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Deadly triangle: honey bees,
mites, and viruses
Zachary S. Lamas* and Jay D. Evans*

United States Department of Agriculture Agricultural Research Service (USDA-ARS) Bee Research
Laboratory, Beltsville, MD, United States
Honey bees are managed by humans on all continents except Antarctica, leading

to an exceptional database of colony growth and survival. Honey bee colony

losses in the United States are approximately 50% annually, and losses in other

countries range from 10% to 60%. These losses reflect chemical, climatic, and

nutritional stresses alongside immense pressure from diverse parasites and

pathogens. The combination of RNA viruses and parasitic mites that vector

these viruses plays a primary role in colony losses. Here, we discuss virus

infection with and without mite vectors, bee defenses, colony vulnerabilities,

and the roles of managed beekeeping in mitigating and aggravating the impacts

of Varroa mites and viral disease.
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1 Introduction

As a concentrated resource, honey bee colonies are beset by diverse parasites and

pathogens (Boncristiani et al., 2020). Among these, honey bee viruses are ancestral and are

maintained thanks to horizontal and vertical transmission routes inherent to crowded

social settings. Deformed wing virus (DWV) in the family Iflaviridae is a common virus in

honey bee colonies. DWV was named for developmental pathologies that can occur when

levels are high during the formation and differentiation of imaginal wing discs (de Miranda

and Genersch, 2010). Honey bees have evolved defenses that mitigate the effects of viral

transmission and fitness costs, including immune responses at the individual level

(Steinmann et al., 2015) and social traits such as hygienic removal of diseased nestmates

(Wagoner et al., 2019) and behavioral task shifts that minimize contact between bees most

prone to high infection and susceptible nestmates (Geffre et al., 2020). These defenses and

the entire system were greatly destabilized when the western honey bee, Apis mellifera, was

first parasitized by the ectoparasitic mite Varroa destructor roughly one century ago. At this

moment, the disease system transitioned from communicable infection transmitted host-

to-host to a complex vector-borne system where pathogens move freely among mites and

bees. With help from the beekeeping trade, Varroa mites have steadily moved across the

globe, catching up with A. mellifera in virtually every part of this host’s current range

(Chapman et al., 2023). The arrival and proliferation of Varroa in honey bee populations

almost inevitably leads to wide-scale colony losses and pathologies (Steinhauer et al., 2018).
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These losses reflect, in large part, the effective vectoring of DWV

among bees by Varroa (Bowen-Walker et al., 1999), a known factor

in colony mortality (e.g., Dainat et al., 2012). The spread of Varroa

as a novel vector has both increased DWV prevalence worldwide

and helped shape the evolution of different DWV variants (Martin

et al., 2012; Wilfert et al., 2016; Grindrod et al., 2021; Hasegawa

et al., 2023; Doublet et al., 2024). Here, we contrast the direct

impacts of Varroa mites while feeding on their hosts with the far

more damaging role these mites play as vectors of disease. We will

focus on the DWV group since this species is most prevalent and

impactful, resulting in abundant insightful research.
2 Individual disease

As an intracellular pathogen, DWV is, by definition, a disease of

individuals. Virus replication depends on host organelles and

proteins, and viral impacts happen at the individual level. While

wing pathologies are rare, honey bees emerging with overt DWV

infection show high viral loads in the brain and nervous tissues (Yue

and Genersch, 2005), while individual bees with covert infections

have been shown to have memory deficits (Tang et al., 2021),

reduced brood rearing (Zanni et al., 2018), and poor foraging

success (Benaets et al., 2017). Hosts also respond as individuals to

viral infection, mounting immune responses that likely play some

role in mitigating disease impacts (Brutscher et al., 2017). Similarly,

Varroa parasitism happens at the individual level, with mites

exerting a physiological cost on developing bees by damaging and

consuming tissues just below the bee cuticle (Ramsey et al., 2019),

and by consuming hemolymph of both developing and adult bees

(Han et al., 2024). As in viral responses, parasitized bees can mount

deterrents to mite feeding, including melanization of feeding sites,

although these deterrents themselves seem to be weakened by mite

saliva (Richards et al., 2011) and/or microbial allies (Kanbar and

Engels, 2005). DWV might itself be one such ally since DWV

presence could, at least conditionally, affect the abilities of bees to

mount cellular defenses at mite feeding sites (Gregory et al., 2005;

