. PER-
MANOVA at the ASV level revealed that gut commu-
nity composition was significantly different between NI 
and DWV (Fig.  5c). At the class level, members of the 
Alphaproteobacteria were more relatively abundant in 
DWV-injected bees compared with NI (Wilcoxon-test: 
W = 132, P = 0.014), whereas Bacilli were more relatively 
abundant in NI bees (Wilcoxon-test: W = 16, P < 0.001) 
(Fig. S1d). Barplot at the genus level (Fig. 5d) showed a 
higher relative abundance of Bartonella and a relative 
reduction of Lactobacillus in DWV, compared to NI 
group. These differences were associated with a signifi-
cant loss of α- in DWV-injected bees, at the ASV level 
(Simpson index, Fig. e). Differential abundance analysis 
identified gut bacterial taxa that differed in abundance 
between NI and DWV (Fig. 3f ). Among bacterial genera 
associated with NI bees, Lactobacillus and Fructobacil-
lus were those with the highest Log Fold-Change (LFC) 
values, while Bartonella and Commensalibacter were 
the most differentially abundant in DWV-infected bees 
(ANCOM-BC, Fig. 5f ). Moreover, Wilcoxon-test of rela-
tive abundances confirmed that Lactobacillus (W = 15, 
P < 0.001) and Fructobacillus (W = 8, P < 0.001) were more 
abundant in NI, while Bartonella (W = 143, P = 0.002) and 
Commensalibacter (W = 140, P = 0.003) were more abun-
dant in DWV bees. Dysbiosis index comparison between 
groups showed a marked dysbiotic effect of DWV injec-
tion (Fig.  5g). The relative abundance increase of the 
genus Bartonella appears to be consistently associated 
with DWV infection.

In a third experiment based on artificial infection, 
we scored the effect of DWV infection on GM in the 
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presence of the bacteria Hafnia alvei, to assess the 
impact of DWV-induced negative immunomodula-
tion on the evolution of a background infection by an 
opportunistic pathogen. This experiment showed that 
DWV infection promoted the relative increase of Haf-
nia, along with the other opportunistic genera Morgan-
ella and Klebsiella. The analyzed dataset included PBS 

(n = 7), with total DWV loads ranging from 5.07 × 101 to 
3.65 × 104, and DWV bees (n = 7), with total DWV loads 
ranging from 2.43 × 108 to 4.59 × 108 copies per nano-
gram of total RNA (Fig. 6a). The expression of dorsal-1A 
was significantly reduced in DWV bees (Fig.  6b). PER-
MANOVA at the ASV level revealed that gut community 
composition was significantly different between PBS and 

Fig. 4  Bacterial gut community of DWV-injected and PBS-injected bees in controlled conditions. (a) DWV load was significantly higher in DWV-injected 
(DWV, n = 7), compared to PBS-injected (PBS, n = 7) bees (Wilcoxon-test: W = 49, P < 0.01). (b) Dorsal-1 A expression was significantly lower in DWV bees, 
compared to PBS (Student’s t-test: t(11) = 2.848, P < 0.05). (c) Principal coordinate analysis of bacterial compositions per infection group. Centroids are de-
picted as labels for PBS and DWV groups. PERMANOVA indicated a significant difference between groups (F(1, 12) = 7.74, P < 0.01). (d) Relative abundances 
at genus level. (e) α-diversity (Simpson index) per infection group. (f) Significant results of differential abundance analysis (ANCOM-BC; P < 0.05). (g) 
Dysbiosis index per infection group (Wilcoxon-test: W = 44, P < 0.05). Boxes denote inter-quartile range, bar denotes median, and whiskers denote range. 
ns = non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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DWV treated bees (Fig. 6c). At the class level, members 
of the Gammaproteobacteria were more relatively abun-
dant in DWV-injected bees compared with PBS (Fig. S1e, 
Wilcoxon-test: W = 45, P < 0.01). At the genus level, rela-
tive abundance of Hafnia was higher in DWV compared 

to PBS group (Fig. 6d). However, these differences were 
not associated with significant differences of α-diversity 
between the groups, at the ASV level (Simpson index, 
Fig.  6e). Differential abundance analysis identified Mor-
ganella, Klebsiella and Hafnia as the most differentially 

