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Pathogen spillover is a major threat to biodiversity. Insect pollinators, important providers of the ecosystem
service of pollination that are in global decline, are no exception to this threat, with mounting evidence of
pathogen spillover from managed into wild bee species in temperate regions. The phenomenon is likely global in
scope, though poorly documented, and its consequences for recipient species are largely unknown. To address
these knowledge gaps, we investigated viral spillover in the neotropics from the honey bee (Apis mellifera), where
it is a managed and invasive species, into native stingless bees, a biodiverse taxon of pollinators. We furthermore
exposed stingless bees to honey bee viruses to test for their impact on host survival. High viral prevalence in
honey bees and low prevalence of identical viral haplotypes in stingless bees supports ongoing spillover from
managed to native species. The survival of native stingless bees was reduced when inoculated with virus by
feeding, a plausible route of natural infection. We conclude that viral spillover from managed to wild insect
pollinators is likely a global phenomenon and poses a serious threat worldwide to native insect species. If
negative impacts are detected in the field, conservation management needs to be developed to reduce spillover,

including better control of pathogens in managed species and legislation on their movement.

1. Introduction

Pathogen spillover is a major threat to wild and domestic animals
and human well-being (Daszak, 2000). A case in point is the recent
Covid-19 pandemic in which the SARS-CoV-2 virus jumped from a wild
host into the human population in late 2019 (Li et al., 2021). Insect
pollinators are not exempt from the threat of pathogen spillover. Of the
major causes of pollinator decline, including global change phenomena
such as climate change, intensification in land use, reduced habitat and
resource availability and pesticide misuse, a widely acknowledged
though poorly investigated factor is pathogen spillover (Dicks et al.,
2021; Potts et al., 2016). Given the importance of insect pollinators for
the ecosystem service of pollination and crop production (Klein et al.,
2007) yet their ongoing decline (Potts et al., 2016), including the
worldwide decline in wild bee species (Zattara and Aizen, 2021), there is
a pressing need to understand the extent to which pathogen spillover
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contributes to insect pollinator decline.

Managed species may be reservoir hosts and a source of pathogens
that jump between species e.g. the rinderpest virus in cattle that infected
wild African ruminants in the late 19th and 20th Centuries (Kock et al.,
1999). Among temperate region insect pollinators, pathogen spillover
from managed to wild bumble bees (Bombus spp.) has been well docu-
mented; protozoan pathogens spill over from managed to native Bombus
impatiens Cresson in North America (Colla et al., 2006), from managed to
native Bombus terrestris L. in Europe (Murray et al., 2013) and from the
managed, exotic B. terrestris to native Bombus spp. in South America
(Schmid-Hempel et al., 2014).

The western honey bee (Apis mellifera L.) is also thought to be a
reservoir host and major source of pathogens, particularly RNA viruses,
to which wild non-Apis bee species are exposed (Tehel et al., 2016). Apis
mellifera dominates as a managed flower-visitor in diverse agricultural
and semi-natural terrestrial biomes in temperate and tropical regions
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(Hung et al., 2018). At the same time, its populations throughout the
world harbour many RNA viruses (Beaurepaire et al., 2020), of which
deformed wing virus (DWV) is considered an emerging infectious dis-
ease (Martin et al., 2012; Wilfert et al., 2016). In temperate regions, RNA
viruses of A. mellifera, including DWV, have been found in wild bumble
bee species (Bombus spp.) in both North America (Alger et al., 2019),
South America (e.g. Bravi et al., 2019; Gamboa et al., 2015; Reynaldi
et al., 2013) and Europe (Fiirst et al., 2014; McMahon et al., 2015), and
in wild solitary bee species of Eurasia (Radzeviciute et al., 2017). Sup-
port for spillover comes from the higher viral prevalence in honey bees
than in wild bees at the same field site, where both host taxa share the
same viral variant (Fiirst et al., 2014; McMahon et al., 2015;
Radzeviciute et al., 2017). Given that A. mellifera is the world’s most
numerous managed insect pollinator (Osterman et al., 2021), pathogen
spillover from it to wild bee species is likely a global phenomenon,
including in the tropics, where spillover has received scant attention.