Yang and Cox-Foster, 2005; Fang et al., 2022). Interestingly, mites

with high levels of DWV kill their adult bee hosts quickly, while

similar feedings by mites with low viral loads impart a low relative

risk of death. The latter bees can develop infections and share

viruses while remaining asymptomatic (Lamas et al., 2023), putting

additional colony members at risk.
3 Colony dynamics and
communicable infection

Viral transmission between bees is complex, involving both

host-host and vector-borne transmission. DWV is transmitted

between bee hosts vertically and horizontally and is very much

driven by the social and reproductive systems of honey bee colonies.

DWV is transmitted vertically by queens to their offspring (Amiri

et al., 2018), potentially infecting hundreds of individual colony

members daily. The source of these transmitted viruses can be the

queen herself or her infected mates (Chen et al., 2006; Yue et al.,
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2007). Horizontal transmission occurs via behaviors ranging from

food sharing (Lamas et al., 2024b) to cannibalism of infected

nestmates (Posada-Florez et al., 2021). Finally, the shared

enclosed colony structure of honey bees can itself be a reservoir

of viruses and other pathogens (Schittny et al., 2020). All of these

transmission routes impact honey bees, but current research

suggests that their impacts on colony health pale in the face of

vector-driven transmission by parasitic Varroa mites.

Varroa parasitism has historically been studied as a phenomenon

of developing bees, with great attention paid to the invasion of brood

cells and parasitism of late-instar larvae and pupae. In fact, while

mites reproduce only on developing bees, the majority of host

contacts involve adult bees. Between reproductive bouts, Varroa are

mobile, actively switching from one adult host to another in order to

feed (Figure 1). Thus, the mite population in a colony is always

significantly lower than the number of parasitized bees (Lamas et al.,

2023). Varroa parasitism is not constant, seasonally shifting across

age and sex cohorts at the colony level (Lamas, 2022). Varroa form

highly aggregated distributions on adult male (drone) bees early in

the season. Co-infestation on bee hosts is an efficient strategy for

pathogen transfer between vectors, allowing naive mites to become

infectious vectors (Lamas et al., 2024b).

While drones are arguably a preferred food source, the more

numerous worker bees are better candidates for virus maintenance

within the colony. Maintenance hosts are important for pathogen

persistence, and such worker bees have been shown to harbor high

levels of DWV infection while remaining asymptomatic and

interactive with naive nestmates. Worker bees are excellent

candidates as maintenance hosts as they share nutrients, and

hence potentially viruses, with every life stage in the colony, from

larvae to adult workers, drones, and queens. Some worker hosts are

especially susceptible to virus infection, later acting as highly

infectious agents in their colony. These so-called super-spreaders

have a disproportionate impact on infection, and although they

appear as outliers, they are regular features of epidemics (Stein,

2011). Infectious hosts increase the risk of infection to susceptible

nestmates and the naive Varroa that feed upon them (Lamas et al.,

2024b). In laboratory assays, adult cannibals of infectious pupae

subsequently infect their nestmates and the mites that feed on these

newly infectious bees also become infectious (Posada-Florez et al.,

2021; Lamas et al., 2024b). Superspreaders may also present

themselves as vectors. In other vector-borne systems, the vector

biting rate is a key parameter in disease spread (Garrett-Jones and

Shidrawi, 1969). A small number of vectors will have a

disproportionate effect on disease transmission dynamics, as the

most frequent host switchers are more likely to acquire and then

transmit a pathogen (Cooper et al., 2019). Varroa exhibit similar

features as they rapidly move from one adult bee to another in order

to feed. On average, mites switch hosts once every two and a half

days, but a smaller number of mites switch at much higher

frequencies, parasitizing far more hosts than their slower

switching conspecifics (Lamas et al., 2023). Unlike most disease

systems, this triad between mites, bees, and viruses leads to an

intense combination of both vector-borne and social transmission.

