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Evolutionary and ecological interactions between hosts and their associated microbial 

communities, their microbiota, and between members of these communities are vital to understand. 

Host-associated microbial communities are widespread across diverse host taxa and the hosts of these 

communities receive a variety of well-documented benefits from them. Despite the importance of an 

appreciation of eco-evolutionary dynamics for colonization outcomes and the benefits these microbial 

communities provide to their hosts, our current knowledge in this area remains incomplete. For 

example, we do not know the full extent of coevolution and specific relationships between hosts and 

microbes, and between the microbes themselves, across host taxa. Questions remain about how host 

taxonomy, ecology and physiology, and other microbes present within the microbiota influence 

microbial community membership and function, host and microbe evolution, and specificity in 

colonization of hosts. I present several studies that aim to shed further light on these topics from an 

eco-evolutionary perspective utilizing insect pollinators and their gut microbial communities, with a 

particular focus on bumble bees and their microbiota.  

KEYWORDS: Host microbiota, colonization, eco-evolutionary dynamics, Bombus impatiens, coevolution, 

pollinator health 
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CHAPTER I: INTRODUCTION TO AN ECOLOGICAL AND EVOLUTIONARY CONTEXT FOR HOST GUT 

MICROBIAL COMMUNITIES 

Background 

In the Costa Rican rainforest, a line of leaf cutting ants can be found carrying freshly cut leaves. 

These ants bear their heavy loads onward to their colonies, not to feed themselves, or their young, but 

rather the symbiotic fungal cultivars living within their colonies (1). As the cultivated fungus grows and 

matures, it produces digestive enzymes aiding in leaf decomposition and specialized structures that are 

fed to developing ant larvae. In this relationship, neither ant colony nor fungus can survive without the 

other, and the fungus is so precious to the leafcutter ants, that the ants will even groom the fungus (2). 

However, there are more characters in this play than those that can be seen with the naked eye. Upon 

the cuticles of these ants grows a biofilm containing an assemblage of actinobacteria species. These 

bacterial species secrete variants of antifungal nystatins, which aid the ants in removing fungal pathogens 

from their fungal crops (3). Both the bacteria and the farmed fungi are vertically transmitted from the 

founding queen and are actively maintained by the ants. If the bacterial biofilms fail, the fungal gardens 

deteriorate, and the ant colony collapses. This story of ants, their associated bacteria, and their fungal 

gardens is just one of the many complex, interacting communities of host-associated microbial symbionts 

that exist within nature. Studies examining these communities and their relationships not only provide us 

with crucial information related to the health of our natural world and our understanding of interactions 

within it but allow us to paint beautiful pictures to demonstrate curiosity capturing complexity.  
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Most multicellular organisms harbor microbial communities, termed microbiota. The gut bacteria 

microbial community of metazoans has received special attention, and there is an increasing appreciation 

of its formation and function. These communities aid their hosts in the realization of many fitness-related 

traits, including digestion (4–7), development (8–11), and defense against pathogens (12–14). Well-

studied examples of these relationships include the microbial community within the gut of termites that 

plays a central role in the digestion of their high cellulose diet (5), the colonization dependent maturation 

of the Hawaiian bobtail squid’s light organ (10), and the microbe-assisted defense against Clostridium 

difficile in humans (15, 16). Additionally, hosts usually experience detrimental outcomes when their native 

associated microbial communities are disturbed, further supporting the critical roles these microbes play 

in host health (17–19). For example, when gut communities in hamsters are perturbed by antibiotics, 

mortality from C. difficile infection is increased (20); a pattern mirrored in honey bees, where disturbed 

microbial communities are associated with increased mortality to Serratia marcescens infection (19). 

However, despite major recent advances in the study and characterization of these beneficial microbial 

symbiont communities, questions remain regarding their function, assembly, and stability.  

Bidirectionality of host-microbiota interactions 

The examples highlighted above demonstrate the influence of individual microbes and microbiota 

on their hosts, but the host also plays an important role in determining microbiota establishment, 

development, and function. Hosts may set ecological filters on their microbiota through diet, their 

environment, selective feeding of microbes, and immune function (21–28). Therefore, while much 

attention has been given to the influence of microbiota on host health, studies elucidating the role hosts 
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play in selecting and altering their microbiota are needed to fully understand host-microbe interactions 

and resulting phenotypes.  

 Diet plays a critical role in selecting both the microbiota of the host (21, 22, 29), but also works 

bidirectionally where microbiota function influences the host niche (30). Within humans breast milk 

derived oligosaccharides promoted a diversity of Bifidiobacterium strains through cross-feeding 

interactions and partitioning of resources (31). These findings in humans are further supported by 

experiments in honeybees finding that niche partitioning between gut microbes on common dietary 

components such as sugars and pollen facilitated the coexistence of microbial species (32). Additional 

work done on vulture bees (Trigona spp.) demonstrates that carrion feeding bees possessed a more 

variable microbiome than bee species that are strictly pollinovorous (33). Thus, the host diet represents 

a critical mechanism through which the host may influence the structure, stability, and functionality of its 

microbiota.  

 The environment of the host can influence its microbiota in a number of mechanisms. These 

mechanisms can be direct, by serving as the inoculation source of the microbial community, or indirect by 

providing sources of perturbation that the community must respond to. Within Drosophila the microbiota 

is horizontally transmitted through the environment and food sources (34, 35). Therefore, the 

environment in which the larvae emerge determines which microbes are present for colonization. In 

mosquito species the larval environment was found to significantly influence the adult microbiota (28). 

Additionally, host exposures to environmental factors, such as temperature or environmental antibiotics 

may perturb the microbiota structure. Within bees, the temperature experienced by the host has been 
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shown to influence the colonization success of a common gut microbiota member (36), while the effects 

of antibiotic exposure on host microbiota have been well documented (18–20). Thus, whether directly or 

indirectly, hosts may in many ways select for their microbial communities because of the environmental 

conditions they experience.  

  Finally, hosts may select specific microbial community structures through physiological 

responses. Conceptual modelling combined with empirical approaches has demonstrated that changes in 

host mucosal glycans and immunoglobulins can select against certain microbial species (26, 27). Both 

plants and mammals have been shown to secrete substances that the microbiota feed upon (25, 31, 37), 

and therefore it is possible that hosts can modify the rate of secretion or even completely halt secretion 

of these food sources to control their microbial communities (38). Additionally, hosts may mount immune 

responses to control or manipulate the microbes present in the microbiota (39–41). Although, most of 

the work on immune modulation of the microbiota focuses on adaptive and mammalian systems, with 

work in other systems often focusing on the role of microbiota in developing the immune response. It is 

also possible that host immunity may disrupt beneficial microbiota as a side-effect of the response to 

infection (42), which could constrain host immune evolution (43). In other cases, it has been shown that 

pathogens co-opt host immunity to disrupt the hosts native microbiota to facilitate infection (44).  

