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Mysterious die offs of honeybee colonies, characterized by peculiar symptoms, such as the absence of worker bees in presence of
the queen, brood and sufficient stores, were first reported, in the
USA, in 2006 (Stokstad, 2007). These unusual symptoms led to a
largely shared idea of an emerging bee disease, which was named
Colony Collapse Disorder (CCD) (van Engelsdorp et al., 2009). The
alarming news from USA were soon followed by similar reports of
colony losses from all over the Northern hemisphere, although specific CCD symptoms were not noted elsewhere (Carreck &
Neumann, 2010). Indeed, CCD is still unreported in Europe (Dainat
et al., 2012) whereas it is now regarded as one of the many causes
of colony losses in the USA (van Engelsdorp et al., 2012a), which are
now regularly subjected to monitoring schemes set up by large consortia in Europe (Prevention of honey bee Colony Losses; Carreck &
Neumann, 2010) and in the USA (The Bee Informed Partnership;
van Engelsdorp et al., 2012b). The information gathered so far indicates that losses in the range of 20-30% of colonies, mostly occurring over winter, are commonly recorded in many areas, even
though much higher rates can be locally registered (van der Zee et
al., 2012; van Engelsdorp et al., 2012a).
Honey bees losses have the potential of drastically reducing in a
few years the number of managed colonies, with dramatic consequences for the environment and agriculture, given the fundamental contribution of animal pollinators to plant biodiversity and crop
production (Klein et al., 2007). Despite a declining trend observed
in North America and Europe in the second half of the last century
(van Engelsdorp & Meixner, 2010), the impact of this recent problem has been limited by the replacement of colonies lost over winter
with new nuclei created in advance by beekeepers. However, caution
is still necessary, as this controlled negative trend is associated with
an increasing demand for crop pollination by bees (Aizen & Harder,
2009). In addition, the concurrent decline of wild pollinators
(Biesmeijer et al., 2006; Cameron et al., 2011), that play a role not
yet fully recognized (Garibaldi et al., 2013), adds up more reasons of
concern.
To date, the causes and the mechanisms involved in bee colony
decline and eventual collapse are not fully understood. Here we
briefly overview the current literature, trying to outline a general
functional framework in which to analyze how different stress factors may synergistically interact to generate this dramatic event.
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The decline of honeybee colonies and their eventual collapse is a
widespread phenomenon in the Northern hemisphere of the globe,
which severely limits the beekeeping industry. This dramatic event
is associated with an enhanced impact of parasites and pathogens
on honeybees, which is indicative of reduced immunocompetence.
The parasitic mite Varroa destructor and the vectored viral
pathogens appear to play a key-role in the induction of this complex
syndrome. In particular, the Deformed Wing Virus (DWV) is widespread and is now considered, along with Varroa, one of the major
causes of bee colony losses. Several lines of evidence indicate that
this mite/DWV association severely affects the immune system of
honeybees and makes them more sensitive to the action of other
stress factors. The molecular mechanisms underpinning these complex interactions are currently being investigated and the emerging
information has allowed the development of a new functional model,
describing how different stress factors may synergistically concur in
the induction of bee immune alteration and health decline. This pro-

