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ARTICLE INFO ABSTRACT

Keywords: Brood diseases and pesticides can reduce the survival of bee larvae, reduce bee populations, and negatively
Larval parasite influence ecosystem biodiversity. However, major gaps persist in our knowledge regarding the routes and im-
Neonicotinoid plications of co-exposure to these stressors in managed and wild bee brood. In this review, we evaluate the
?;i‘:l";ﬁ;igen likelihood for co-exposure to brood pathogen and pesticide stressors by examining the routes of potential co-
Agrochemical exposure and the possibility for pollen and nectar contaminated with pathogens and pesticides to become in-

tegrated into brood food. Furthermore, we highlight ways in which pesticides may increase brood disease
morbidity directly, through manipulating host immunity, and indirectly through disrupting microbial commu-
nities in the guts of larvae, or compromising brood care provided by adult bees. Lastly, we quantify the brood
research bias towards Apis species and discuss the implications the bias has on brood disease and pesticide risk
assessment in wild bee communities. We advise that future studies should place a higher emphasis on evaluating
bee brood afflictions and their interactions with commonly encountered stressors, especially in wild bee species.

1. Introduction

Bees (Anthophila) are a diverse and important clade encompassing
over 20,000 species and are vital for the pollination services they pro-
vide to wild and managed landscapes. Many commercial orchard crops
such as almonds, apples and peaches rely heavily on bees to increase
yields (Allsopp et al., 2008; Higo et al., 2004; Life, 2021). Therefore,
bees are crucial to produce diverse crops and provide a variety of nu-
trients essential for the human diet (Eilers et al., 2011). Although the
primary bee species pollinating croplands are managed species, wild
pollinators can also be used to increase crop yields in some commercial
set-ups (Sanchez et al., 2001; McGrady et al., 2020). Furthermore, wild
native bees are vital for unmanaged ecosystem biodiversity as they have
a higher propensity to seek out native and rare plant species, therefore
maintaining heterogeneity in these habitats through facilitating plant
diversity (Mogren et al., 2020).

Bee populations have suffered declines in recent years primarily due
to increasing pressure from stressors including pathogen spillover and
pesticide exposure (Hristov et al., 2021; Olynyk et al., 2021; Wood et al.,
2020bGraystock et al., 2016). Worryingly, pathogen and pesticide
research commonly ignore the impact these stressors have on the
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larval/brood stage of bee development in favour of focusing on adult
bees. The period of larval development and pupation of a bee
(commonly referred to as brood-stage) is a vulnerable yet essential life
stage of all bee species. Due to their immobility, bee brood are depen-
dent on adult bees to forage on flowers and provide them with food,
however, pathogens and pesticides can become incorporated in brood
food leaving them vulnerable to co-exposure to both stressors (James,
2011; Mullin et al., 2010). Pathogens can include viruses, bacteria, fungi
or mites. Those that cause disease in the brood are known as ‘brood
pathogens’ and have important effects on the health of both solitary and
social bee populations. In solitary bees, a female will construct a nest
and collect provisions that are deposited in cells within the nest along
with an egg (Royauté et al., 2018). All solitary bee brood then develop in
isolation into reproductively capable adults. Therefore, brood infections
for such species can directly reduce the number of reproductive in-
dividuals available for subsequent generations, thereby reducing the
populations of solitary bees and diminishing the pollination services
they provide (Evison and Jensen, 2018). Eusocial species live in colonies
where reproductive females can lay both reproductive and sterile brood
(Hartfelder et al., 2006). In such colonies, sterile adult bees (worker
bees) forage to provide for the developing offspring (Hartfelder et al.,
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2006). Therefore, brood infections can either directly reduce the pop-
ulation through affecting reproductive individuals (Murray et al., 2019),
or indirectly through diminishing colony strength (number of workers)
(Evison, 2015). Some pathogens can pose greater spillover risk due to
their high adaptability and wide distribution, increasing the risks they
pose to a wider range of bee species (Evison and Jensen, 2018). The
presence of a stressor in addition to brood disease, such as co-exposure
to pesticides can increase infection-induced mortality, however, our
understanding of such co-exposures is limited (Lopez et al., 2017). This
knowledge gap is further widened for non-Apis species which may have
major implications on our understanding and management of brood
disease and pesticide exposure. Many wild bees have shown significant
population declines, increasing the urgency to address this area of
concern (Zattara and Aizen, 2020).
In this review we:

1) discuss how developing brood may commonly become co-exposed to
brood pathogens and pesticides;

2) highlight the mechanisms underlying the interactions between these
factors contributing to reduced brood survivorship;

3) quantify the scale of taxonomic bias prevalent in bee brood pathogen
and pesticide research and examine the implications of this bias on
our understanding of these research areas and the management
practices that result from them.

. Brood pathogen and pesticide co-exposure

Pathogen and pesticide exposure are implicated as major drivers of
decline in bee populations, health, and range (Hristov et al., 2021;
Olynyk et al., 2021; Wood et al., 2020b). For bee larvae, the route of
exposure to both stressors can be the same, increasing the likelihood of
their co-exposure. Gaining a deeper understanding of how co-exposure
can occur, and evidence of its frequency and implications to bee
health is important for developing effective conservation and manage-
ment strategies.

Flowers are a shared food resource among bees, and will typically be
visited multiple times per day by various species, but they may expose
bees to more than just food. When contaminated adult bees forage on
flowers, they can shed the transmission stage of pathogens, i.e. spores or
virions, thus contaminating the flowers and facilitating their trans-
mission to other foraging bees (Alger et al., 2019; Graystock et al., 2015,
2020). The initial shedding of pathogens may be via defecation, oral
transfer, or via cuticle contamination, and this mechanism of horizontal
transmission seems prevalent across multiple species of adult bee
pathogens (Bodden et al, 2019; Schorkopf et al., 2007). Once
pathogen-contaminated food is collected, it is deposited in the nest
alongside the brood and fed to larvae. Though studies have not yet
shown the role of flowers in brood pathogen transmission, the primary
way larvae become infected with brood diseases is known to be through
contaminated food (pollen/nectar) (Aronstein and Murray, 2010; For-
sgren, 2010), and a diversity of viral, bacterial, fungal and mite patho-
gens and pests have been detected on flowers or in pollen (Graystock
et al., 2013; Peck et al., 2016; Singh et al., 2010; Yousefi and Fouks,
2019). This route of pathogen exposure likely also poses a pesticide
exposure risk to larvae. Pesticides including insecticides, fungicides, and
herbicides are frequently sprayed onto plants and their residues are
found to remain in pollen and nectar (McArt et al., 2017; Pohorecka
et al., 2012; Tort et al., 2005). Likewise, systematic insecticides applied
to seeds can be taken up into plant nectar and pollen (Wood and Goul-
son, 2017). Furthermore, pesticide residues can remain in water and
soil, where the spores of some brood pathogens can also persist,
providing an additional route of co-exposure in species which forage for
water or nest in soil (Sglostra et al., 2019). Honey bees can also be
exposed to high concentrations of miticides within their nests to control
Varroa mites (Mullin et al., 2010). The pesticide residues collected from
the foraging landscape are readily integrated into brood food and bee
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nest materials (McArt et al., 2017; Mullin et al., 2010; Traynor et al.,
2021). A survey of pesticide residues in North American hives showed
that 10 pesticides had higher than a tenth of their LDs( doses prevalent
in stored pollen, indicating a high potential for exposure to the devel-
oping larvae (Mullin et al., 2010). Within honey bee hives miticides and
fungicides are encountered at the highest rates (Mullin et al., 2010;
Traynor et al., 2021). As both pesticides and brood pathogens are
encountered in the environment and provisioned to larvae through
brood food, the pollen and nectar collected by bees can likely be
contaminated with both stressors posing possible synergistic risks.