Microbial community interactions determining membership and function 

Owing to the evolutionary history between hosts, their microbiota, and between members of the 

microbiota themselves, complex ecological interactions may exist within these communities. These 

interactions may include beneficial interactions such as cross-feeding, biofilm formation, and horizontal 
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gene transfer, or competitive interactions through direct or indirect killing. Therefore, the structure of 

these ecological communities,  succession of varying taxa, and evolutionary histories likely determines the 

functionality and stability of the microbiota (45–51). For example, multiple members of the microbiota 

may be required to breakdown host ingested glycans, especially considering hosts often possess only a 

fraction of the enzymatic repertoire required to utilize these compounds (29, 52). Work in humans has 

shown a vast array of microbial enzymes targeting specific linkages of the glycans but also species-

specificity in the capacity of different gut microbial members (52–54). Such a division of the enzymatic 

arsenal among community members can lead to cross-feeding, with sequential steps with microbes 

feeding on the metabolic byproducts from microbes in prior steps, further breaking down ingested 

glycans. Cross-feeding relationships may determine associations between microbial community 

members, as the colonization of a cross-feeder will necessarily depend on the presence of other microbes 

(7, 29). Community members can also influence the gene expression and functioning of co-occurring 

members through quorum sensing or metabolic cues. Interactive effects between microbial community 

members is seen in in vitro four-member microbial communities where the bacterium Mycobacterium 

oxydans makes up only 0.5% of biomass but greatly enhances Paenibacillus amylolyticus biofilm formation 

(55). Moreover, the difficulty in culturing many microbiota community members has been attributed to 

microbe codependence (51).  

Determining the processes that drive microbiota variation across host individuals, populations, 

and species is essential to understanding the benefit these communities provide their hosts and the 

ecological and evolutionary underpinnings of them. This includes not only investigating benefits and host 
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interactions with individual microbes, but in naturally co-occurring pairs and communities to uncover 

important pairwise or higher-order interactions that determine emergent properties of microbial 

communities and community functionality. Emergent properties are properties that are not able to be 

determined or predicted parts of a system in isolation. For example, the consciousness is an emergent 

property of the human brain, that is not able to be predicted or understood from examining the neurons 

alone. In terms of community ecology, emergent properties often result from dynamic interactions 

between community members and the interactions with abiotic factors. For example, the methane flux 

of a microbial ecosystem is likely determined by the microbe genotypes, community interactions, the 

redox chemistry conditions of the environment and other physiochemical variables (56). Microbial 

communities possess many emergent properties that make them unique when compared to traditional 

animal or plant communities (57). These differences include functional redundancy that is typically low in 

eukaryotic communities but high in the microbiota, exchange of genetic material between community 

members common in microbiota, and the secretion and utilization of public goods  (57, 58).  

Organisms in eukaryotic communities are expected to segregate into roles or specific niches, as 

seen in the communities of Mediterranean woody species (59), freshwater fish (60), and mammals such 

as the fur seal (61). While members of host microbiota do show signs of niche segregation (51), microbial 

communities display a significantly greater degree of functionally redundancy (62–64). Examples of 

redundancy in microbial communities include communities of bacterioplankton, but also within host 

examples such as microbial short chain fatty acid production in the human gut or the fermentation 

properties of the ruminal gut microbial community (62, 65, 66). Redundancy of host-associated 
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communities likely results in resilience and stability to perturbations, but what is less understood are the 

evolutionary drivers behind this stability. 

Relative high rates of genetic exchange through horizontal gene transfer between microbes may 

cloud traditional taxonomy-function relationships and affect how hosts and other factors affect 

microbiota membership and subsequent function. Because individuals within microbial communities can 

exchange important functional genes, including for metabolism (67), antibiotic resilience (68), or even 

virulence (69), species-function relationships may be difficult to determine and has consequences for 

comparisons of microbial communities between host individuals, populations, and species. Horizontal 

gene transfer between community members also raises questions about how hosts may monitor and 

select for their microbial communities, as taxonomic level surveillance may not always select for beneficial 

communities.  

Interactions between microbes introduced above, including their communication and use of 

public goods also represent relevant features of microbial communities. Individuals within communities 

are able to communicate and synchronize gene expression via quorum sensing (70, 71), and catabolite 

repression (29), changing process and function in response to publicly secreted goods from other 

individuals. Interestingly, the evolutionary response to the secretion of these public goods in microbial 

communities is the possible reduction of genome size, another unique aspect of host-associated microbes 

(58). Such genome size reductions may reinforce dependencies and cross-feeding dynamics in specialized 

host-associated community members, while the change in expression associated with metabolic and 

quorum sensing may also serve to maintain functional redundancy through plastic responses.  
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Work investigating host-associated microbiota needs to account for the above unique attributes 

of microbial communities. Yet, many of the experimental investigations of these communities have relied 

upon amplicon sequencing to identify abundant taxa without further consideration. These approaches 

are powerful investigative tools (72–76), but may miss important features and dynamic interactions of 

microbial communities because the unique properties of these communities or technical issues of 

sequencing biases, poor accuracy of automatic classification systems in previously undescribed systems, 

and statistical difficulties analyzing large datasets (74, 77–81). For example, amplicon sequencing is 

predictive of only relative abundance and may poorly estimate the absolute colonization of these 

microbes (82). The limitations of these experimental approaches feed into a framework in which  

microbiota studies fail to account for the dynamics of these communities or provide incomplete pictures 

of these communities (83, 84). Thus, studies integrating measures of absolute colonization abundance, 

community traits, and metabolic function provide a better understanding of these communities. Recently, 

studies have begun to appreciate the separation of hosts from their microbiota, focusing on interactions 

between not only host and microbiota, but also the members of the community, with explicit attempts to 

establish causation between these components, host disease states, and the response to external 

influences (45, 46, 82, 85–87).  

Specific issues with many current frameworks for microbiota research are rooted in evolutionary 

theory. First, the evolution of traits beneficial to hosts in these communities would postulate some 

reciprocal benefit for the microbial community members. While often demonstrated for hosts, the benefit 

for microbes can often be more elusive and is often simply assumed. Even the evolution of traits in 
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microbes that are beneficial for their hosts may be problematic. When in a diverse community, if a 

microbe evolves a host-beneficial trait at a cost it may be out competed. Thus, the microbiota and host 

should not be assumed to be one unit with aligned interests, although these interests may be more aligned 

in cases of predominantly vertical transmission of microbes within host lineages (88). From the host 

perspective, is how do they surveil and maintain their microbiota, which often contain hundreds to 

thousands of species and where taxonomy and function may be disentangled. Addressing these and other 

issues is a central goal for the ecosystem on a leash model of hosts and their microbial communities (46), 

postulating that the microbiota is not only driven by bottom-up species interactions, but also that the host 

is under strong selection to shape its microbiota from the top down, fostering a community that is 

beneficial (46). This framework generates some distinguishing and testable hypotheses and predictions 

compared to more traditional frameworks. The host presents an ecosystem in which microbes may 

interact to fill the niche space. Also, the host will select for specific microbial assemblies that provide 

benefit to the host. Finally, the host will punish communities that fail to provide beneficial functions while 

rewarding those that do. Using these initial hypotheses about how microbial communities evolve and 

interact it is possible to extend these hypotheses to systems with vertically transmitted microbiota. First, 

if the microbiota is indeed an ecosystem on a leash it should display some characteristics of microbial 

communities such as facilitation and emergent properties of processing chains, but these will likely differ 

between communities of different host lineages. Second, hosts likely respond to communities that fail to 

provide beneficial function through immune responses, as such policing cheating microbial strains. Third, 
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the unique relationship between plasticity and redundancy may be an evolved response allowing 

microbes to maintain beneficial functioning during transient changes to avoid host punishment.  