The tropics contain a rich diversity of eusocial stingless bee species
(Hymenoptera: Apidae: Meliponini) that are important native pollina-
tors with >390 spp. in the neotropics alone (Michener, 2007; Quezada-
Euan, 2018). Their populations are considered to be threatened by a
variety of factors impacting bee species in temperate regions, including
pathogens (Quezada-Euan et al., 2022; Toledo-Hernandez et al., 2022).
Honey bee-associated viruses, including DWV, have been detected in
stingless bees of Latin America e.g. Argentina (Alvarez et al., 2018),
Brazil (de Souza et al., 2019; Guimaraes-Cestaro et al., 2020; Ueira-
Vieira et al., 2015) and Mexico (Guzman-Novoa et al., 2016; Morfin
et al., 2021), supporting the idea that also in the tropics virus spills over
from A. mellifera to stingless bees. Following the emergence of DWV in
(tropical) Hawaii’s European managed honey bees in 2007 after they
became infested with the ectoparasitic Varroa destructor mite (Martin
et al., 2012), DWV was detected in native Hawaiian insects such as ants
and wasps associated with honey bee apiaries (Brettell et al., 2020). As
European honey bees are particularly susceptible to V. destructor, which
is a vector for numerous viruses such as DWV (Yanez et al., 2020), it is
unclear whether viral spillover observed in Hawaii occurs in other
tropical regions where A. mellifera is native (Africa) or an exotic invasive
(the neotropics, where it is termed Africanized) and is not so susceptible
to V. destructor (Traynor et al.,, 2020). Pathogen spillover from
A. mellifera may therefore be not only a temperate region problem but
also potentially one of global extent.

Invasive species may be a source of particularly pernicious pathogens
that mediate displacement of native species ahead of competition for
resources or habitat, particularly when the invasive is an exotic species,
as are Africanized honey bees in the neotropics, because native species
are naive to the invasive’s pathogens. Examples include the decline of
the South American native bumble bee Bombus dahlbomii Guérin-
Meéneville, attributed to the introduction and spread through Chile and
Argentina of the Eurasian bumble bee B. terrestris and its protozoan
pathogens (Schmid-Hempel et al., 2014). Whilst there is growing evi-
dence for pathogen spillover from honey bees to other insects, the
subsequent effects of viral spillover on native, non-Apis insect pollina-
tors are less well characterised. Earlier studies in Europe using native
honey bees and Bombus spp. demonstrated that inoculation with DWV
leads to reduced survival of B. terrestris (Fiirst et al., 2014; Graystock
et al., 2016), though subsequent experiments in the laboratory and the
field have suggested limited impact of honey bee viruses on commer-
cially sourced B. terrestris (Tehel et al., 2022; Streicher et al., 2022). We
lack studies on the impact of viral spillover on populations of wild non-
Apis bee species from tropical regions, where honey bees and wild bees
also share floral resources and spillover is likely to be prevalent and
where, for the neotropics, A. mellifera is an exotic invasive species.

Here, in the first test of the extent and impact of viral spillover from
A. mellifera to non-Apis insect pollinators in the tropics, we evaluated the
prevalence of so-called honey bee RNA viruses in A. mellifera and a
native stingless bee, Melipona beecheeii Bennett, using a structured sur-
vey across the neotropical Yucatan Peninsula of Mexico. In laboratory
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experiments we then tested for potential negative impacts of these RNA
viruses on this emblematic stingless bee species. Our results have im-
plications for the global reach of pathogen spillover from honey bees
among communities of insect pollinators.