Fig. 5  Bacterial gut community of DWV-injected and non-injected bees under controlled conditions. (a) DWV load was significantly higher in DWV-
injected (DWV, n = 13), compared to non-injected (NI, n = 13) bees (Wilcoxon-test: W = 0, P < 0.0001). (b) Dorsal-1 A expression was significantly lower 
in DWV infected bees, compared to NI (Student’s t-test: t(23.4) = -4.07, P < 0.001). (c) Principal coordinate analysis of bacterial compositions per infection 
group. Centroids are depicted as labels for NI and DWV groups. PERMANOVA indicated a significant difference between groups (F(1, 24) = 6.67, P < 0.005). 
(d) Relative abundances at genus level. (e) α-diversity (Simpson index) per infection group (Wilcoxon-test: W = 44, P < 0.05). (f) Significant results of dif-
ferential abundance analysis (ANCOM-BC; P < 0.05) included seven and three genera associated to DWV and NI, respectively. (g) Dysbiosis index per infec-
tion group (Wilcoxon-test: W = 155, P < 0.0001). Boxes denote inter-quartile range, bar denotes median, and whiskers denote range. *P < 0.05, **P < 0.005, 
***P < 0.001, ****P < 0.0001
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abundant genera in DWV-infected bees, while Apilac-
tobacillus was the most differentially abundant in PBS-
injected bees (ANCOM-BC, Fig.  6f ). Dysbiosis index, 
based on Lactobacillus and Bartonella abundance, did 
not differ between the experimental groups in presence 
of Hafnia alvei (Fig.  6g); this latter species was likely 

favored, along with other opportunistic pathogens, by 
DWV-induced immunosuppression.

Discussion
In this study, we investigated the impact of DWV infec-
tion on the honey bee GM using a combination of field 
sampling and controlled experimental infections. In a 

Fig. 6  Bacterial gut community of DWV-injected and PBS-injected bees naturally infected with Hafnia alvei in controlled conditions. (a) DWV load was 
significantly higher in DWV-injected (DWV, n = 7), compared to PBS-injected (PBS, n = 7) bees (Wilcoxon-test: W = 0, P < 0.0001). (b) Dorsal-1 A expression 
was significantly lower in DWV bees, compared to PBS (Student’s t-test: t(12) = 3.94, P < 0.01). (c) Principal coordinate analysis of bacterial compositions per 
infection group. Centroids are depicted as labels for PBS and DWV groups. PERMANOVA indicated a significant difference between groups (F(1, 12) = 4.02, 
P < 0.01). (d) Relative abundances at genus level. (e) α-diversity (Simpson index) per infection group. (f) Significant results of differential abundance analy-
sis (ANCOM-BC; P < 0.05). (g) Dysbiosis index per infection group (Wilcoxon-test: W = 14, P = 0.2). Boxes denote inter-quartile range, bar denotes median, 
and whiskers denote range. ns = non-significant, **P < 0.005, ***P < 0.001
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first set of observations, involving nurse bees sampled 
during the summer, we characterized GM associated with 
different DWV levels, through 16 S rRNA sequencing. In 
complementary experiments, we corroborated our find-
ings by artificially infecting bees with DWV and assessing 
their GM composition. This controlled setting allowed us 
to establish a causal relationship between DWV infection 
and microbiota changes.

Genotype-specific quantification of DWV revealed 
a higher load of DWV-A over DWV-B in nearly all bee 
samples, except for the lowest viral loads measured. This 
dominance of DWV-A over DWV-B genotype in our geo-
graphical context is confirmed by a recent study report-
ing 2017 data from the same locality [67], suggesting that 
our bees are still not affected by the global replacement 
of DWV-A by DWV-B [68].

In both field-sampled and artificially infected bees 
our study pointed out a negative correlation between 
DWV load and the expression of dorsal-1 A, a member 
of NF-kB family, playing a central role in the immune 
response [37]. This aligns with previous studies that 
have highlighted the immunosuppressive effects of 
DWV infection on honey bees [41, 42]. A recent study 
suggested that dorsal-1 A may participate in the regula-
tion of Dual Oxidase (Duox) for ROS production in the 
honey bee gut, which acts as the effector in inhibiting 
non-native bacterial strains [47]. Therefore, the reduced 
expression of dorsal-1 A in response to DWV infection 
suggests a potential mechanism through which DWV 
can alter the GM composition, with a negative impact 
on immune competence, as a part of a complex virulence 
strategy.