Bumble bees as a model system for understanding host gut microbial communities  

The studies carried out in this dissertation focus on the gut microbiota of insects, and 

predominantly bumble bee (Bombus spp.) gut associated microbial communities. Bumble bees are 

excellent model systems for studying host-microbe interactions. They have long been a system to study 

physiological responses to environmental variation (89–93). Moreover, recently, multiple species of 

bumble bee have had their genomes fully sequenced (94, 95), allowing for functional genomic approaches 

to measure specific host responses. From the perspective of understanding the role of associated 

microbes, axenic bees are easy to rear in the lab (96). Many species of bees mate singly, as opposed to 

honeybees which will mate many times, resulting in a high relatedness between offspring workers, 

reducing the genetic variation between samples within a colony (97, 98). Temperate bumble bee species 

(except the social parasitic sub genus Psithyrus) have a life cycle that consists of solitary and social stages 

(99). Established social colonies will produce new offspring queens and males towards the end of the 

colony cycle. Queens leave the colony and seek out a mate and subsequently queens begin a solitary 

phase of their lives by entering a period of diapause. Following emergence from diapause, queens search 

for nest sites, forage and initiate new colonies by laying eggs and rearing larvae. This ultimately starts the 

social phase of cycle again, as adult workers emerge and participate in rearing of their siblings. This life 

cycle is conductive to the vertical transmission of host-associated microbes. Because of this vertical 
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transmission (100), many of the factors influencing microbe-microbe-host interactions likely have 

parallels to mammalian systems. 

 Corbiculate bees, including bumble bees, harbor a relatively simple gut community (101), 

containing about 10-15 members. While many studies focus on the microbiota of honeybees, bumble 

bees share many of the honeybee core species, thus these studies can begin to demonstrate the 

importance of the bumble bee microbiota while generating predictions for these microbes in bumble bee 

systems. Many members are largely vertically transmitted and show some degree of coevolution with 

their bee hosts (102). Coevolution between the gut community of these bees and their hosts has likely 

created a codependence between the two, with the microbiota now aiding the host in many aspects of 

fitness including digestion (7, 103), defense against parasites and pathogens (13, 19, 104), and even 

development (8, 96, 105, 106). Within the core microbiota, three members, Snodgrassella alvi, Gilliamella 

spp., and Lactobacillus spp., have been the central focus of recent research, and S. alvi and G. apicola have 

sequenced genomes (107).  

Snodgrassella alvi is the primary colonizer of the bumble bee gut (100). This gram-negative, beta-

proteobacterium forms a thick biofilm on the bumble bee’s hindgut epithelium (108). The biofilm formed 

by this microbe has been implicated in host weight gain and ecosystem engineering, by maintaining 

oxygen gradients in the hindgut (6). Additionally, previous research has shown that strains are generally 

phylogenetically distributed across corniculate bees (109). Furthermore, there is evidence that specificity 

in colonization exists at the genus level between bumble bee and honey bee hosts (102, 107), and that 
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colonization in bumble bees may be further determined by interactions between host and microbe 

genotype (110). 

Gilliamella spp. are commonly occurring gram-negative, Gamma-proteobacterium within the gut 

of social bees. Gilliamella has been implicated as an important microbe for bee digestion. When grown 

on agar plates with polygalacturonic acid, the polysaccharide backbone of pectin, Gilliamella strains 

caused zones of clearance (103). The presence of these zones signifies the secretion of extra-cellular 

enzymes targeting these pectin backbones. Thus, members of Gilliamella genus are likely to be crucial for 

the degradation of more recalcitrant resources in the bumble bee hindgut (111). 

Lactobacillus firm-4 and firm-5 are also commonly found within the social bee hindgut (112, 113). 

These bacteria are implicated as important fermenters, aiding the host in digesting many of the specialized 

glycans found in plant nectar and pollen, as well as possibly aiding in pathogen defense (96, 104). 

Interestingly, analyses of firm-5 Lactobacillus not only support the bacterium’s importance in digestion, 

but also demonstrates genus-level specificity like that observed in S. alvi. While sublineages of firm-5 

Lactobacillus from bumble bees were able to colonize germ-free honeybees they were outcompeted by 

the native honeybee sublineages (114). 

The unique evolutionary history of social bees and their microbiota, the observed inter-

dependencies and processing chains between microbiota members, and the specificity of sublineages of 

the microbes is strongly suggestive that the ecosystem on a leash type model may be at play in this system. 

First, the fact that both S. alvi and Lactobacillus Firm-5 sublineages that are native to their host genus 

outcompete foreign sublineages has strong resemblance to one of the primary predictions from the 
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ecosystem on a leash model, which predicts that microbes should interact through community dynamics 

to adapt to the available niches presented by their hosts (45). Thus, strains of a microbial species that 

have not adapted to their specific host environment should be less able to colonize or be outcompeted 

by native strains. Additionally, there are significant processing chains and cross-feeding dynamics in the 

social bee community leading to breakdown of recalcitrant resources. This provides a benefit to the host 

through increased energetic gain, but also detoxification of metabolic byproducts and toxic sugars (111). 

For example, Lactobacillus and Gilliamella strains likely work redundantly to break down pollen using 

polygalacturonases, fermenting the by-products and producing lactate and acetate. Snodgrassella alvi can 

then utilize that lactate and acetate to perform its uniquely modified TCA cycle (115), using this energy to 

create and secrete amino acids and vitamins that the host and other microbiota can feed on. This 

processing chain exemplifies the redundancy that is characteristic to microbiota, and this redundancy 

likely buffers the bee against transient changes to community composition. If Lactobacillus or Gilliamella 

populations are perturbed, the other species may be able to still fulfill the function, preventing the host 

from responding with punishment through immune stimulation. Additionally, the processing chain may 

create situations where the colonization of microbes is dependent on the presence of the other co-

occurring community members.  