2. Material and methods
2.1. Field locations and sampling

Sampling of bees was carried out from January to April 2019 during
the flowering season at 12 locations (SM Table S1) in the Yucatan
Peninsula, Mexico (Fig. 1). We chose locations with meliponaries,
traditional places where M. beecheii and other stingless bee colonies are
managed for bee conservation and the production of bee products.
Honey bees are widely distributed and are essentially found everywhere
at high density (Moritz et al., 2013), both as managed colonies in bee-
hives as well as feral colonies in natural cavities. Sampling locations
were >15 km apart from one another to ensure independence, given the
typical foraging ranges of 2-5 km for honey bees and, based on its
similar body size, M. beecheii (Greenleaf et al., 2007). Full details of
sampling are in the Supplementary Methods (and see SM Fig. S1).

2.2. RNA extraction, virus detection, and absolute quantification

We screened bees for acute bee paralysis virus (ABPV), black queen
cell virus (BQCV), DWV (genotypes A and B), sacbrood virus (SBV) and
slow bee paralysis virus (SBPV). These RNA viruses have a worldwide
distribution in A. mellifera (Beaurepaire et al., 2020), suggesting the
western honey bee is their reservoir host. Many of them have been
detected in Africanized A. mellifera from South America (Tibata et al.,
2021).

RNA extraction, viral detection and absolute viral quantification by
qPCR were performed on individual bees using standard methods
developed for honey bees (De Miranda et al., 2013) and following Tehel
et al. (2019). We randomly selected 10 M. beecheii bees (total n = 120)
and ca. 10 honey bees (total n = 114) per location for viral screening. As
quality controls, we included technical duplicate qPCRs to confirm viral
presence, inclusion of positive and negative controls on every 96-well
gPCR plate, amplification of a bee species-specific reference gene to
confirm successful RNA extraction and cDNA synthesis, a melt curve
analysis at the end of each qPCR to ensure the correct product had been
amplified, and a dilution series of a qPCR product for absolute quanti-
fication of viral titre. Full details are provided in the SM.

2.3. Sequencing of BQCYV to test for host specificity

To check the genetic identity of BQCV, the most prevalent virus (see
results), we cloned and Sanger sequenced a viral fragment (294 bp) from
bees that were qPCR positive for this virus from seven locations (for
methods, see SM), comprising in total 48 unique BQCV amplicons
derived from 11 honey bees and 13 M. beecheii adults. All amplicons
corresponded to the BQCV reference sequence (NC_003784) with >98 %
identity. To determine if the same viral variant was shared by host
species and across the seven locations, we constructed Median-Joining
haplotype networks in PopART v1.7 (Leigh and Bryant, 2015). Due to
the low number of M. beecheii infected with DWV-A (N = 2 bees) and the
absence of DWV-B in M. beecheii, we did not perform the same analysis
for these viruses.

2.4. Viral impact on M. beecheii

To test the virulence of the three prevalent viruses in Yucatecan
honey bees (BQCV, DWV-A and DWV-B; see results) in M. beecheii, we
performed a viral exposure experiment using the pure viral inocula of
Tehel et al. (2019) that were derived from honey bees (see SM).
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Fig. 1. BQCV prevalence by location in the Yucatan Peninsula. Location codes: 1. UADY, 2. Maxcand, 3. Hocaba, 4. Polyuc, 5. Calkini, 6. Espita, 7. Mama, 8. Felipe

Carrillo Puerto, 9. Bacalar, 10. Tihosuco, 11. Hopelchén and 12. Calakmul.

2.4.1. Testing the competence of M. beecheii to support viral replication

To evaluate whether M. beecheii is a competent host for BQCV, DWV-
A and DWV-B derived from honey bees, we removed white-eyed pupae
from five colonies of M. beecheii housed in a traditional meliponary at
the Autonomous University of Yucatan and transferred them to a CT
chamber (32 °C, 70 % RH). We then injected 1 pl of 10° viral GEs into the
abdomens of white-eyed M. beecheii pupae (15 pupae per virus) and
included a control group (n = 15 pupae) injected with 1 pl of 0.5 M cold
PPB (pH 8.0). After five days, pupae from all three treatments and
control were collected individually in vials and stored at —80 °C for
subsequent measurement of viral titre. Injections were performed as
described for honey bee pupae (see SM).