Indeed, our microbial community analysis, based on 
Bray-Curtis dissimilarity, revealed significant differ-
ences in core GM composition between bees with dif-
ferent levels of DWV infection, in both field-sampled 
and artificially infected bees. In artificially infected bee 
experiments, PCA indicated a clear separation of gut 
community composition between infected and non-
infected bees, despite all individuals received an equal 
dose of the same standardized gut homogenate, high-
lighting the potential impact of DWV infection on 
shaping the composition of the bacterial GM. This com-
munity shift is likely the result of an active DWV infec-
tion during microbiota colonization and establishment 
in the gut. The clustering of samples was more pro-
nounced in the artificial infection experiments com-
pared to field-collected bees, likely due to the controlled 
experimental conditions that minimized confounding 
factors such as bee age, which is known to influence 
microbiota composition [52, 69, 70]. Indeed, field sam-
pling of honey bees inherently introduces age variability, 
which is a well-known challenge in microbiome stud-
ies of natural colonies [69, 71, 72]. This is also reflected 

in our first experiment comparing low- and high-DWV 
nurse bees. At the genus level, we observed unusually 
high relative abundances of taxa not typically associated 
with the honey bee core microbiota, such as Ruminococ-
cus, Streptococcus, and Ligilactobacillus, in three out of 
seven lowly infected bees. Similar non-core or environ-
mentally derived taxa have been documented in very 
young or recently emerged workers, whose gut commu-
nities are still assembling and remain highly sensitive to 
transient colonization [52, 53, 73]. Although we deliber-
ately restricted sampling to nurse bees, this behavioral 
category spans individuals approximately 4–12 days 
old [74, 75]. It is therefore plausible that the low-DWV 
group included a subset of very young bees with imma-
ture microbiota, characterized by both lower stability and 
higher susceptibility to environmental microbes.

Another important source of variability of GM compo-
sition and viral susceptibility is represented by honey bee 
genetics [76–80]. However, our field observation indi-
cated no differences between the two sampled hives in 
terms of DWV infection levels, α- and β-diversity. Future 
works will have to elucidate the influence of colony 
genetics on DWV-induced dysbiosis by including a larger 
number of colonies.

Importantly, this natural variability of field datasets 
was largely overcome in our controlled laboratory experi-
ments, where both gut colonization and DWV infection 
occurred under standardized conditions. In these set-
tings, a consistent pattern of DWV-associated microbiota 
alteration clearly emerged. Differential abundance analy-
sis indicated that the observed compositional differences 
observed in our study are driven by a relative increase 
of Bartonella (Alphaproteobacteria) and a lower relative 
abundance of Fructobacillus, Lactobacillus and Apilac-
tobacillus (Firmicutes, Bacilli). This pattern is character-
istic of severe honey bee gut dysbiosis, which typically 
involves a drastic reduction in core taxa (e.g., Betapro-
teobacteria and Lactobacillus spp.) coupled with a bloom 
in other core species (e.g., Alphaproteobacteria and 
Gammaproteobacteria) [59, 60]. Similar dysbiotic shifts 
have been reported in response to xenobiotics, such as 
glyphosate, which depletes Lactobacillus species (Lacto-
bacillus Firm-4 and Firm-5) within five days of exposure 
[61]. Nutritional stress is also a factor that can negatively 
impact gut microbial communities, leading to severe 
dysbiosis. For instance, a nutritionally poor-quality diet 
based on Eucalyptus grandis pollen was associated with 
reduced relative abundances of Lactobacillus mellifer, 
Lactobacillus apis (Firm-4 and Firm-5, respectively), and 
Bifidobacterium spp., along with an increased relative 
abundance of Bartonella apis [81], a compositional shift 
strikingly similar to our findings.