vides a new logical framework in which to interpret the proposed
multifactorial origin of bee colony losses and sets the stage for a
more comprehensive and integrated analysis of the effect that multiple stress agents may have on honeybees.
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The serious concerns generated by CCD prompted a rapidly increasing number of studies aiming to identify significant relationships
among potential causal agents and CCD occurrence. Most of these
studies correlated the state of collapsing colonies, sampled under a vast
range of environmental conditions, with the presence of potential risk
factors. In this way, specific stress agents, such as viruses (Cox-Foster
et al., 2007), pesticides (Henry et al., 2012; Lu et al., 2012) and the
microsporidian parasite Nosema ceranae (Higes et al., 2008), were
identified, in different studies, as alternative factors actively inducing
colony losses. However, subsequent researches often revealed that,
albeit being surely involved, these factors were not the unique causal
agents responsible for the observed losses. For example, Cox-Foster et
al. (2007), based on a metagenomic survey of collapsing and healthy
colonies across the USA, evidenced that the Israeli Acute Paralysis
Virus (IAPV) was significantly related to CCD; however, a subsequent
in depth study found no correlation between CCD symptoms and IAPV
prevalence or load, suggesting a multifactorial origin of CCD (van
Engelsdorp et al., 2009). This hypothesis was corroborated by other
studies showing that, in general, more factors, constantly including
parasites and pathogens, were involved in colony losses such as, for
example, the mite Varroa destructor and bee viruses (Genersch et al.,
2010; Nazzi et al., 2012) or viruses and Nosema (Bromenshenk et al.,
2010), Nosema and pesticides (Pettis et al., 2012).
Although the mutifactorial origin of bee colony losses is now accepted by most scientists, a clear understanding of the mechanistic bases
underlying this catastrophic event is still largely undefined. What is the
common thread of colony losses that, under different circumstances,
are associated with different stress factors? How do bees react to the
multifaceted environmental challenge with a coordinated stress
response against biotic and abiotic stress agents, which often show a
synergic effect and result in a much higher negative impact of parasites and pathogens, often coexisting in complex associations? These
are the emerging key-questions that need to be addressed.
Multiparasite communities living within the same host seem to be
widespread in nature (Petney & Andrews, 1998) and several authors
have tried to tackle the challenging task of defining the rules governing such systems (Lafferty, 2010). General interpretative models of
these complex systems have been also proposed. For example,
Pedersen and Fenton (2007) suggested that within-host parasite
communities can be represented like food webs, in which the host
provides the resources for the parasites, while the immune response
mounted against these invaders is conceptually coincident with the
third trophic level. This is a very intriguing way of looking at the
structure of the complex microcosm at organismic level. Honeybees,
as social insects, are a unique model system to investigate these
arguments, both at the organism and colony level.

Drosophila (Lemaitre & Hoffmann, 2007; Ganesan et al., 2011;
Kounatidis & Ligoxygakis, 2012), for which both the humoral and cellular components have been well characterized. Soluble molecules
(humoral) circulating in the hemolymph along with hemocytes (cellular) actively cooperate to mount a coordinated defense response, in
which both arms are inextricably linked. For example, the encapsulation of large intruders, such as metazoan parasites, by hemocytes is in
most cases followed by melanin synthesis on the surface of the foreign
body (Lemaitre & Hoffmann, 2007; Cerenius et al., 2008). The strict
localization of melanogenesis during encapsulation, to prevent systemic toxicity, is an essential requirement which seems to be mediated, at least in Lepidoptera, by functional amyloids, apparently controlling also the capsule formation with mechanisms not yet fully understood (Falabella et al., 2012; Di Lelio et al., 2014).
Melanization, which plays a key-role in invertebrate immunity, rapidly takes place at the injury sites and on the surface of non-self objects
(Cerenius et al., 2008; 2011). However, melanin, along with its toxic
metabolic intermediates, is one of the multiple humoral compounds
that can be synthesized upon immune challenge and released outside
the cellular environment, to target parasites/pathogens entering the
haemocoel (Lemaitre & Hoffmann, 2007). Among these humoral components, lysozymes, cytokines and antimicrobial peptides (AMPs),
which are largely secreted by fat body cells and haemocytes, are potent
molecules acting against bacterial and fungal pathogens.
The control of viral pathogens in insects is largely dependent on
RNAi (RNA interference), which is the core component of the antiviral immune barrier (Sabin et al., 2010). However, there are also additional mechanisms, controlled by transduction pathways regulated by
NF-κB transcription factors, also involved in the antimicrobial
responses mentioned above, which are essential to control specific
viral infections in Drosophila (Zambon et al., 2005; Souza-Neto et al.,
2009; Sabin et al., 2010).
All these defense responses, which have a significant metabolic
cost, are triggered when molecular patterns typically associated with
pathogens (PAMPs, Pathogen Associated Molecular Patterns) are
recognized and bound by host receptors (PRRs, Pathogen Recognition
Receptors) (Ronald & Beutler, 2010), to activate specific transduction
cascades.
These are general features of the immune response largely shared
by insects, but a wealth of specific adaptations are present in different
orders, which reflect both the evolutionary history and the environmental conditions to which they are exposed. Indeed, even though the keyelements of the innate immunity in vertebrates and invertebrates are
surprisingly similar, there are a number of significant differences
among different insect species.
Honeybees are social insects living in large colonies and, as such, are
very much exposed to a number of pathogens and parasites, which can
be transmitted very easily among densely packed population members
(van Engelsdorp & Meixner, 2010). However, the number of canonical
genes controlling immune response is lower compared to Drosophila
(Evans et al., 2006), but the defense barriers are reinforced by behavioral
mechanisms, which are collectively denoted as social immunity (WilsonRich et al., 2009). This latter includes, for example, hygienic behavior
and allo-grooming, in part controlled by external chemical signals, like
cuticular hydrocarbons, which appear to be finely modulated by immune
challenge (Baracchi et al., 2012; Richard et al., 2012).
The molecular and functional bases of the defense responses in
honeybees have been investigated only in the last few years, in most
cases with studies describing genome-wide gene expression changes
induced by different immune challenges and stress factors. These
descriptive studies provide excellent background information for more
mechanistic analyses, aiming to unravel virulence strategies and
defense countermeasures, which, however, are still understudied. An indepth review of all these descriptive studies is out of the scope of this
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Honey bee colony losses and
their causal agents