Virus dynamics continue at the level of apiaries, which have

stocking densities ranging from one to hundreds of adjacent
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colonies. Within apiaries, bees tend to drift into adjacent colonies,

bringing their mites and/or viruses. Intriguingly, virus-infected bees

seem to be more readily accepted as drifters into adjacent colonies,

following changes in cuticular hydrocarbons that mask their ‘alien’

chemical profiles (Geffre et al., 2020). This is perhaps reflective of a

pathogen manipulation of its host. Even more potently, diseased

colonies in a state of weakness can be robbed by healthier colonies

for honey and pollen, at which point raiding colonies readily

acquire mites and/or viruses (Peck and Seeley, 2019). Bees living

in collapsing colonies also regularly disperse and seek entry into

distant colonies (Kulhanek et al., 2021).
4 Seasonal variation: the drone-to-
worker shift

Varroa are highly attracted to drones when they are plentiful

during the spring mating season. In fact, when drones are prevalent

inside a colony, the absolute parasite burden is high on drones and

low on workers. While drones attract this parasitism within their

colony, they are unlikely candidates to infect their worker nestmates

with viruses since they do not engage in colony maintenance tasks

and receive but do not provide food donations during trophallactic

events. Infected drones nonetheless pose a risk to the community of

colonies surrounding them through their mating.

Honey bee colonies reproduce by fissioning in the spring and

early summer, expelling the existing queen with more than half of

the workforce while raising replacement queens who will mate on

the wing with multiple drones. Drone production peaks in spring in

preparation for these fission events. Given the great attractiveness of

developing and adult drones to mites, drones are hotbeds of viral

infection and hence excellent candidates for vertical transmission of

DWV during mating (Amiri et al., 2016). Queens that harbor
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infectious levels of DWV in their ovaries lay eggs coated with

high levels of DWV, potentially abetting the long-term persistence

of the virus through numerous rounds of egg production (Amiri

et al., 2018). Spring mite parasitism focused on drone bees drives

vertical (venereal) transmission through queen mating to her

offspring. These infections impact subsequent colonies, but not

their birth colonies.

When drones become seasonally less abundant, mites originally

on drones inevitably shift to the worker bee population, spreading

disease to the critical workforce (Figure 2) While quantification of

this shift is needed across apiaries, regions, and climates, movement

of mites from heavily infested drones to workers likely has an

impact on worker fitness and both bee-bee and mite-bee spread of

viruses. Biting on worker bees becomes the defining feature of late-

season infestation, when the absolute parasite burden significantly

increases on the worker population. Invasions into worker brood

significantly increase, as does parasitism of young worker bees. Due

to the highly mobile nature of mites, upwards of 60% of worker bees

can be parasitized in a little over a week. Given this dynamic, it is

not surprising that DWV levels in worker bees and pupae are low

early in the season when mite feedings predominate on drones and

appreciate greatly in the late summer and fall when they are more

frequent targets and when mite populations increase (Tentcheva

et al., 2004; Francis et al., 2013; Diao et al., 2019). This increase in

viral pressure is tied to increasing colony losses in fall and winter

(Dainat et al., 2012).

Vertical transmission pathways likely aid the long-term

persistence of covert viral infections in honey bee populations

(Chen et al., 2006; Peck and Seeley, 2019; Kulhanek et al., 2021).