2.4.2. Experimental viral inoculation by feeding M. beecheii adult worker
bees

To determine the impact of viral inocula on M. beecheii worker bees,
simulating viral spillover in the field at flowers, brood combs from five
M. beecheii colonies were stored under the same environmental condi-
tions as white-eyed pupae in the laboratory (32 °C, 70 % RH) until
worker emergence. Newly emerged M. beecheii worker bees (within 24 h
of emergence) were starved individually in 1.5 ml vials for 1 h. Each bee
was then individually fed with 10 pl of a viral inoculum consisting of 1 pl
of 108 viral genomes equivalents (GEs) of either DWV-A or DWV-B, or
10° viral GEs of BQCV mixed with 9 pl of sucrose solution (50 % w/v).
Viral doses were chosen to reflect viral loads detected in bees in the field
in this study (BQCV: 10° - 107 GEs; DWV-A: 10% - 10® GEs; see Results
below) and by Alger et al. (2019) in bumble bees in the USA (BQCV:
10°-108 GEs; DWV: 10*-10° GEs) whilst ensuring that the dose was

sufficient for 100 % of bees to become infected (for a honey bee inoc-
ulated with BQCV, DWV-A and DWV-B: 107 GEs; for a bumble bee
inoculated with BQCV, DWV-A and DWV-B: 10° GEs; see Tehel et al.,
2020). Bees that did not consume the entire 10 pl inoculum were
rejected. After individual feeding, bees were observed to ensure they did
not regurgitate the inoculum and then transferred in groups of 10 bees
per treatment to plastic cages (15 cages per treatment) with a removable
base, multiple ventilation holes, and ad libitum access to two vials
containing a 50 % w/v sucrose solution (Evans et al., 2009) to record
mortality. Control bees were fed with 10 pl of sucrose solution (50 % w/
v). Though inoculations were undertaken across 7 days, an equal num-
ber of bees was inoculated for all four treatments on any one day and by
the same person. The survival of adult M. beecheii was recorded for 24
days, by which time all bees had died.

To identify changes in viral load of inoculated bees over time, we
removed one bee per cage at three time points (two, four, and six days)
post-inoculation (d.p.i) to quantify viral titre in control and all viral
treatment groups. Before processing, bees were stored individually at
—80 °C to avoid RNA degradation. Eight bees per treatment (including
the control) and time point were then processed for RNA extraction,
cDNA synthesis, virus screening and absolute viral quantification by
qPCR, as described above (n = 24 bees per virus and n = 72 control
bees). None of the bees from our control treatment showed a viral signal
by qPCR strongly suggesting that all freshly emerged M. beecheii were
devoid of virus.

Ethical approvals were not required for experiments on insects in
Germany or Mexico. The insects used in Germany (honey bees) and in
Mexico (honey bees, Melipona beecheii) are not under conservation
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protection because they are managed.

2.5. Statistical analyses

All analyses were performed in R v. 4.1.3 (R Core Team). Model
assumptions were checked using the R package “DHARMa” (Hartig,
2020) and were found to conform to expectations (residuals were nor-
mally distributed and homogeneity of variances was observed).

To test whether viral prevalence varied across host species, we used
generalized linear mixed models (GLMMs) with binomial error struc-
ture. Species identity was used as a fixed factor and sampling location
was included as a random factor. To investigate whether pathogen
prevalence in M. beecheii was related to pathogen prevalence in honey
bees at the same locality, we also used GLMMs with binomial error
structure in which honey bee pathogen prevalence was used as a fixed
effect and sampling location was included as a random factor. The an-
alyses were implemented using the function glmer within the R package
Ime4 (Bates et al., 2015). Differences in viral titre between honey bees
and M. beecheii were also investigated using GLMMs with a Poisson error
structure using Ime4. GLMMs were performed for each virus separately.