Honeybee immunity
The large consensus on the multifactorial origin of colony collapse
and its frequent association with high loads of pathogens and parasites
indicates that the immune system is of central importance, and its
functioning can be influenced by a number of stress factors. Before
considering how stress agents can synergistically interact with the
immune system, it is worth to summarize briefly our current knowledge on how insects, and bees in particular, cope with foreign invaders
and enemies.
The best studied insect model system for invertebrate immunity is
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As stated above, colony decline and collapse are associated with pronounced immune suppression, even though the proposed active role
played by Varroa (Yang & Cox-Foster, 2007) has been questioned
(Gregory et al., 2005; Navajas et al., 2008; Johnson et al., 2009; Zhang
et al., 2010; Ryabov et al., 2014), while progressing DWV infections
seem to mediate the adverse effects on bee immune response (Nazzi
et al., 2012). However, the infection route by direct penetration into
the hemocoel, either by Varroa feeding or artificial injection, is essential to trigger the intense replication of a specific viral strain (Ryabov
et al., 2014).
The study by Nazzi et al. (2012) has contributed to the elucidation of
the relative impact exerted by these two closely interacting stress factors, by analyzing, over time, population and molecular changes in collapsing colonies. Indeed, colonies in which mite control measures were
not applied showed a steady increase of Varroa population, which was
associated with a sudden increase of bee mortality in autumn. Among
the many pathogens considered, only DWV showed a positive correlation with bee mortality, with viral loads exceeding 1×1015 genome
copies per bee when the steep mortality increase was registered in
autumn. At that time, a transcriptomic analysis revealed changes in the
expression level of several immune genes, with the majority of them
being down-regulated, and only a few up-regulated, which included
Eater-like (a protein involved in phagocytosis), as similarly reported for
virus-infected bees (Flenniken & Andino, 2013). The highest level of
down-regulation was recorded for dorsal-1A, a gene encoding for a
member of the NF-κB protein family (Evans et al., 2006). The transcription of this gene was adversely affected by the virus, but not by Varroa
infestation in the absence of the virus, and its silencing promoted DWV
replication (Nazzi et al., 2012); this body of experimental evidence
indicates that the viral defenses activated by NF-κB are of crucial
importance and are likely targeted by DWV virulence strategies.
Many viruses are able to target this transcription factor, which is
involved in the regulation of a number of responses to environmental
stress agents and pathogens (Hayden & Ghosh, 2008; Mohamed &
McFadden, 2009; Strand, 2012). Viral pathogens of vertebrates or invertebrates often disrupt NF-κB signaling by irreversibly targeting
upstream events controlling the activation of this transcription factor
(Thoetkiattikul et al., 2005; Falabella et al., 2007; Mohamed &
McFadden, 2009; Strand 2012). However, the virulence strategy adopted
by DWV seems to be characterized by less pronounced effects on NF-κB
and reflects its tight adaptation to a social insect, which could be easily
destroyed by a very aggressive attack, with obvious negative consequences on viral fitness. Therefore, DWV low virulence could be in part
due to its mild impact on NF-κB, which remains functional but available at reduced levels as a consequence of its transcriptional down-regulation. This effect may partly account for the delicate balance underlying the covert infection of DWV (de Miranda & Genersch, 2010), but
represents the Achille’s heel of an infected colony. Indeed, any disturbing stress, which activates pathways dependent from NF-κB may compete for the use of this limitedly available transcription factor and,
therefore, may adversely affect the antiviral defenses under its control.
The molecular framework allowed the definition of a stress model,
which is structured around delicate immune described above balance
and postulates that any environmental challenge requiring NF-κB to
activate a response pathway may adversely affect antiviral immunity
depending from this transcription factor and promote the proliferation
of covert DWV infections (Nazzi et al., 2012). Therefore, feeding activity of Varroa mites, by activating immune responses induced by feeding
wounds and penetrating pathogens, further depletes the NF-κB cellular
pools and promotes viral replication (Nazzi et al., 2012), as already
known and widely reported in literature (reviewed in de Miranda &
Genersch, 2010). This functional analysis seems to be further corroborated by an alternative interpretation of the DWV replication induced by
the injection in bees of dead bacteria (Yang & Cox-Foster, 2005),