The artificially infected honey bees showed overall 
results consistent with what observed in field collected 
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material, with reduced Lactobacillus and increased Bar-
tonella relative abundances; this latter shift appeared 
more consistently associated with DWV infection in the 
different experimental set-up considered. Lactobacillus 
species are well-known probiotics with potential appli-
cations in beekeeping [82], and their depletion in highly 
infected bees may indicate a protective role against DWV 
infection. Both Fructobacillus and Apilactobacillus are 
fructophilic lactic acid bacteria (FLAB), which thrive in 
D-fructose-rich niches, such as flowers, fruits and gas-
trointestinal tracts of insects [83–85]. FLABs display 
promising probiotic properties; for instance, Fructobacil-
lus pseudoficulneus 57 stimulated immunity by up-regu-
lating the expression of apidaecin, when administered to 
honey bee larvae [86]. Similarly, Apilactobacillus kunkeei 
EIR/BG-1, has shown a preventive effect against Paeni-
bacillus larvae infection [87]. Additionally, a probiotic 
consortium comprising Lactobacillus plantarum Lp39, 
Lactobacillus rhamnosus GR-1, and A. kunkeei BR-1 (for-
merly Lactobacillus kunkeei BR-1), when administered 
via a nutrient patty, reduced pathogen load, upregulated 
key immune genes, and improved survival during P. lar-
vae infection [88]. Considering that DWV tolerance can 
be promoted by honey bee GM [66], the use of lactic acid 
bacteria as probiotics against DWV infection represents 
a promising strategy for mitigating viral impact on honey 
bee colonies.

Our results raise interesting questions about the poten-
tial role of Alphaproteobacteria in modulating DWV 
infection. In particular, Bartonella [89] was associated 
to high DWV loads in both experiments. Interestingly, 
a capture-release study based on 14-day old adult bees 
from Varroa-resistant and -susceptible colonies in Got-
land (Sweden) showed that Bartonella apis was consis-
tently associated with colonies susceptible to V. destructor 
[90], the primary vector of DWV. The proliferation of 
Bartonella in honey bee gut has also been observed in 
wintering bees [72] and appears linked to its ability to 
utilize diverse energy substrates, such as metabolic waste 
products like lactate and ethanol [91], suggesting a sort 
of opportunistic behavior [65]. Such behavior is not sur-
prising if we consider that B. apis, as well as the recently 
described Bartonella choladocola sp. nov. and Bartonella 
apihabitans [92], represents the closest relative of patho-
genic Bartonella species [93]. Intriguingly, B. choladocola 
possesses genomic loci containing invasin and hemin-
related genes, which may facilitate the invasion of gut 
barrier [92], suggesting that this species may both live as 
a gut symbiont and also as an opportunistic pathogen. 
This hypothesis is reinforced by our observation that rel-
ative increase of Bartonella abundance in both field-sam-
pled and artificially infected bees correlates with reduced 
α-diversity, a hallmark of dysbiosis [60, 94–96]. This sug-
gests a potential destabilizing effect of DWV infection on 

species richness and evenness in the gut, which promotes 
the proliferation of opportunistic species.

In the presence of the opportunistic bacterium Hafnia 
alvei, DWV-induced alterations of GM showed a differ-
ent pattern of community shift, compared to our previ-
ous experiments. Specifically, DWV infection led to an 
increased relative abundance of Hafnia and other oppor-
tunistic genera (Klebsiella and Morganella), likely favored 
by the reduced immunocompetence of the host. Nota-
bly, in non-infected bees the most differentially abun-
dant genus was Apilactobacillus, which has been shown 
to effectively control secondary infections by Klebsiella 
and Morganella [97]. Similarly, a recent study reported 
the reduction of Lactobacillus apis and the increase of 
opportunistic species (Enterobacter spp.) abundance 
in response to infection by chronic bee paralysis virus 
(CBPV), suggesting that microbiota dysregulation may be 
a common strategy employed by viral pathogens of honey 
bees to interfere with host immunity and facilitate infec-
tion [98].

It is interesting to note that the controlled laboratory 
experiments, even though limited to a single time point 
(5-day after infection) provide meaningful biological 
information. Indeed, the selected time point is relevant 
both for microbiota maturation and early viral effects. In 
honey bees, the gut microbiota typically reaches full col-
onization and stabilizes around 4–6 days after emergence 
[52], indicating that day 5 provides a reliable snapshot of 
the established community in young hive bees. More-
over, several studies show that gut bacterial communities 
can respond rapidly (within 2–5 days) to perturbations 
such as immune activation [50] or antibiotic exposure 
[99], suggesting that any impact by DWV infection on 
GM composition is detectable within this timeframe. 
DWV itself replicates quickly, with viral loads peaking 
around days 3–5 after infection [100]; thus, day 5 cap-
tures the window in which microbiota alteration is most 
likely evident. Nonetheless, while day 5 is appropriate for 
detecting early and biologically relevant shifts, longer-
term longitudinal studies will be necessary to determine 
whether these changes persist or represent transient 
responses.