The central goal of my dissertation is to investigate the evolutionary and ecological interactions 

that determine the membership and functionality of host-associated microbial communities, interpreting 

outcomes within the ecosystem on a leash and other frameworks. In Chapter 2 I report the investigation 

of microbial communities across a diverse range of insect pollinators that is based on their community 
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membership and general structure. Surprisingly, we found a high abundance of bacteria belonging to the 

previously bee-associated genus Gilliamella in pollinating flies. Utilizing metagenomic sequencing we 

investigate differences between the fly and bee associated Gilliamella, reconstructing phylogenetic 

relationships and metabolic pathways. In Chapter 3 I investigate the extent of colonization specificity in 

the core gut microbiota member of bumble bees, Snodgrassella alvi. Previously, a small number of strains 

of this microbe were found to be specific at the genus level across honey bees and a single bumble bee 

species. I expand on this previous work by investigating specificity across several strains isolated from 

honey bee and different bumble bee host species inoculated into two bumble bee species. In Chapter 4 I 

examine the influence of host innate immune stimulation on the gut microbiota of bumble bees, 

addressing a hypothesis that infection-induced responses have the potential to perturb the beneficial 

microbiota. In Chapter 5 I report an investigation into the relationship between the bumble bee queen 

life cycle stage, and her metabolome and microbiota. Finally, in Chapter 6 I test whether intrinsic 

properties of microbial communities influence the health of bumble bee hosts.   
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CHAPTER II: THE DIVERGENCE AND CONVERGENCE OF THE GUT MICROBIOMES OF WILD INSECT 

POLLINATORS 

This chapter is modified from the under-review article: Li, J.*, Sauers, L.* et al. Divergence and convergence of the gut 

microbiomes of wild insect pollinators. mBio. *Joint first authors 

Abstract 

Pollination services provided by wild insect pollinators are critical to natural ecosystems and 

crops around the world. There is an increasing appreciation that the gut microbiota of these insects 

influences their health and consequently their services. However, pollinator gut microbiota studies have 

focused on well-described social bees, but rarely include other, more phylogenetically divergent insect 

pollinators. To expand our understanding, we explored the insect pollinator microbiomes across three 

insect orders through two DNA sequencing approaches. First, in an exploratory 16S amplicon sequencing 

analysis of taxonomic community assemblages, we found lineage-specific divergences of dominant 

microbial genera and microbiota community composition across divergent insect pollinator genera. 

However, we found no evidence for a strong broad-scale phylogenetic signal, which we see for 

community relatedness at finer scales. Subsequently, we utilized metagenomic shotgun sequencing to 

obtain metagenome assembled genomes and assess the functionality of the microbiota from pollinating 

flies and social wasps. We uncover from pollinating flies a novel gut microbe in the family Orbaceae that 

is closely related to Gilliamella spp. from social bees but with divergent functions. We propose this novel 

species be named Candidatus Gilliamella eristali. Further metagenomes of dominant fly and wasp 

microbiome members suggest they are largely not host-insect adapted and instead may be 

environmentally derived. Overall, this study suggests selective processes involving ecology or 
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physiology, or neutral processes determining microbe colonization may predominate in the turnover of 

lineages in insect pollinators broadly, while evolution with hosts may occur only under certain 

circumstances and on smaller phylogenetic scales. 

Introduction 

Wild insect pollinators provide critical ecosystem services, being crucial to the maintenance of both 

wild and agricultural plant communities (1, 2). Although the focus is often on managed honey bees as 

pollinators, thousands of wild bee and other insect species provide efficient and under‐valued pollination 

services (3–7). Insect species in general are undergoing significant declines (8–10), but there is particular 

concern about wild pollinator insects facing threats that could destabilize natural ecosystems (11) and limit 

important agricultural production (12). Therefore, studies investigating factors linked to insect pollinator 

health, and thus the services they provide, that extend beyond well‐studied bee pollinators are needed.  

Host‐associated microbes and their specific functions may determine host niche specificity, survival, 

and fitness (13–15). In insects, beneficial symbiotic bacteria can play important roles in the development 

and health of their hosts (16–18). In particular, the gut microbiota of insects has received attention due to 

its potentially high functional importance (13–15). However, the associations between gut microbes and 

their hosts can be highly variable (19), spanning from highly specialized gut microbial communities, such 

as those of social bees (20, 21), to insects with transient, environmentally determined communities or 

hosts with few microbes resident in their guts at all (22, 23). Given their importance for interacting with 

their host and the environment, it is vital to understand the composition and diversity of gut microbiota 

and the mechanisms that could shape these communities across relevant groups of host species. 
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Important questions in microbial ecology remain relating to the relative contributions of host‐

associated and environmental factors in determining the composition of microbiomes and what 

mechanisms are driving microbial community structure and function (24). The microbes colonizing the gut 

may be determined by neutral or selective processes (25), which can depend upon stochastic processes, 

host ecology or evolutionary history. Diet has been shown to be an important factor determining the gut 

microbiota of mammals, with similar microbes inhabiting the guts of unrelated host but with similar diets 

(26). However, phylogeny and hence relatedness of hosts has also been shown to have a strong effect 

determining similarity in composition (27). Relationships between microbial communities that 

recapitulate the phylogeny of their hosts are termed examples of phylosymbiosis (28). While 

phylosymbiosis can emerge due to vertical transmission and co‐diversification of symbionts and hosts, it 

can also emerge from ecological and physiological filtering that establish interactions anew each 

generation from environmental microbes (29). Defining the distributions of microbes and their predicted 

functions among host species will help to determine the ecological and evolutionary processes that may 

underlie the associations. Our understanding of host‐associated gut microbiomes and their potential 

effects can benefit from investigations of similarities and differences in community membership, 

community structure, and predicted function across host species that share certain ecological 

characteristics, such as pollination. 

Studies of insect pollinator gut microbiota have mainly been in the eusocial honey bees and bumble 

bees (30). In these species, the gut microbiota plays important roles in nutrition, detoxification, and 

resistance to parasite infection (13–15, 31). Associated with the corbiculate Apid bees is a relatively small 
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core set of gut bacterial symbionts, which are thought to have largely undergone coevolution with their 

hosts, facilitated by vertical transmission in a social setting (20). The dynamic nature of the microbiota 

composition over evolutionary time, with lineage turnover, is however also apparent in this Apid clade, as 

the core microbes Snodgrassella and Gilliamella are absent from the stingless bee genus Melipona, which 

hosts more environmental bacteria and bee‐specific yeasts (32). Studies of microbiota structure and 

function have been rare in other insect pollinator clades, but there is also evidence of a phylogenetic signal 

underlying differences in the structure of butterfly microbiomes (33). Most effective insect pollinators are 

either partially pollinivorous, nectarivorous, or both, and such diet sharing could influence broader 

patterns of microbiome and insect pollinator host associations, as it is known that diet can have important 

links to the gut microbiota structure and function (34). Despite an increased appreciation for diverse insect 

pollinators, studies documenting broad‐scale patterns of gut microbiome and host associations that may 

be suggestive of general patterns driving host microbial community composition and functioning are 

warranted. 

In this study, using high throughput sequencing of 16S rRNA amplicons, we investigated the associated 

gut microbiomes across a wide phylogenetic representation of insect pollinators from China, spanning 

three holometabolous insect orders (Diptera, Lepidoptera, Hymenoptera). To derive patterns of 

community structure and infer potential mechanisms shaping the gut microbial communities, from this 

approach we determined: i) bacterial genera colonization with each analyzed host genus, ii) patterns of 

microbiome diversity within (alpha diversity) and between (beta diversity) the host insect pollinator 

genera, iii) if a broad phylogenetic signal underlies differences in the community composition across host 
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genera signifying broad‐scale phylosymbiosis. Additionally, utilizing metagenomic shotgun sequencing we 

report three high quality metagenome assembled genomes (MAGs) for dominant microbial community 

members associated with the pollinator fly Eristalis tenax and the wasp Vespa bicolor, and infer functions 

based on their gene repertoires. These species were picked as they possessed clear, representative 

community members from the exploratory 16s analysis, and are taxonomically distant from well‐studied 

Apidae species. Based upon these MAGs we propose that pollinating flies harbor a unique species of 

Gilliamella, which we propose to be called Candidatus Gilliamella eristali.  