Across a landscape, different plant species vary in their likelihood to
become pathogen transmission hubs or to be treated with pesticides
(Lentola et al., 2017; Graystock et al., 2020). Land management schemes
developed to encourage healthy bee populations are often focussed on
improving bee nutrition and reproductive success, rather than allevi-
ating pesticide and pathogen exposure risks (European Commission,
2017). Wildflowers planted to improve bee foraging success may, if
grown near agricultural lands, become contaminated with pesticides
either through drift from sprays or dust from abraded seeds treated with
pesticides (Wood and Goulson, 2017). Ornamental flowers sold as
“pollinator-friendly” are often treated with a wide mix of pesticides
(Lentola et al., 2017). Furthermore, different floral species can be more
likely to act as transmission hubs for adult bee pathogens and floral traits
seem to be important in augmenting transmission potential, however,
little is known about how flower species and floral traits influence brood
pathogen transmission (Adler et al., 2018; Graystock et al., 2020; Fig-
ueroa et al., 2020). Research should therefore aim to address the gaps in
this knowledge to identify floral traits that influence brood pathogen
and pesticide exposure risks to bees, enabling informed
land-management and conservation schemes that may alleviate
co-exposure to these stressors.

3. Pesticide effects on brood disease

Most research on the interactions between pesticides and pathogens
focuses on adult bees, however, co-exposure to these stressors in
developing brood could influence brood health through a variety of
direct and indirect mechanisms (Fig. 1). These interactions ultimately
reduce the survivorship prospects of larvae and could therefore pose
risks to bee populations. Brood exposure to pesticides can directly
reduce their cellular and humoral immune responses to pathogens
(Lopez et al., 2017). This lessens their ability to quickly or adequately
respond to pathogen exposure and increases the lethality of infections
(Lopez et al., 2017; Wood, 2020c). Brood health may also be diminished
indirectly by pesticide exposure. This is mediated either through dis-
rupting the health of adult bees which larvae are dependent on (Al
Toufailia et al., 2016; Medina et al., 2009) or perturbing the microbial
composition of larval guts (Vasquez et al., 2012). Because of their impact
on larval survivorship, some pesticides indirectly reduce the prevalence
of brood pathogens in the environment by lowering the abundance of
their hosts or reducing the survivorship of certain pathogens.

3.1. Pesticides directly affect brood disease through manipulating larval
immune responses

For honey bees, immunity is modulated through four non-
autonomous pathways linked to different aspects of host defence,
responsible for pathogen recognition, signalling, and the production of
effectors such as antimicrobial peptides (Evans et al., 2006). Exposure of
adult honey bees to neonicotinoid insecticides can downregulate tran-
scription factors involved in these pathogen defence systems, thereby
increasing the susceptibility of bees to pathogens (di Prisco et al., 2013;
Pamminger et al., 2018). Whilst this direct interference of adult bee
immunity following pesticide exposure could act in similar fashion in
larvae, there are few studies characterising the mechanisms by which
pesticides influence larval immunity and particularly how they interact
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Fig. 1. Flowers contaminated with brood pathogens and pesticides can lead to
simultaneous exposure to pesticides and brood pathogens from flowers in adult
foraging bees (A). This leads to brood being co-exposed to the stressors via food
provisioning (B). Pesticides may increase larval mortality from brood infections
directly through compromised immunocompetence (C), and/or indirectly
through manipulating microbial communities and compromising food pro-
visions from adult bees (D) (Icons8, 2022).

with brood infections.

Some insecticides can exacerbate the effect that brood pathogens
have on larval health, by reducing haemocyte production. Haemocytes
are an important component of bee larval immunity whereby upon
infection haemocytes can replicate and migrate to kill pathogens via
phagocytosis (Hillyer, 2016; Wilson-Rich et al., 2008). This response is
stronger in larvae, relative to any other life stages in honey bees, indi-
cating its potential importance for tackling brood infections (Wilson--
Rich et al., 2008). The interactive effect between brood pathogens and
pesticides on haemocyte production has been demonstrated for honey
bee larvae inoculated with P. larvae bacteria, the causative agent of the
destructive American foulbrood (AFB) disease (Lopez et al., 2017).
Larvae exposed to the organophosphate, dimethoate, or the neon-
icotinoid, clothianidin, had reduced haemocyte cell counts leading to
increased larval mortality in a synergistic manner (Lopez et al., 2017). A
similar reduction in haemocyte production has been observed in the
fruit fly Drosophila melanogaster responding to neonicotinoid and
organophosphate exposure (Rajak et al., 2015; Walderdorff et al., 2019).
Further work should aim to assess the role of haemocyte production in
mitigating bee brood disease for a wider range of brood infections and
investigate which pesticides can negatively influence this response to
ensure the introduction of adequate regulatory measures.