Moreover, because our findings are based on rela-
tive abundance profiles from amplicon sequencing, the 
observed increases or decreases in specific taxa reflect 
compositional shifts rather than absolute changes in bac-
terial load. While the overall trends we report are robust, 
we acknowledge that the underlying mechanisms can-
not be fully resolved without absolute quantification of 
bacterial load (e.g., qPCR). Future studies incorporating 
extended time courses, multiple immune markers, abso-
lute microbial quantification, and experimental manip-
ulation of specific microbial taxa will be essential to 
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establish the sequentiality of functional changes underly-
ing the host regulation strategy by DWV.

Despite these constraints, our results add a new piece 
of information to the complex network of functional 
interactions underlying the multifactorial regulation of 
honey bee health. Over the years, we have progressively 
integrated experimental evidence to refine a physiological 
model of honey bee immunosuppression by stress agents. 
Our previous studies first identified deformed wing virus 
(DWV) as a key driver of immunosuppression, a syn-
drome characterized by impaired NF-κB signaling [41]. 
This effect is further exacerbated by Varroa destructor 
infestation [17, 31, 101] and neonicotinoid insecticides 
[44, 102]. These findings underscore that any stressor 
engaging NF-κB, a central regulator of stress response, 
amplifies virus-induced immunosuppression. However, 
the precise mechanism by which DWV initiates and 
regulates this immunosuppressive state remains unclear. 
One possible mechanism of immunosuppression is medi-
ated by the alteration of honey bees energy metabolism. 
Indeed, DWV coopts energy-related enzymes, particu-
larly arginine kinase [103], likely impacting ATP turn-
over and possibly antiviral response mediated by KATP 
channels [104], although experimental validation is still 
required. This additional work, along with the research 
needs outlined above will help to clarify the directionality 
of the host regulation strategy: whether DWV infection 
actively drives gut dysbiosis, via immune system disrup-
tion, or whether the observed immunosuppression is the 
result of the gut dysbiosis.

In this study, we provide new insights on the impact 
of DWV infection on the gut microbiota, demonstrat-
ing that viral infection induces dysbiosis, a pattern com-
monly associated with immunosuppression and disease 
progression, as observed in other animal pathogens [105]. 
Furthermore, DWV-induced gut dysbiosis is expected 
to influence honey bee neurophysiology and behavior, 
given the emerging functional link between microbial 
metabolites, such as short-chain fatty acids produced by 
Firmicutes, and brain function [106, 107]. This mecha-
nistic insight provides a strong rationale for the reported 
alleviation of viral infections through probiotic supple-
mentation [66], as gut microbiota and systemic immunity 
are mutually regulated [50, 51]. These findings contribute 
to an emerging integrative framework, in which to place 
in-depth mechanistic studies required to develop more 
effective and targeted strategies to protect honey bee 
health.

Methods
Experimental design
Biological material
The honey bees used in this study were collected from 
A. mellifera colonies maintained at experimental apiary 

of the Department of Agricultural Sciences, University 
of Naples “Federico II”. Colonies were regularly moni-
tored for evaluating overall health conditions and treated 
against Varroa mites. The strength of bee colonies was 
estimated by checking the presence of an abundant pop-
ulation and provisions. All experiments were conducted 
during the warm season, from April to October.

Field observations
To investigate the relationships between DWV infec-
tion and the GM under natural conditions, two different 
sets of observations were carried out by collecting nurse 
bees, which are involved in maintaining the character-
istic microbial community of the whole colony through 
constant contact with brood and trophallaxys [52]. Nurse 
bees, typically 4–12 days old [74, 75], were identified 
by observing their activity of nursing immatures on the 
frame. Asymptomatic individuals were collected by using 
a plastic tube and transported in a thermic bag. In the 
laboratory, they were immobilized by chilling, transferred 
in individual microcentrifuge tubes and stored at -20 °C.