Results 

The gut microbiomes of a total of 861 individuals across 34 insect pollinator species (belonging 

to three orders: Hymenoptera, Lepidoptera, and Diptera) and two outgroup comparison species 

(Hemiptera: Aphis craccivora and Halyomorpha halys) were analyzed. Species were identified by 

morphology and by COI gene barcoding, and unless specific phylogenetic distances based on COI 

sequences were calculated for analyses, phylogenetic relatedness refers to previous studies (35–41). 

Amplicon sequencing of the hypervariable V3-V4 region of the bacterial 16S rRNA was performed on 

individual whole-gut samples. We obtained a total of 41,656,064 high-quality reads, which were passed 

through the DADA2 assembly and filtering with a resulting 34,897±10,024 reads (mean ± s.d.) per 

sample.  This resulted in reads being assigned to 27,887 amplicon sequence variants (ASVs). After 

filtering ASVs with taxonomic assignments belonging to Eukaryotes, chloroplast, mitochondria, or no 

successful assignment 26,669 ASVs remained for further analysis. Additionally, for subsequent analyses, 

host genera with fewer than 10 samples were excluded. This resulted in excluding 3 samples each from 
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the genera Ceratina and Eristalinus, 2 samples each from the genera Eucera, Lasioglossum, and Nomia, 

and 1 sample from the genus Sapyga. Thus, the family Halictidae is excluded from the analysis because it 

consisted of only 4 samples, and the family Sapygidae is excluded as it consisted only of a single sample. 

Identifying colonization of bacterial genera within hosts 

We identified associations between insect pollinator host genera and particular bacterial taxa, 

indicative of distinct ecological or evolutionary associations. Microbial OTUs were grouped into 

microbial genera and visualized based on relative abundance (Figure 1). We find results that conform 

with some previously described relationships between hosts and their microbiomes, confirming our 16s 

amplicon sequencing is capturing expected native associations. First, we find low diversity within the 

two outgroup phloem feeding Hemiptera, with the microbial genus Pantoea (family Erwiniaceae) 

dominating in the host genus Halymorpha, which has been noted in previous work (42). Within the 

insect pollinators we also observe some prior documented relationships. First, both bumble bee 

(Bombus spp.) and honey bee (Apis sp.) host microbiomes contain the core bacterial genera Gilliamella, 

Snodgrassella, and Lactobacillus (20, 32). The evolutionary relationships between these three genera 

and their Apid hosts has received substantial attention (43). Within the host genus Osmia there is a large 

abundance of Saccharibacter (family Acetobacteraceae), within Trigona there is Bifidobacterium and 

Lactobacillus, and within the host genus Xylocopa there are significant amounts of Apibacter, 

Bifidiobacterium, and Lactobacillus. These relationships have been described and documented in 

previous research (20, 44–46). Thus, we conclude that our data set accurately captures the relationships 

between the insect pollinator hosts sampled and their common gut communities. We uncover 
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previously undescribed associations, including the genera Gilliamella, Lactobacillus, and members of the 

family Enterobacteriaceae, such as Cedecea, associating with the fly genus Eristalis, the intra-cellular 

bacterium Wolbachia in the butterfly Lobocla, members of the family Niesseriaceae in Trigona, Thyreus, 

and Vespa, and members of the family Orbaceae in Amegilla, Trigona, Xylocopa, Thyreus, and 

Megachile. Additionally, we find the principally phytopathogenic genus Lonsdalea in samples from the 

Hymenopteran genus Vespa, which adds to previous isolated observations (47). We use a comparative 

genomics approach to further analyze the Eristalis-associated Cedecea and Gilliamella and Vespa-

associated Lonsdalea to elucidate their possible functions and the nature of their relationships with the 

host taxa. 

Alpha and beta diversity of the pollinator microbiomes 

Alpha diversity measures differed across the insect pollinator genera, and host genus explains a 

significant proportion of the variation in gut microbiome structure. We calculated the richness for each 

host genus in addition to the Shannon index. We find significant differences (p<0.001) in both of these 

metrics across host genera (Figure 2). Thyreus had the highest Shannon index, while Aphis and 

Halymorpha both had the lowest index values. The richness from the two Hemipterans but also from 

Apis, Bombus, and Xylocopa is low compared to many of the other genera, demonstrating that the gut 

microbial communities of individuals from these genera are dominated by a few abundant microbial 

genera. The low alpha diversity measures for these species are supported by previous work 

demonstrating the core conserved gut communities of these genera. Patterns of beta diversity among 

the genera were assessed using Bray Curtis distances. A PERMANOVA was performed on the distances 
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between host genera and finds that there is significant partitioning of the distance variance across host 

genera (p=0.001). The distances between samples were visualized with an ordination plot which 

explained 19.6% of the variation and clearing shows clustering based on host genera (Figure 3). The 

pattern of structure based on host genera still holds true even with the removal of the Apis and Bombus 

samples (Figure 3 inset).  

Investigating association between microbiota structure and host genetic distance 

 We find that gut microbiome structure is significantly determined by host genus as shown 

above, and our data shows known and new described relationships between certain related insect 

pollinators and bacterial taxa. For example, the well-established colonization of the bacterial genera 

Gilliamella, Snodgrassella, and Lactobacillus in Apid bees (20, 43, 48). However, across all the insect 

pollinator species analyzed we do not find any evidence of a broad-scale relationship between host 

phylogenetic relatedness and similarity of the gut microbiome structure. A Mantel test was used to 

analyze the relationship between average pairwise distances between host genera and host microbial 

community Bray Curtis distances. We see no evidence for a significant relationship between these 

measures (p=0.4807), suggesting no support for host relatedness determining the overall differences in 

gut microbiome structure across the divergent insect pollinators analyzed, which would be apparent 

through a phylogenetic signal. The relationship between host phylogenetic distance and associated gut 

microbiome structure was also not significant (p=0.51) when comparing within only bee samples, where 

we have a greater phylogenetic breadth of diversity than in some prior comparisons (21, 43, 48, 49). 
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Metagenome Assembled Genomes (MAGs)  

Three high quality MAGs (completeness > 95% and contaminations below 1.5%) were obtained 

from the metagenomic sampling (Table 1). For wasp metagenomes the initial assembly produced 3,532 

contigs with the longest contig length of 253,125bp and N50 of 3311bp before binning. The fly 

metagenome assembly produced 103,530 contigs with the longest contig length of 198,522bp and an 

N50 of 7,840bp before binning. After binning, a single bin was retrieved from the wasp assembly with 

123 contigs, a N50 of 49,197bp, and a completeness of 96.72% and contamination of 1.378%. This was 

automatically classified as Lonsdalea britannica. From the fly assembly two high quality bins were 

retrieved. The first bin consisted of 158 contigs with a N50 of 42,155bp and a completeness of 99.79% 

and contamination of 0.614%, which was automatically classified as a Cedecea species. The second fly-

associated bin consisted of 80 contigs with a N50 of 22,570bp and a completeness of 95.48% and 

contamination of 0.047%. This second bin was automatically classified as a Gilliamella species.  