Survival analysis of adult M. beecheii after oral virus exposure was
performed with a Cox proportional hazards model using the R package
coxme (Therneau et al., 2003). Experimental treatment (control, BQCV,
DWV-A or DWV-B) was used as a fixed factor and cage as a random
factor. To test for differences between experimental treatments, Tukey
post-hoc tests were implemented with the R package multcomp (Hothorn
et al., 2008), adjusting the family-wise error rate. For each virus, dif-
ferences in viral titre across time of experimentally inoculated bees were
investigated with a GLMM with a Poisson error structure and ‘cage’ as a
random factor.

3. Results

3.1. RNA viruses in honey bees and stingless bees in the Yucatan
Peninsula

Three of the six screened RNA viral targets were detected in honey
bees: BQCV, DWV-A and DWV-B. In A. mellifera the most prevalent was
BQCV at 80 % (91 of 114 bees), and was detected at all 12 locations
(Fig. 1), followed by DWV-A at 13 % (14 of 114 bees) detected at nine
locations (SM Fig. S2), then DWV-B at 2 % (2 of 114 bees) at two lo-
cations (SM Fig. S3).

In M. beecheii, we detected BQCV (prevalence 15 %, 19 of 120 bees)
at 7 locations (Fig. 1) thought DWV-A at only one location (prevalence 1
%, 1 of 120 bees; SM Fig, S2). These are far lower average prevalence
than in honey bees (BQCV: GLMM, z = —3.08; Tukey’s HSD, p = 0.001;
DWV-A: y3 = 12.76 p = 0.001; Fig. 2,). We note one exceptional location
(location 9, Bacalar) at which the prevalence of BQCV in M. beecheii was
higher (60 %) than in A. mellifera (10 %, Fig. 1). DWV-B was not detected
in M. beecheii (SM Figs. S2 & S3).
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Across locations, the prevalence of BQCV in M. beecheii was unre-
lated to that in honey bees (GLMM, 37 = 2.55 p = 0.11; SM Fig. S4).

BQCV viral titres were significantly higher in qPCR-positive honey
bees (n = 91; median 10°, range 10°-107 GEs per bee) compared to
gPCR-positive M. beecheii (n = 19; median 10, range 102-10° GEs per
bee) (GLMM, X% = 349 p = 0.001; SM Fig. S5). DWV-A viral titres in
qPCR-positive honey bees were quite variable (102-10% GEs, n = 14).
The only M. beecheii sample qPCR-positive for DWV-A had a titre of 10°
GEs. The viral titres of the two honey bees infected with DWV-B were
low, and at the threshold of detection (~10° GEs).

3.2. BQCV sequences analysis

Haplotype network analysis of BQCV revealed two main clusters
(Fig. 3), one shared by A. mellifera and M. beecheii at the same locality
(SM Fig. S6) and one restricted to M. beecheii. The latter haplotype
cluster included M. beecheii isolates from locality Bacalar (locality 9), at
which the prevalence of BQCV in M. beecheii was also high (Fig. 1).
Coded by geographic origin, the haplotype network revealed that BQCV
variants from both clusters were widely distributed across two or all
three states of the Yucatan Peninsula (SM Fig. S7).

3.3. Experimental inoculation of RNA viruses in M. beecheii pupae

Injection of 10° GEs of BQCV, DWV-A or DWV-B into M. beecheii
pupae revealed that this stingless bee species is a competent host for all
three viral targets. Three to five days after viral injection, M. beecheii
pupae contained 6 x 10’ GEs BQCV, 107, DWV-A, and 6 x 10° DWV-B
(SM Fig. S8). Control M. beecheii pupae that were injected with buffer
were devoid of BQCV, DWV-A, DWV-B or other viruses (ABPV, SBV, and
SBPV), demonstrating that pupae were not infected at the start of this
infection experiment.