Beekeepers who allow individual colonies to develop heavy

infestation in their dense apiaries may be benefiting mites and

viruses, as there will always be new, healthy host colonies to accept

them after their original host colony collapses.
FIGURE 1

Infestation of worker honey bees thanks to infective mites repeatedly biting new hosts.
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5 Beekeeper interventions and the
deadly triangle

Beekeepers are part of this complex pathogen-vector-host

system, in that the interjection of husbandry and business

decisions can have much influence over the persistence and

dispersal of pathogens and vectors (Figure 3). Routine

reproduction of colonies through the artificial splitting of colonies

by beekeepers has enabled beekeepers to maintain a relatively

consistent population of honey bee colonies in the United States

despite high annual losses. Despite this consistency, the relationship

between beekeepers and this system is anything but stable, and

many beekeeping operations have high losses annually (Lamas

et al., 2024a). At times, business decisions intrinsic to beekeeping
Frontiers in Bee Science 04
are at odds with biosecurity and disease prevention. First,

beekeepers keep tens if not hundreds of colonies in close contact

in working apiaries. Beekeepers also routinely split colonies to

recover from losses, promoting intra-operation dispersal of DWV

and Varroa. At a larger scale, the sale of live colonies between

operations promotes inter-operational dispersal at a continental

scale. Infected and infectious colonies sold into new operations can

bring pathogens into naive, susceptible populations. From the

perspective of pathogens and parasites, which need to disperse in

order to acquire new hosts, these management strategies and sales

provide a crucial lending hand on behalf of mites and viruses.

Recent suggestions that managing beehives in ways more

consistent with natural colonies and populations (Seeley, 2017)

have been taken to heart by some beekeepers as a strategy for
FIGURE 3

Multiple routes of movement by mites and vectors. (A) Drone infection and subsequent vertical transmission, (B) worker infection within hives,
(C) Drift of workers between hives, (D) Diseased colonies as a local source of mites, (E) movement of diseased hives long distances by beekeepers.
Source: Created with BioRender.com.
FIGURE 2

Seasonal shift of mites from heavily parasitized drone adults to more numerous worker adults.
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disease control. Nevertheless, beekeepers in much of the world

deploy chemical miticides to reduce vectoring and direct damage by

mites, with treatments that have evolved for over 50 years. Heavy

reliance on miticides has led to repetitive and rotating treatments,

especially when, inevitably, mites evolve resistance (Haber et al.,

2019). IPM treatment methods, including regular mite counts, can

economize treatments and prolong the lifetimes of specific

chemicals. Even when beekeepers successfully control Varroa

populations, they can be left with circulating viruses among

colony and apiary members (Locke et al., 2017). Given difficulties

in monitoring both viruses and individual symptomatic bees, the

first indication of high viral loads might be “dwindled” colonies that

fail to grow or whose remaining bees are unable to thermoregulate

or regenerate their lost adult bee population. When this occurs,

beekeepers are left with economically non-viable units (Lamas et al.,

2024a). More urgently, effective antiviral drugs could help release

honey bees from some of the costs of persistent mite infection.
6 Hot topics and unknowns

This review highlights disease models for this complex pathogen-

vector-host triad in light of ecological and economic importance.

Many questions remain open in light of this triad and the protection

of honey bee health. A few of the more pressing questions are below:
Fron
• Which current beekeeping strategies exacerbate parasites and

viruses in colonies? For example, beekeepers split colonies for

sale or to replace lost colonies, but splitting will inevitably aid

in the artificial dispersal of mites and viruses. Which new

practices would allow the movement of bees and re-use of

equipment while reducing the risk of infection?

• What are the carrying capacities of landscapes with respect

to unhealthy disease pressures?

• Varroa is a biological vector of some but not all DWV

strains. How does this impact the triangle?

• More generally, roughly half of the known honey bee

viruses seem to be vectored by Varroa; why are these

distinct from other bee viruses?

• Continued work is needed to understand colony

components that harbor and cause infection to new bees.
tiers in Bee Science 05
How infectious are hive substrates? And brood food given

to larvae?

• What are the roles of environmental stressors such as poor

nutrition, sublethal pesticide exposures, and co-infection in

increasing honey bee susceptibility to viruses?

• How can beekeepers reduce viral impacts with prevention,

medication, or recovery?
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