 The wasp-associated Lonsdalea genome is 3,749,826bp in size with a GC content of 55.3%. This 

MAG contained 3,324 predicted open reading frames of which 2,977 were successfully annotated with a 

COG or KEGG function. Additionally, 51 tRNAs were identified covering 16 amino acids. The fly-

associated Cedecea genome is 3,664,531 bp in size with a GC content of 53.4%. The genome is predicted 

to contain 3,457 genes with 2,958 genes annotated with a COG or KEGG function, with 43 identified 

tRNAs covering 17 amino acids. The fly-associated Gilliamella genome is 1,901,067 bp in size with a GC 

content of 39.1%. The MAG contained 1,738 predicted open reading frames with 1,599 being 
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successfully annotated with a COG or KEGG function. A total of 40 tRNAs were identified covering 18 

amino acids (Table 1). 

Phylogenetics and comparative genomics 

To confirm the taxonomic predictions from the automatic classification and distinguish 

phylogenetic groupings, gene clusters were identified and phylogenies built including comparison 

genomes obtained for the NCBI Genome database. For the Lonsdalea analysis we utilized 7 genomes 

from four species within this genus. Pectobacterium sp. and Escherichia coli were used as outgroups. For 

Cedecea, analysis was carried out with 4 Cedecea species genomes with 2 Klebsiella. Serratia marcescens 

genomes were used as outgroups. Finally, for the fly associated Gilliamella sp. we utilized Orbaceae 

genomes from 15 Gilliamella apicola, 4 Gilliamella apis, isolated from honeybee and bumblebee species, 

2 Frishella, 1 Candidatus Schmidhempelia, 1 Orbus, and 1 Zophobihabitans, with Pseudomonas 

aeruginosa as an outgroup. Each genome obtained was assembled at a contig level and classified as full 

genomes coverage. Genomes were then assembled into pan genome databases, from which a core gene 

set was utilized for genomic analysis. This resulted in 43 core gene clusters containing a predicted 473 

genes from genomes for Lonsdalea, 119 core gene clusters containing a predicted 1,428 genes from the 

genomes for Cedecea, 2 core gene clusters with 52 genes from the Orbaceae genomes. From the 

phylogenetic trees we can see that our proposed Candidatus Gilliamella eristali clusters as a sister clade 

to honeybee and bumblebee Gilliamella species (Figure 4). The fly-associated Cedecea and wasp-

associated Lonsdalea cluster within respective clades of these genera, with the wasp-associated 
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Lonsdalea nested within the L. Britannica clade. Additionally, these clusterings are supported by ANIb 

calculations for whole genome similarities. 

Metabolic Reconstructions 

For both Lonsdalea and Cedecea samples, the metabolic functions of these bins did not significantly 

differ from the genome functions of closely related individuals, as determined by metabolic 

reconstruction and manual curation (Tables S8 and S9).  

 Substantial differences existed between our identified Candidatus Gilliamella eristali genome 

and genomes of other distinct but related Gilliamella species. Specifically, the Candidatus Gilliamella 

eristali lacks all genes related to cellulose permease, in addition to genes related to further degradation 

of pectin components found in other Gilliamella species. Further, Candidatus Gilliamella eristali lacks 

genes related to cysteine transport across the cell membrane, sulfate transport, and nickel transport. 

While marked as complete by the Anvio metabolic reconstruction tool, manual curation finds that this 

bacterium also lacks an essential gene for glycolysis (6 -phosphofructokinase) and several genes for the 

pentose-phosphate pathways (L-ribokinase, L-arabinose isomerase, fructuronate reductase, L-gulonate 

5-dehydrogenase) in strong contrast to the metabolic pathways of bee-associated Gilliamella. 

Interestingly, Candidatus Gilliamella eristali possesses a heme transporter, nitrate reductases, and a 

formamide conversion enzyme not found in other Gilliamella species (Figure 5). These findings are 

supported by the fact that many of these genes are found as being unique to Candidatus Gilliamella 

eristali, or present in several other Gilliamella species but not Candidatus Gilliamella eristali from 

synteny analysis. 
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Discussion 

Insect pollinators provide essential ecosystem services, increasing yield of agricultural crops and 

preserving the biodiversity of wild flowering plants (7, 10). Host insect associations with microbes can 

influence their health (50) and ultimately determine their ability to provide efficient pollination services 

(51). Accumulating evidence suggests that gut microbes associated with insects can aid their hosts in 

digestion, detoxification, and pathogen defense (52, 53). However, such work on associations between 

insect pollinators and their gut microbes is mostly constrained to a few, well-researched, insect 

pollinators, with limited taxonomic representation. For example, most previous studies are limited to 

eusocial corbiculate bees, comprised of honeybees, bumblebees, and stingless bees (20). Here, we 

provide an exploratory examination of the gut microbial communities of diverse insect pollinators 

spanning the insect orders of Diptera, Lepidoptera, and Hymenoptera. From this exploratory analysis we 

find significant differences in the gut community structure of these pollinators’ microbiomes, with host 

genus explaining a large proportion of the variation in structure between samples, despite substantial 

among individual variation. We find abundant indicator microbes, such as Snodgrassella and Gilliamella 

in Apis hosts, Gilliamella in Eristalis, and Lonsdalea in Vespa. Subsequently analysis of gene repertoires 

suggest that these strongly associated microbes vary in apparent adaptation to the hosts, including not 

differing substantially from environmental derived bacteria in some cases. This signifies the dominance 

of tightly host-associated microbes seen in the Apid bees is not ubiquitous. Although similarities in 

microbiome structure exist between closely related genera, such as honey bees (Apis) and bumble bees 

(Bombus), there is no evidence of a strong relationship between gut microbiome structure and the 



44 
 

phylogenetic relatedness of the hosts on the broad-scale investigated. Surprisingly, we found a 

bacterium assigned as Gilliamella to be highly abundant not only in bees, but also in the pollinator fly 

Eristalis. We used metagenomic approaches to comparatively assess the phylogenetic clustering and 

genetic repertoires to putatively assess function and the host-microbe relationship. 

 From the colonization levels of these microbes alone, we see strong divergence between 

taxonomically distinct insect pollinators in their gut-associated microbes, yet also some similarities, even 

in pollinators of different orders. The colonization abundances of microbial genera in host species and 

genera in our analysis supports previous findings for well-studied species (20, 32, 42–47), in addition to 

adding information about host-associated gut microbes for lesser studied species. These include 

Gilliamella and Lactobacillus found to be associated with the fly genus Eristalis, which is interesting 

given that these bacteria have otherwise been associated with distinctly taxonomically unrelated bee 

host species in this and other studies (20). A further intriguing association is that of the dominance of 

Lonsdalea samples from the Hymenopteran Vespa bicolor, the black shield wasp. While acknowledged 

as an important pollinator (54), diverse feeding relationships in this and related species may explain this 

association. Lonsdalea is a well described phytopathogen, particularly of trees (55), and it could be that 

its presence comes from feeding on tree sap that has been documented in this insect genus (56). There 

is other limited documentation of the Vespa-Lonsdalea association (47), but it is unclear, however, if the 

relationship could be one where the insect is acting as an alternative host (57). As the assembled 

metagenome of the wasp-associated Lonsdalea nests within a clade of plant pathogens, it seems 
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unlikely that it is adapted to the wasp host, but raises the possibility of these functionally diverse insects 

acting as vectors of plant pathogens.  