om

m

er
ci

paper, but we can confidently state that the most general conclusion arising from the literature is that bees exposed to parasites and pathogens
show various degree of immunosuppression, even though the immune
genes targeted are not always univocally affected, as can be inferred, for
example, by the different papers focusing on Varroa mite induced
immune alteration (Gregory et al., 2005; Yang & Cox-Foster, 2005;
Navajas et al., 2008; Zhang et al., 2010; Nazzi et al., 2012); the co-presence of viral infections vectored by mites may partly account for the
reported discrepancies, as these widespread pathogens have an impact
on bee immunity which is still poorly characterized. Antiviral immunity
in honeybees, indeed, has received very limited attention, even though
indirect evidence clearly supports the presence of a RNAi machinery
effectively contrasting viral infections (Maori et al., 2009; Hunter et al.,
2010; Liu et al., 2010; Desai et al., 2012). A recent study has elucidated
how dsRNAs, acting as viral PAMPs, trigger an antiviral response in honeybees, which mitigates viral infection (Flenniken & Andino, 2013).
Surprisingly, the transcriptomic analysis of bees exposed to viral infection or dsRNA treatment did not show significant changes in those genes
responding to viral infection in flies or mosquitoes, but a generalized and
significant down-regulation of AMP encoding genes (Flenniken &
Andino, 2013), typically induced by immune challenge, via Toll, Imd or
JNK signaling pathways, and under NF-κB transcriptional control (Evans
et al., 2006). A significant transcriptional down-regulation of NF-κB has
been reported in bees infested by Varroa mites and with high infection
levels of Deformed Wing Virus (DWV) (Nazzi et al., 2012). In this study,
experimental evidence also indicated that the down-regulation of NF-κB
was largely due to DWV infection and that RNAi silencing of this transcription factor promoted viral proliferation. Collectively, these experimental evidences point out the possible occurrence of virulence strategies, used by viral pathogens, which target NF-κB, likely to disable antiviral barriers activated by this transcription factor. However, this strategy
inevitably influences a number of downstream physiological pathways
dependent from NF-κB, which cooperatively control multifaceted and
highly integrated biological responses (Hayden & Ghosh, 2008).