3.2. Pesticides can indirectly increase brood disease lethality

Pesticides that negatively influence the health and behaviour of adult
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bees can indirectly diminish brood health due to reducing care or food
provisions by adult bees which has cascading effects on the ability of
larvae to combat pathogens. Honey bee workers may be more vulner-
able to pesticide toxicity relative to larvae (Wood et al., 2020a), how-
ever, due to their roles in maintaining larval health this can result in
indirect negative consequences to larval health. Adult bees of social
species have a repertoire of behaviours that provide a ‘social immunity’
such as the removal of infected brood to reduce infection risks, a
behaviour common in stingless bees (Al Toufailia et al., 2016; Medina
et al., 2009), and the sterilisation of brood food to reduce exposure to
pathogens (Lopez-Uribe et al., 2017). However, a variety of pesticides
including neonicotinoid insecticides and chlorothalonil fungicides in-
fluence adult cognition, behaviour, and ability to forage (Gill and Raine,
2014; Lima et al.,, 2016; Stanley et al., 2016; O’Neal et al., 2019).
Pesticide exposure in larvae can also have delayed effects for future
generations of larvae due to their potential to disrupt development and
cognition leading to impaired behavioural performance in later-life as
adult bees (Smith et al., 2020). The inability to properly feed or provi-
sion brood will have obvious effects on their general health and ability to
fight pathogens. However, impacts on the way that adult bees interact
with larvae or how they provision larval food may also influence the
ability of the developing larvae to acquire important gut microbes
(Hroncova et al., 2015; Kwong and Moran, 2016; Menezes et al., 2015).
Bee larvae acquire their gut microbial communities from the adults that
feed them, but adults exposed to some pesticides can lose their own key
gut microbes both reducing their own health and their likelihood to
transmit key microbes, which could lead to compromised brood health
(Hroncova et al., 2015; Kwong and Moran, 2016).

Bee larvae immunity may be mediated through microbial commu-
nities in their guts, therefore, pesticides that influence these commu-
nities could influence brood disease susceptibility. Microbial
communities in the guts of adult honey bees can play important roles in
development, nutrient acquisition, and pathogen avoidance (Daisley
et al., 2020a). Shifts in the microbial communities in adults can lead to
dysbiosis, which is characterised by a loss of functionally important
microbes in bee guts (Anderson and Ricigliano, 2017). Although less
widely explored, microbial communities in larval guts may also impact
the proliferation of pathogenic microbes and their microbial commu-
nities may also suffer as a result of pesticide exposure and brood in-
fections (Yu et al., 2021; Vasquez et al., 2012; Floyd et al., 2020; Erban
et al., 2017). Therefore, a pesticide that can induce dysbiosis in bee
larvae may increase their vulnerability to brood pathogens through the
loss of symbionts which mediate immune function, nutrition, or devel-
opment (Yu et al., 2021).

Gaining a greater understanding of the indirect interactions between
brood pathogens and pesticide exposure could improve the health of
both managed and wild bee species. To understand the effects pesticides
and pathogens have on brood health, further work should examine the
role of microbial symbionts in mediating their interactions. If microbes
affect the interaction between pesticide and brood pathogens, this could
pave the way for the use of probiotic supplements to alleviate the effects
of these stressors in managed bee species (Daisley et al., 2020a; Daisley
et al., 2020b; Floyd et al., 2020). Furthermore, given the importance of
adult bees to brood health, researchers could utilise the more easily
accessible adult bees as bioindicators of brood infections. Gaining a
greater understanding of the symptoms of brood infections in adult bees
can be useful for monitoring brood infections in wild bee species, where
brood may not be as easily accessible to researchers as foraging adults.
Through this, monitoring schemes can be introduced to moderate
stressors which increase brood disease incidence such as pesticide
exposure.