Alpha diversity measures also support differences in the gut microbiomes across the insect 

pollinators, from low richness and diversity in the butterfly Lobocla to high richness and diversity in the 

cleptoparasitic bee Thyreus. It is well known that the social Apid bees have a relatively small, consistent 

and equal set of associated and evolutionary specialized gut bacteria (19), which is reflected in the 

diversity measures. The diversity of the gut bacterial communities of insects can be determined by diet, 

habitat, and phylogeny (58). All the assayed insect pollinators have greater diversity than the 

Hemipteran reference outgroups, which principally feed on plant sap. There is also the possibility that 

diet diversity and ecological and evolutionary interactions with microbes explains some of the 

differences in diversity between insect pollinators. Relatively low diversity is found in the predominantly 

nectar feeding Lepidopterans. The cleptoparasitic Thyreus cuckoo bee’s high richness and diversity could 

directly or indirectly come about through their interactions with their unrelated hosts and their food 

stores, with female Thyreus laying eggs in brood cells of Amegilla spp. hosts before larvae emerge and 

consume their food provisions. Any associations between microbiome diversity and diet breadth could 

have an adaptive evolutionary origin, with a more diverse microbiota offering greater metabolic 

potential, or could result from environmental acquisition of microbes determined by diet (59). Some of 

the relationships identified here merit further in-depth comparative analysis to strengthen potential 

associations between diet and life-style of gut microbial community metrics.  
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 Analysis of beta diversity, or dissimilarity of the gut bacterial communities across the insect 

pollinator genera, supported observations made from the relative abundances of microbes. We find a 

significant effect of host genera which indicates that these different pollinator species harbor distinct 

microbial communities. The re-emphasizes that the sharing of the ecological function of pollinators, 

including broad diet overlap as either partial nectivores and/or pollinivores is not sufficient to result in 

convergence of general microbiome community features. The distinctness of these insect pollinator host 

gut bacteria communities may be driven by several potential mechanisms that could act in concert or 

mutually exclusively on ecological and evolutionary scales. These can include neutral processes, such as 

the random exposure to environmental microbes, or selective processes, such as physiological filtering 

(25). Diet and microbiomes, as outlined above, may also be linked (25–27, 34). Phylogeny and host 

genetic distance may also affect dissimilarity in gut microbial community composition (27, 29, 60). 

Phylosymbiosis, with closely related host species harboring similar symbiont communities, appears 

stronger for internal host-associated microbes (29). This pattern could result from vertical transmission 

leading to long-term coevolution, co-speciation, and co-diversification across host lineages, as proposed 

within social bees (20, 21), but ecological filtering by phylogenetically determined host traits may be an 

alternative explanation (28, 29). In fact, ecological filtering has been suggested to contribute to 

significant phylogenetic structuring of gut microbiomes of butterflies (33, 61). Clear close relationships 

between the microbiomes of the Apid bees are apparent in our data set, but across the insect pollinator 

host genera sampled we find no association between pairwise genetic distances of the hosts and the 

dissimilarity of their gut microbial communities. Therefore, it appears that findings that composition of 
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the microbial communities of animals can be closely associated with host evolutionary history across 

wide ranging timescales and diverse systems (60), does not extend to insect pollinators across the 

different orders investigated here. This could result from a neutral turnover of microbial lineages 

masking any phylogenetic signal between more distantly related taxa or ancestral switches in ecology, 

such as diet or habitat, driving selective changes in the microbiota. For example, it is likely that the 

ancestor of bees was predatory (62), meaning that nectarivory and pollinivory shared with distantly 

related insect pollinators such as the Dipteran Eristalis are not ancestral traits linking these lineages. As 

a result, host phylogenetic signals of gut microbiome structure may be restricted to finer phylogenetic 

scales, such as those found within Apid bees  (20, 21) and butterflies (33, 61). 

 Following from our exploratory analysis of microbial community taxonomy and diversity we 

followed up with metagenomic sequencing to obtain metagenome assembled genomes of dominant 

microbial community members from our sampled pollinators fly and social wasp. The pollinating fly 

Eristalis was of particular interest because we found them to possess an abundant member of the 

Orbaceae, for which we have subsequently proposed as a novel species Candidatus Gilliamella eristali. 

These flies are important non-bee pollinators (4) that also feed on nectar and pollen as adults. Wasps 

were selected for further analysis as social living styles have the potential to allow for more long-term 

host microbe associations which may drive adaptation to the host gut environment, but their more 

diverse ecological roles, including diet, may also play a role in determining their microbe relationships. 

Host adapted microbes have previously been characterized by smaller or reduced genome sizes, low 
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G+C content, and unique transport, adhesion, or virulence genes allowing persistence in the gut 

environment (63, 64). 

Gilliamella spp. are one of the core gut microbes of corbiculate bee, including in honey and bumble 

bees, and this microbe has been shown to have important functions in digestion and detoxification (24, 

53). The finding of a closely related bacterium in our pollinator fly samples is intriguing and could 

indicate convergent membership in phylogenetically divergent but ecologically somewhat similar insect 

pollinator species. However, the comparative genomic analysis of the fly and bee Gilliamella indicates 

potential functional differences that may be influenced by host physiology or ecology, or the presence 

of other microbiota members. We found that Gilliamella from the bee species but not Gilliamella from 

flies have genes to digest pectin and transport cellulose into the cell. Additionally, the Gilliamella from 

bees possess genes associated with glycolysis, the pentose-phosphate pathway, flagella, sulfate and 

nickel transport, and cysteine transport that are absent in Candidatus Gilliamella eristali. The lack of 

flagellar and cysteine-based proteins are especially interesting given the critical roles they have been 

shown to play in biofilm formation  (65–67), and the lack of several critical genes in the oxidative portion 

of the pentose-phosphate pathway along with lack of 6-phosphofructokinase may point towards a more 

fermentative based role in the fly gut. However, Candidatus Gilliamella eristali possesses genes for 

heme transportation, nitrate reduction, and formamide conversion not found in bee associated 

Gilliamella. This suggests potentially important functional gene loss or gain between the Gilliamella 

isolated from flies and from bees. Gene loss could have occurred in these Gilliamella lineages due to 

evolution with their respective hosts and other co-occurring bacteria. For example, within Apid bees 
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cross-feeding between Snodgrassella alvi and Gilliamella has been shown to be a core feature of these 

communities, with a focus on iron, amino acids, and pyrimidines  (48, 68). Thus, in the fly host where a 

co-symbiont such as S. alvi is absent, cysteine and siderophores may not be as readily available in the 

environment, and adhesion to biofilm may not be as critical for maintenance. The lack of S. alvi biofilm 

may therefore explain the lack of flagellar and cysteine acquisition genes and the presence of several 

heme transporters.  