In the first set of observations we collected 58 nurse 
bees from a single hive on a single date (July 2019), and 
quantified their DWV loads by RT-qPCR. Then, to assess 
if different infection levels are associated with differ-
ent gut communities, we compared 16S profiles of the 
two extremes of our population, in terms of viral load: 
bees with lowest (< 1 DWV copies/ng; n = 7; “low”;) 
and highest (> 105 DWV copies/ng; n = 7; “high”) DWV 
titer. Notably, a threshold of 10⁵ copies/ng RNA in the 
qPCR assay corresponds to approximately 10⁸ viral cop-
ies per bee, which is considered a severe systemic infec-
tion in the literature and is associated with behavioral 
and immune alterations [17, 108–110]. In a second set 
of observations, 42 nurse bees were collected from two 
hives showing similar conditions of strength and provi-
sions, in two sampling dates (9th June 2020 and 30th 
July 2020). In this case we followed a different strategy to 
assess if DWV is a possible contributor of gut community 
alterations: rather than labelling samples depending on 
their DWV load, we performed a hierarchical clustering 
based on β-diversity and then we compared viral loads 
between the clusters.

Laboratory experiments
To experimentally verify the possible effect of DWV 
infection on GM, we artificially infected newly emerged 
bees and maintained them under controlled conditions. 
To obtain adult bees, brood frames from a colony with no 
signs of DWV infection were brought into the laboratory 
and incubated in a dark chamber at 32 °C and 60% rela-
tive humidity overnight, from which bees eclosed natu-
rally. Sampling dates are indicated in Table S4. Newly 
emerged bees were injected with a DWV lysate obtained 
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as described elsewhere [111]. Briefly, adult bees with 
symptomatic DWV infection (i.e. crippled wings) were 
homogenized in 500 µL 1X PBS in 1.5 mL microcentri-
fuge tubes. Tubes were centrifuged at 14,000 g for 10 min 
at 4°C and supernatant was clarified by adding an equal 
volume of chloroform. Samples were vortexed for 30 s, 
centrifuged at 10,000 g for 10 min at 4°C and superna-
tants were filtered through 0.22 μm sterile syringe filters 
(VWR, Radnor, Pennsylvania, USA). Lysates were stored 
in 40% glycerol at -80 °C until use. RNA isolated from a 
subsample of the viral lysates were evaluated for DWV 
load by qRT-PCR, as described below, and for the pres-
ence of other common bee viruses by PCR, as described 
elsewhere [112]. Newly emerged bees were cold-anes-
thetized at -20 °C for 3 min and then either injected (or 
not) with 2.5 µL of 1X PBS containing 104 DWV copies 
(or nothing), under a stereomicroscope (SteREO Discov-
ery V8, Zeiss, Jena, Germany). Viral lysates were injected 
between 4th and 5ft abdominal segments by using a bev-
eled 33G NanoFil needle (NF33BV-2) mounted on a 10 
µL NanoFil syringe (World Precision Instruments, Berlin, 
Germany). By one minute after injection, each bee was 
manually fed with 5 µL of honey bee gut homogenate, 
using a micropipette, to establish the characteristic gut 
community, as described elsewhere [50, 52, 66]. Briefly, 
to obtain freshly prepared gut homogenates, whole guts, 
dissected from four nurse bees, were homogenized in 
500 µL 1X PBS and diluted 1:1 with 50% filtered sucrose/
water solution. DWV-injected and control (PBS-injected 
or non-injected) bees were confined in separate dispos-
able plastic cages (28 × 11 × 11 cm) and provided with 
pollen paste (90% w/w fresh corbicular pollen with water) 
and 50% filtered sucrose/water solution (w/v) ad libitum, 
inside an incubator at the abovementioned conditions. 
After 5 days, experimental bees were sampled and stored 
at -80 °C until dissection. The experiment was repeated 
three times: in the first we used non-injected bees as con-
trols; in the second, we used PBS-injected bees as con-
trols; in the third, we used PBS-injected bees as controls 
and collected the frame from a colony infested by Hafnia 
alvei, to score the effect of DWV under co-infection by an 
opportunistic gut pathogen. To detect colonies infected 
by H. alvei, we used specific PCR primers [113] on DNA 
extracted from a group of 20 hive bees. Adult bees used 
for the H. alvei experiment emerged with a high load of 
H. alvei, quantified through qPCR (Ct < 30) using a pro-
tocol described elsewhere [49].