A model of interaction among stress factors
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The rise of colony losses has been associated with a number of
causal agents, which are all apparently able to induce a sudden decline
of populations and their eventual collapse. Despite the fact that a number of studies have convincingly demonstrated the key-importance of
pathogens, a common infection pattern that can be univocally linked to
colony collapse has not yet been identified. However, there is growing
evidence showing that V. destructor is the greatest threat challenging
bee population all over the world, which causes a severe syndrome generally denoted as Varroosis (Boecking & Genersch, 2008; Rosenkranz et
al., 2010). These direct effects are aggravated by the mite capacity to
vector several viral pathogens, like DWV, KBV, SBV, ABPV and IAPV
(reviewed in Chen & Siede, 2007), which seem to play a very important
role in the induction of colony collapse (Francis et al., 2013) and have
been proposed as reliable predictive markers of this event, in particular
DWV (Dainat et al., 2012). This latter is characterized by low virulence,
compared to more aggressive viral pathogens of bees, which may
account for its widespread occurrence in varroa-infested colonies, as
predicted by the model proposed by Martin (2001). This model has been
corroborated by an elegant study in the Hawaiian islands, where the
arrival of the Varroa mite has determined a high increase of prevalence
and loads of DWV and the selection of an aggressive viral strain
(Martin et al., 2012). These results convincingly support the hypothesis
that Varroa-DWV association may be responsible for the death of millions of colonies worldwide (Martin et al., 2012), which, indeed, are
very often infected by DWV (de Miranda & Genersch, 2010).
[page 82]
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Conclusions

An in-depth analysis of the molecular mechanisms controlling the
interactions between bees and biotic stress agents will likely provide
new insights on how these latter may shape the evolution of defense
strategies against invading pathogens and parasites. There is no doubt
that a thorough understanding of how the immune system copes with
the multiple environmental challenges is a key-area of research in a
multidisciplinary effort towards a comprehensive mechanistic analysis
of the synergism among interacting stress factors.
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The invoked multifactorial origin of colony losses is likely the final
result of synergistic interactions among different stress factors, but the
overall mechanistic aspects involved still remain largely elusive.
However, more in-depth analyses relative to specific stress agents are
becoming available and allow to move forward the development of a
comprehensive model that may reconcile the many scattered, and
sometime contrasting, observations on bee colony collapse (van
Engelsdorp et al., 2009; 2012a; van der Zee et al., 2012).
Among the different stress factors considered so far, particular attention has been devoted to the analysis of pesticide impact on bee colony
health and stability, with special emphasis on neonicotinoid insecticides, which appear to have a wide range of negative effects on honeybees and bumblebees (Gill et al., 2012; Henry et al., 2012; Witehorn et
al., 2012). However, many open questions remain and contrasting
results are reported (reviewed by Cresswell et al., 2012). It is important
to note that exposure to neonicotinoids has been found associated with
a stronger impact of pathogens on bee colonies (Alaux et al., 2010;
Aufauvre et al., 2012; Pettis et al., 2012), which, therefore, appear to
suffer a reduced immune competence. Even though this effect has
been often described, how it is functionally mediated has been poorly
investigated (Cresswell et al., 2012) and only recently addressed by a
mechanistic study assessing the impact of clothianidin on the insect
immune response (Di Prisco et al., 2013). This insecticide up-regulates
a negative modulator of NF-κB activation in insects, a Leucine Rich
Repeat (LRR) protein, which is likely involved in the physiological
down-regulation of the immune reaction, as similarly reported in different animal species (Ting & Davis, 2005). Such an effect exerted by
an agonist of the acetyl choline receptor suggests the presence in
insects of neural reflex circuits controlling the immune response, as
reported in vertebrates, where the down-regulation of the immune
response is achieved through the inhibition of NF-κB activation in
immune cells, mediated by acetylcholine receptor binding (reviewed in
Tracey, 2009; Olofsson et al., 2012). The disturbance of this regulatory
mechanism by neonicotinoids, possibly occurring in bees, stimulates
the replication of DWV present in asymptomatic covert infections, as a
consequence of the resulting down-regulation of antiviral barriers
under NF-κB control (Di Prisco et al., 2013).
These results nicely fit into the model proposed by Nazzi et al.
(2012), and provide a further opportunity for testing its validity.
Basically, the neonicotinoid insecticides, by negatively modulating NFκB signaling in insects, adversely affect antiviral immune defenses in
honeybees (Figure 1). Therefore, their effect is at least in part mediated by the negative impact on this transcription factor, which is limitedly
available in bees highly infected by DWV and exposed to Varroa mite