Q

1se

@ Apis melllifera
@ Melipona beecheii

Fig. 3. Median-Joining haplotype network of BQCV sequences from A. mellifera
(n = 11 bees) and M. beecheii (n = 13 bees) at seven locations. The size of the
circle representing a haplotype is proportional to the haplotype’s frequency.
Hatch marks indicate mutational steps and black dots represent infer-
red haplotypes.
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Fig. 2. Viral prevalence (BQCV, DWV-A and DWV-B) in M. beecheii and honey bees from the Yucatan Peninsula.
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3.4. Experimental inoculation of RNA viruses in M. beecheii adults

The survival of M. beecheii adults was significantly reduced when
experimentally fed with BQCV, DWV-A or DWV-B compared to control
bees (coxme, Xz = 43.47, df = 3 p < 0.001; Control vs. BQCV: Hazard
Ration (HR) 2.13, Control vs. DWV-A: HR 2.28, Control vs. DWV-B: HR
2.40; Fig. 4 and SM Table S4). The median survival of control bees was 7
days (95 % CIL: 6-8) versus 6 days for all viral treatments (BQCV, 6 +
6-8; DWV-A, 6 + 5-7; DWV-B, 6 + 5-7), maximum longevity was 23
days for control bees and 16-18 days for virus-inoculated bees (Fig. 4).
Melipona beecheii inoculated with virus by feeding had detectable titres
of the inoculum’s respective virus at two, four and six days post inoc-
ulation, which indicates a successful viral inoculation. Though viral ti-
tres decreased slightly over time (SM Fig. S9).

4. Discussion

Our study demonstrates that honey bee-associated RNA viruses are
found in neotropical stingless bees, likely due to spillover from honey
bees, and that these viruses may be harming their populations. BQCV
and DWV have a worldwide distribution in honey bees and have been
reported in honey bees and stingless bees from elsewhere in neotropical
Latin America (Ueira-Vieira et al., 2015; Guzman-Novoa et al., 2016),
suggesting that spillover of virus from managed or feral honey bees may
be as common a phenomenon in the tropics as in temperate regions,
potentially contributing to the decline of tropical non-Apis bees.

Our data support the notion that M. beecheii often acquires virus
through spillover from honey bees because the prevalence and titre of
BQCV and DWV-A in M. beecheii were generally lower than those in
honey bees at the same location. This pattern in viral prevalence and
titre is also seen in honey bees and Melipona colimana from the west of
Mexico (Morfin et al., 2021). Though the higher BQCV prevalence in
A. mellifera at 11 of 12 Yucatecan sites suggests that virus spillover is
predominantly from honey bees to stingless bees, we did not find a
statistically significant relationship between BQCV prevalence in honey
bees and M. beecheii across the Yucatan Peninsula, contrary to the
pattern seen in temperate regions between wild bees (bumble bees) and
honey bees (Fiirst et al., 2014; McMahon et al., 2015). Indeed, at one
Yucatecan location (number 9, Bacalar), BQCV prevalence was higher in
M. beecheii compared to honey bees. These data suggest more complex
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Fig. 4. Kaplan-Meier curves showing reduced survival of M. beecheii adult
worker bees exposed by feeding with BQCV, DWV-A and DWV-B; Cox propor-
tional hazard model, y* = 43.47, df = 3 p < 0.001; different lower case letters
following a treatment show significance of differences in survival (p < 0.05).
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pattern of viral sharing, with spillover from honey bees to M. beecheii
and onward transmission within M. beecheii.