3.3. Pesticides may reduce brood disease incidence by reducing host
prevalence or pathogen survivorship

As pesticides can reduce bee populations, they may in some cases
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decrease brood pathogen prevalence. A UK-based study surveying
pollinator communities across agricultural field sites found diminished
species richness across insect pollinators and lower abundances of soli-
tary bees, honey bees, hoverflies and wasps in agricultural sites with
higher use of pesticides (Evans et al., 2018). This is unsurprising as high
pesticide use can reduce insect survivorship and pollinator diversity
(Rundlof et al., 2015; Arce et al., 2017). However, surveying pathogen
prevalence in Osmia bicornis and Megachile spp. within those field sites
showed reduced prevalence of Ascosphaera in field-sites with increased
pesticide use (Evans et al., 2018). Ascosphaera is a fungal pathogen that
can cause chalkbrood disease in developing larvae of a wide range of bee
species (Jensen et al., 2009; Reynaldi et al., 2015; Rust and Torchio,
1992). One explanation for this reduced pathogen prevalence could be a
reduction of the fungal pathogen due to high fungicide use (Evans et al.,
2018). Another study found that high fungicide use similarly reduces
Ascosphaera incidence in adult bees of Osmia cornifrons (Krichilsky et al.,
2021). However, they also found an additive effect in larval mortality as
a result of Ascosphaera infection and fungicide exposure (Krichilsky
et al., 2021). This may indicate that the reduced incidence of the
pathogen in adults may be due to increased lethal effects in larvae
(Evans et al., 2018; Krichilsky et al., 2021). Furthermore, reduced
density of adult bees can lessen the pathogen’s ability to be transmitted
across the environment, as adults can also disperse the pathogen (James
and Pitts-Singer, 2005; Maxfield-Taylor et al., 2015; Evans et al., 2018).
The reduction of pollinator species richness and abundance can further
minimise the prevalence of the fungus as other pollinators can also carry
it across the foraging landscape (Evison et al., 2012; Evans et al., 2018).
Therefore, the contribution that pesticides may have on lowering sur-
vivorship in bee larvae, pollinators and microbes could in some cases
lead to reduced brood pathogen prevalence. However, further work
should be undertaken to examine this effect across bee genera, brood
pathogens, and pesticide types.

International Journal for Parasitology: Parasites and Wildlife 17 (2022) 319-326

4. Research bias

We conducted systematic searches of studies across bee taxa and
terms associated with brood pathogens or pesticide exposure to deter-
mine research biases. Logically, absence of bias would mean the number
of research papers found in various bee genera and families should
proportionally reflect the number of species in these taxa. A list of bee
family and genus names were obtained from the Discover Life database
(Life, 2021) and each was individually used on The Web of Science to
identify the spread of research focus across scientific literature since
1900. Each taxa was searched for alongside terms related to brood dis-
ease and pesticide exposure. Manuscripts from the resulting searches
were identified and manually curated to produce data sets for each
search conducted (full details in Supplementary Methods, Supplemen-
tary Fig. 1, Supplementary Table 1).

We found the distribution of research published across each bee taxa
to not be proportional to bee diversity, suggesting a bias in research
towards some, and away from other bee taxa (Fig. 2, Supplementary
Table 1, Supplementary Fig. 2). Research assessing pesticide exposure
only covered 40 (24.69%) of the 162 bee genera (Life, 2021), and only
14 genera had research assessing their brood pathogen prevalence or
defences (8.64%). Furthermore, 83.69% (13,309 species) belong to
genera that have no studies related to their brood infections and 43.66%
(6944 species) belong to genera that have no studies related to their
pesticide exposure risks. As expected, the brood disease and pesticide
exposure research bias strongly favours Apis bees (Fig. 2, Fig. 3 and
Fig. 4).