Molecular analyses
Gut dissection and nucleic acids isolation
Sampled bees were pinned to a piece of styrophor with 
entomology pins and their abdomen was ventrally and 
sagittally cut using microforceps. The whole intestinal 
tract including crop, midgut, hindgut, and malpighian 

tubules was carefully removed using sterile forceps. Each 
gut sample was homogenized in 250µL of CTAB buffer 
(0.1 M Tris-HCl, pH 8; 1.4 M NaCl; 0.02 M EDTA, pH 
8; 2% CTAB, w/v, 0.25% DTT, v/v, 50 µg/mL proteinase 
K) with a sterile plastic pestle and DNA was isolated as 
described elsewhere [114]. For each batch of DNA iso-
lation, negative controls were performed to monitor 
for reagent and environmental contaminations: plastic 
pestles were immersed in the CTAB buffer without gut 
tissues, and samples were processed for DNA extraction 
as indicated above. The rest of the body of each bee (car-
cass) was individually placed in 250µL of TRIzol reagent 
(Thermo Fisher Scientific, Waltham, MA, USA) to iso-
late RNA, according to the manufacturer’s instructions, 
for DWV quantification and gene expression analysis. 
The quantity and the quality of DNA and total RNA 
were assessed using Varioskan Flash spectrophotometer 
(Thermo Fisher Scientific).

Quantitative PCR to assess DWV loads and dorsal-1 A 
expression
The quantification of DWV genome copies in honey bee 
carcasses was performed using the Power SYBR Green 
RNA-to-Ct 1-Step Kit (Applied Biosystems) as described 
elsewhere [44]. All primers used are shown in Table S2. 
Titers of DWV-A and DWV-B were determined by relat-
ing the Ct values of unknown samples to an established 
standard curve. Each standard curve (Supplementary File 
2) was established by plotting the logarithm of 10-fold 
dilutions of a starting solution containing 0.01 ng of 
purified PCR product (PureLink PCR Purification Kit, 
Thermo Fisher Scientific), against the corresponding Ct 
value as the average of three repetitions. Standard curves 
were constructed by using seven to ten dilution points 
per target (DWV-A, DWV-B), and the limit of detection 
corresponded to values of about 102 copies. The PCR effi-
ciency was calculated based on the slope and coefficient 
of correlation (R2) of the standard curve, according to the 
following formula: E = 10(−1/slope) − 1 (Table S3). DWV 
load was expressed as viral genome copies per nanogram 
of total RNA. Annealing temperature were set at 60 °C 
and 55 °C for DWV-A and DWV-B, respectively. A subset 
of the RNA samples extracted from carcasses of injected 
bees were tested for the presence of common honey bee 
viruses by PCR, including ABPV, CBPV, BQCV, KBV, 
SBV and DWV, as described elsewhere [112]. The results 
did not show any pathogenic viruses other than DWV.

Differential relative expression of dorsal-1 A was mea-
sured by one-step qRT-PCR, using the Power SYBR 
Green RNA-to-Ct 1-Step Kit (Applied Biosystems, Carls-
bad, CA, USA), according to the manufacturer’s instruc-
tions. Each reaction was prepared in 20 µL and contained 
10 µL qRT-PCR mix 2X, 100 nM of forward and reverse 
primers, 0.16 µL of 125X RT enzyme mix, DEPC treated 
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water and 50 ng of total RNA. All samples were ana-
lyzed in duplicate on a Step One Real Time PCR System 
(Applied Biosystems). β- actin was used as endogenous 
control for RNA loading. Relative gene expression data 
were analyzed using the ∆∆Ct method [115]. For vali-
dation of the ∆∆Ct method, the difference between the 
Ct value of the target and the Ct value of β-actin tran-
scripts [∆Ct = Ct(dorsal-1 A)-Ct (β-actin)] was plotted 
versus the log of ten-fold serial dilutions (100, 10, 1, 0.1 
and 0.01 ng) of the purified RNA samples. The plot of log 
total RNA input versus ∆Ct displayed a slope less than 
0.1, indicating that the efficiencies of the two amplicons 
were approximately equal. The relative expression of dor-
sal-1 A in the control group was used as calibrator (rela-
tive expression = 1). The results are presented as mean 
fold changes.