Analysis of viral haplotypes support this more complex pattern of
viral spillover and onward transmission of BQCV within M. beecheii. On
the one hand, we found that one widespread BQCV haplotype was
shared among A. mellifera and M. beecheii, supporting a dominant role
for spillover from honey bees in driving the epidemiology of virus in
M. beecheii. Similar patterns of viral haplotype sharing between honey
bees and wild bee species have been recorded for DWV-A, DWV-B and
BQCV in Europe and Asia (Fiirst et al., 2014; Radzeviciute et al., 2017;
Manley et al., 2019), supporting ongoing sharing of virus by different
species at the same site. On the other hand, we also found a widespread
BQCYV haplotype that was apparently restricted to M. beecheii, suggesting
local adaptation of a BQCV variant in M. beecheii and its onward intra-
specific transmission.

Despite considerable support for spillover of virus from honey bees to
wild bee species (Fiirst et al., 2014; McMahon et al., 2015; Radzeviciute
etal., 2017; Alger et al., 2019), it is still an open question as to whether
RNA viruses associated with honey bees are detrimental to wild bees
populations. We now address this knowledge gap for an emblematic and
declining neotropical stingless bee species (Quezada-Eudn, 2018).
Firstly, we confirm that M. beecheii workers (pupae) are competent hosts
for BQCV, DWV-A, and DWV-B. These pathogens may well be generalist
insect viruses as they have also been shown to replicate readily in
bumble bees (Fiirst et al., 2014; Gusachenko et al., 2020; Tehel et al.,
2020). Secondly, and more importantly, we observed a negative impact
of virus on the survival of adult M. beecheii worker bees after oral
exposure, mimicking a realistic mode of viral transmission in the field at
flowers (Burnham et al., 2021). Our data suggest that viral spillover
from honey bees could have a negative impact on M. beecheii
populations.

Interspecific interactions at flower patches, whereby honey bees and
wild bees sequentially or simultaneously visit the same flower to collect
resources such as pollen and nectar, is considered a plausible scenario
for viral sharing among bee species (MicArt et al., 2014; Graystock et al.,
2015; Alger et al., 2019; Burnham et al., 2021; Dalmon et al., 2021).
Melipona beecheii and honey bees are very likely to visit the same flowers
in the Yucatan Peninsula because of the high density of managed honey
bees for honey production (Echazarreta et al., 1997) as well as the high
density of feral Africanized honey bee colonies (Quezada-Euan, 2007),
which would support floral transmission of virus.

On the other hand, as colonies of M. beecheii are often traditionally
managed, we do not discard other potential inter- or intraspecific routes
of transmission through human management. The use of honey bee
products in meliponiculture (Teixeira et al., 2020) and the indiscrimi-
nate transport of stingless bee species for commercial purposes (Que-
zada-Euan et al., 2022; Carvalho, 2022) could lead to viral spread within
and among stingless bees and other wild bee species. Future research
should focus on exploring these potential intraspecific and interspecific
routes of viral transmission whilst conservation policy should be aimed
at improving hygiene in stingless bee management and legislation on
colony movement. Improved disease control of honey bee colonies is
also likely to lower viral titres in managed A. mellifera and reduce
spillover, though we note that tropical A. mellifera largely survives as
unmanaged wild (Africa) or feral (neotropics) populations (Quezada-
Euan, 2007) that are not accessible to disease control measures.

The results of our research add support to a growing number of
studies demonstrating viral sharing and pathogen spillover among
honey bees and wild bees. Our evidence of a negative impact of honey
bee-associated RNA viruses on M. beecheii highlights the potential risk of
these pathogens for stingless bees, of which 15 species have been
considered for management worldwide (Osterman et al., 2021), and
other wild bee populations of the neotropics and elsewhere. Our results
also underscore the importance of further research using experimentally
controlled and field-realistic conditions to reveal the impact of spillover
pathogens on non-Apis bee species. Generating this information will
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contribute to the conservation and sustainable management of stingless
bees, valuable components of terrestrial biodiversity that contribute to
the health of tropical ecosystems as well as the economic and cultural
development of societies that depend on this important pollinator group.
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