As anticipated, Apis dominate the scientific literature because of the
wide array of studies devoted to the managed and commercially
important honey bees, Apis mellifera. As crop pollinators, honey bees
increase farm yields by £191.8 million in the UK alone, and the pro-
duction of honey bee products including honey, propolis and royal jelly
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enhances their economic value (DEFRA, 2009; Leska et al., 2021). This
economic importance is a primary driver for this disproportionate
research focus. This has facilitated a greater depth of understanding of
their brood diseases and susceptibility to pesticides more than any other
bee genera (Leska et al., 2021; Wilson-Rich et al., 2008). For example, in
vitro rearing techniques of honey bee larvae have been clearly outlined
and are continuously improved which has made it easier to assess the
effects of brood pathogens and pesticides on honey bee larvae relative to
other bee species (Schmehl et al., 2016; Crailsheim et al., 2013).
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Fig. 3. Pesticide research bias across bee genera
depending on pesticide type based on Web of Science
searches. The number of studies per search term is
indicated for each genus with at least 10 studies

Apis across search terms; Understudied is a cumulative
group including genera which contain less than 10
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However, in contrast to A. mellifera, the majority of bee species are
solitary (Life, 2021; Sgolastra et al., 2019). This means the vast majority
of brood disease and pesticide exposure research focuses on non-typical
bee species, overlooks differences in life-history that likely have major
implications, and limits our understanding of the severity of harm brood
pathogen and pesticide exposure can have across bee species.

Nesting behaviour can vary greatly across bee species and may affect
pesticide and pathogen exposure risks. Pesticides applied to the soil or in
water can become integrated into the soil matrix, increasing risks for
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ground-nesting bees (Sgolastra et al., 2019). As these pesticides remain
in the soil, they can incorporate into plant materials that can be used for
nest building by a variety of bee species (Sgolastra et al., 2019). Some
bees can produce substances that enable them to regulate the environ-
ment of their larvae, which may also serve to reduce pathogen exposure
to the brood. Examples of this include the Colletidae family which
produce a cellophane-like substance and stingless bees which produce
an involucrum (Almeida, 2008; Cham et al., 2019). However, the role of
such substances in preventing brood disease and pesticide exposure has
not been examined. A lack of understanding of the factors which miti-
gate or enhance brood disease and pesticide co-exposure risks can
impede the implementation of adequate conservation or management
practices for non-Apis species.

A disproportionate research effort for A. mellifera relative to wild
bees can result in management practices tailored to honey bee health,
which can affect pathogen exposure dynamics. Bee species can vary in
their niche breadth and foraging range - wild species have narrower
ranges and interact with a more limited number of flowers compared to
the generalist A. mellifera (Zemenick et al., 2021; Zurbuchen et al.,
2010). A large number of generalists increase the prevalence of patho-
gens in the foraging landscape as they interact with a wider range of
flowers and connect different microbial (and pathogen) networks
(Graystock et al., 2020; Zemenick et al., 2021). Therefore, practices that
favour honey bees relative to other pollinators, such as pesticide expo-
sure risk assessments tailored to honey bee health, can result in
increased pathogen spillover risks for wild bees (Sgolastra et al., 2019).
Further efforts should therefore be directed to gaining a greater under-
standing of the brood pathogens and pesticides which impact wild bee
health, and how these stressors interact with one another, in order to
promote healthy bee communities.

5. Conclusion

This review outlines the gaps that persist in our knowledge of bee
brood disease and pesticide exposure research. We highlight that further
work should examine the risks for pesticide and brood disease co-
exposure. As bees are likely to encounter pathogens and pesticides
simultaneously in their environments, future research should aim to
examine the potential means of interaction between these stressors
across a wider range of pathogens and pesticides. Furthermore, an
increased emphasis should be placed on evaluating these effects for non-
Apis species to improve management practices for both wild and
commercially used bees.
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