e

Testing the model

feeding activity (Nazzi et al., 2012). In other words, this latter stress
condition, very commonly occurring in the Northern hemisphere
(Carreck & Neumann, 2010), is further reinforced by a functional limitation of NF-κB induced by neonicotinoids, which aggravates the
immunosuppression syndrome induced by the combined action of
Varroa-virus association. This impact of different stress factors, as
already discussed above, proposes a central role for NF-κB, which modulates a number of physiological and stress response pathways
(Hayden & Ghosh, 2008), and in particular innate immunity
(Silverman & Maniatis, 2001). Therefore, the functional framework
proposed may account for the synergic role that many stress factors
could play in the multifactorial induction of bee colony collapse, not
univocally associated with a single causal agent, but often with a
plethora of interacting factors, in most cases eventually resulting in
reduced immune competence and pathogen proliferation.
The emerging stress model proposed by Nazzi et al. (2012) also indicates that other environmental conditions challenging bees can potentially interfere with immunity and colony health. Nutrition can be one
of the major factors that may influence immunity by regulating the
complex interactions between the host insect, pathogens and the gut
microbiome (Ponton et al., 2013). The central role of NF-κB in the optimal energy allocation between metabolism and immunity in insects
(DiAngelo et al., 2009; Pakpour et al., 2012) allows to foresee new scenarios on how bee colony health can be modulated by nutrition.

us

which, by activating NF-κB dependent genes encoding AMPs (Evans et
al., 2006), trigger immune pathways that compete for the use of this
transcription factor and may allow viral proliferation.
The DWV-mediated immunosuppression, mild and non-destructive,
could be one of the major functional constraints accounting for the
tight association of this virus with Varroa mites. Indeed, the negative
effect exerted by the virus on NF-κB signaling can have beneficial
effect on the vector mite, as it may depress the NF-κB dependent
immune responses (clotting and melanization) (Lemaitre & Hoffman,
2007), which can impair hemolymph uptake and its nutritional use, as
widely reported in the case of ectoparasitic insects (Pennacchio &
Strand, 2006). This association would represent a further example of
viruses involved in mutualistic symbioses between parasitic entities
aiming to overcome the defense barriers of the host they share
(reviewed by White et al., 2013).

Figure 1. Effect of clothianidin on honeybee immunity and covert
viral infections. Exposure of honeybees to sub-lethal doses of the
neonicotinoid insecticide clothianidin upregulates a negative
modulator of NF-κB activation (Amel/LRR) and has a negative
impact on antiviral immune barriers controlled by this transcription factor. This results in increased viral replication in honeybees
bearing covert infections of the Deformed wing virus, a globally
distributed pathogen occurring in all colonies (data from Di
Prisco et al., 2013).
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