16S rRNA sequencing and taxonomic annotation
The V3-V4 hypervariable region of the bacterial 16S 
rRNA gene was amplified using fusion primers with 
partial Illumina adaptors. The universal bacterial 341 F 
forward primer (5′-CCTACGGGNGGCWGCAG) and 
the 785R reverse primer (5′-GACTACHVGGGTATC-
TAATCC) were used. PCR reactions, library prepara-
tion and sequencing were performed by IGATech (Udine, 
Italy). Amplicons were paired-end sequenced (2 × 250 
bp) on an Illumina NovaSeq 6000 platform using stan-
dard protocols. Raw fastq files were processed using the 
the QIIME2 platform [116]. The field conditions and arti-
ficial infection experiments were denoised and taxonom-
ically annotated separately. For denoising and estimation 
of amplicon sequence variants (ASVs) in each samples, 
we used DADA2 algorithm [117] through QIIME2. Prim-
ers were trimmed while forward and reverse reads were 
not truncated. After training the naïve Bayes classifi-
ers on SILVA reference sequences (SILVA release 138.1) 
[118], trimmed for the amplified region, the fit-classifier-
sklearn method [119] was employed for the taxonomic 
annotation of the ASVs (confidence = 0.95).

Bioinformatic and statistical analyses
Diversity metrics and differential abundance
Subsequently, the ASVs assigned to mitochondria and 
chloroplasts were excluded, as well as the ASVs belonging 
to the most abundant genera identified in negative con-
trols (pestle samples), including human/contaminants-
associated taxa such as uncultured Caulobacteraceae, 
Burkholderiaceae, Sphingomonadaceae, Microbacte-
riaceae, Cutibacterium, Nevskia, Variovorax, Ralstonia, 
Staphylococcus. Subsequent analyses were performed 
using R packages ‘phyloseq’ and ‘vegan’. Samples with 
less than 30,000 reads were excluded from the dataset. 
To plot relative abundances at class level, only taxa with 
more than 1% abundance in at least one sample were 

retained. Rarefaction curves were plotted (Fig. S5) to 
identify the optimal amount of reads to rarefy ASV tables 
(Table S4). Rarefied ASV tables were used as input for α- 
and β-diversity analyses. For α-diversity, we calculated 
the (Gini-) Simpson index using the ‘estimate_richness’ 
function, while for β-diversity we performed a principal 
coordinates analysis based on Bray-Curtis dissimilarity, 
using the ‘ordinate’ and ‘distance’ functions from ‘phy-
loseq’ package. To perform hierarchical clustering of 
samples based on community composition (Bray-Curtis 
distance), we used ‘hclust’ function with Ward’s cluster-
ing algorithm [120]. Dendrograms were plotted using 
‘ggdendro’ and ‘ggplot’ packages. To identify differentially 
abundant (DA) taxa, we used ANCOM-BC [121] with a 
significance thresholds of P < 0.05. To perform ANCOM-
BC, rarefied table was used as input.

Dysbiosis index
The genera Bartonella and Lactobacillus identified as dif-
ferentially abundant in the second field-collection experi-
ment, were selected to test their correlation with DWV 
load, using Spearman’s rank correlation. Significant cor-
relations (positive for Bartonella, negative for Lactoba-
cillus) were incorporated in a Dysbiosis Index (DI), to 
describe the dysbiotic status of each bees with a single 
value [94]. DI was calculated as the log ratio of geometric 
means of taxon absolute abundances that were positively 
correlated with DWV load (having P < 0.05 and r > 0) 
over taxa that were negatively correlated with DWV load 
(having P < 0.05 and r < 0).

	
DI = log10

(
n
√

x1 x2 . . . xn

m
√

y1 y2 . . . ym

)
,

where each x denotes read counts for taxa positively cor-
related with DWV load and n is the total number of such 
taxa, whereas each y denotes read counts for taxa nega-
tively correlated with DWV load and m is the total num-
ber of these taxa. Taxon read counts were used with an 
added pseudocount of 1, to accommodate the geometric 
mean by removing zeroes.

Statistical analyses
To analyze correlation between DWV infection and dor-
sal-1 A expression we used Spearman’s rank correlation. 
Wilcoxon-test was used to test differences in α-diversity 
metric (inverse Simpson index), relative abundances 
(after centered log-ratio scale transformation) and DWV 
load of DWV-injected and non-injected bees. Student’s 
t-test was used to analyze the effect of artificial infection 
on the expression of dorsal-1 A. The assumption of nor-
mal distribution of data was tested and met via Shapiro-
Wilk test. Each dataset was checked for homoscedasticity 
using Levene’s test. Community differences were verified 
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by permutational multivariate analysis of variance (PER-
MANOVA), using the ‘adonis2’ package. Pearson’s Chi-
squared test with Yates’ continuity correction was used 
to assess if the main clusters identified by hierarchical 
clustering were associated with different hives or sam-
pling dates. All statistical analyses were performed using 
R software, version 4.0.3.
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