 Metagenome assembled genomes were also obtained for a Lonsdalea sp. from the V. bicolor 

wasp samples and a Cedecea sp. from the E. tenax fly samples. Here we focused on whether these 

genomes displayed any characteristics of host adaptation. We expected it was more likely to find signal 

of host adaptation dominant wasp-associated microbes, because social living and overlapping 

generations of eusocial insects has the potential to foster long-term host microbe associations. 

However, neither the fly nor wasp associated genomes displayed features that are expected to reflect 

host adaptation. Genome length, G+C content, and predicted metabolic functionalities were similar to 

those of closely related bacteria species and the genomes clustered phylogenetically within other 

described species for both Londsalea and Cedecea isolates. Thus, while these microbes were found at 

relatively high abundances within the guts of these insect pollinators, it is unlikely that they are 

necessarily adapted to these insect hosts. In fact, as discussed previously with the case of Lonsdalea sp. 

in V. bicolor, they could represent phytopathogens or other environmental microbes. This suggests that 

host adaptation of dominant microbes may be the exception rather than the rule in insect pollinator gut 

communities, as highlighted by previous work (69), with rather horizontally acquired and 
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environmentally derived communities being prevalent when considering more diverse insect pollinating 

hosts. 

Conclusion 

Wild insect pollinators from diverse holometabolous insect orders provide key services to 

ecosystems. Their gut associated microbes may influence their ecological roles and the hosts’ health, 

making understanding features of microbiota structure and function their underlying driving 

mechanisms of high importance. However, most studies have been taxonomically restricted, focusing on 

insect pollinator microbiomes within insect species, genera, families, or rarely orders but not across 

more broad-scale phylogenetic ranges representing diverse insect pollinators. By doing so, we address 

ecological and evolutionary factors that may influence microbiome structure and function. We find 

insect pollinators harbor specific microbial communities, differing in bacterial taxonomy, alpha diversity, 

and beta diversity. Although we uncover previously described relationships of core microbes and related 

hosts, such as those in the Apid bees, we find no evidence that the compositions of these microbial 

communities correlate with host evolutionary histories across the broader scale. Thus, we conclude that 

while some pollinator species may harbor vertically transmitted symbiont communities leading to 

phylogenetic signals, overall larger timescales the community structure of insect pollinator microbiomes 

has arisen independent of host phylogenetics. Some degree of convergence between distantly related 

but somewhat ecologically similar taxa is suggested by the analyses and by the sharing of Gilliamella 

spp. related bacteria between distantly related bee and fly pollinators. However, comparative analysis 

indicates distinct functionality that could be driven by ecology and evolutionary history, and the extent 
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of the host-microbe association. This work broadens our understanding of the microbiota of wild insect 

pollinators. Further, it points towards the potential importance of ecological, physiological, and non-

evolutionary filters in determining microbiome structure and function when considering microbiomes 

on a relatively large phylogenetic scale, which calls for future in-depth comparative analyses 

investigating these avenues in more depth.  

Materials and Methods 

Sample collection and processing  

Samples were collected with nets in the Yunnan, Hainan, Sichuan provinces and Beijing of China 

from May to August 2015. All samples were alive when captured and were then stored at −80 °C. Host 

species identification was initially carried out by experienced field biologists with further confirmation 

based on analyzing the cytochrome c oxidase subunit I (COI) gene. COI sequences were first obtained 

from assembled contigs and then confirmed with Sanger sequencing. They were subsequently compared 

against the NCBI non-redundant nucleotide database and the BOLD database 

(http://www.boldsystems.org/) for host species identification and confirmation. 

For each sample, the whole gut (including crop, midgut, ileum and rectum) was dissected out 

aseptically and homogenized. This homogenate was used for DNA extraction using DNeasy Blood & 

Tissue kit (QIAGEN, GmbH, Germany) according to the manufacturer’s instructions. DNA samples were 

then further purified with a Qiagen QIAquick column and eluted in 30 μL Buffer EB (Qiagen, Hilden, 

GmbH). The final extracts were quantified using a Qubit dsDNA broad range assay (Invitrogen, Life 
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Technologies, Grand Island, NY, USA), and the resulting DNA samples were sent to the Shanghai Meiji for 

PCR amplification and sequencing. 

Amplicon and metagenomic sequencing 

The hypervariable V3-V4 region of the bacterial 16S rRNA gene was amplified with the primers 341F 

(5’-CCTAYGGGRBGCASCAG-3’) and 806R (5’-GGACTACNNGGGTATCTAAT-3’). 20 μl PCR reactions were 

set up with 4μl 5×FastPfu Buffer, 2μl dNTPs (2.5mM), 0.8μl each primer, 0.4 μl FastPfu Polymerase and 

template DNA (10 ng). Reactions occurred in a GeneAmp® 9700 (ABI) thermocycler with 95°C for 5min, 

27 cycles of denaturation at 95°C for 30s, annealing at 55°C for 30s, and elongation at 72°C for 45s, 

followed by an additional elongation at 72°C for 10min. A dissociation stage was performed at the end 

of the run for quality control. PCR products were detected by 2% agarose gel electrophoresis, and again 

purified using the QIAquick Gel Extraction Kit (QIAGEN). Library pools were constructed with equal 

amounts of each PCR product by using Truseq Nano DNA LT Sample Prep Kit (Illumina). These were 

amplified through paired-end sequencing on the Illumina MiSeq platform. 

We performed metagenomic sequencing by selecting at random and mixing ten intestinal samples 

from the same species (V. bicolor and E. tenax, respectively) or from the genus Apis (five samples from 

each of A. cerana and A. dorsata). The paired-end 250bp sequencing strategy based on the Illumina 

MiSeq platform was adopted for metagenomic sequencing. At least 20Gbp of raw data for each mixed 

sample was obtained. 
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Bioinformatic analysis  

Amplicon sequences were processed, analyzed, and filtered using the protocol described in Qiime 

2-2022.2 moving pictures tutorial (70, 71). Due for the arguments laid out in McMurdie and Holmes (72) 

we did not rarefy our dataset and opted to utilize differential abundance analysis, despite this, when 

data is rarefied our results remain consistent. Adapters and barcodes were removed with cutadapt 

package in QIIME2. Sequences were trimmed, filtered, assembled, and chimeras removed with QIIME2 

(version 2022.2) using the DADA2 package, sequences were truncated at 270bp and 200 bp for the 

forward and reverse sequences respectively as quality decreases(70, 73). The taxonomy of the ASVs was 

assigned using Naïve-Bayes automatic classification against the SILVA SSU database 138 full sequence 

database (74) with default parameters using Qiime 2-2022.2. Subsequent analysis was done in R using 

the phyloseq package, with reads associated with chloroplast, mitochondrial, and Eukaryotes filtered 

out of the data. We then utilized the identified ASV dataset and corresponding taxonomic assignments 

to construct the ASV count table with taxonomy data.  

For metagenomic sequencing the MetaWrap pipeline (75) was used to identify high quality bins 

with above 80% completion and less than 10% contamination. First, reads were run through the quality 

control model, trimming adapters and poor-quality bases with Trim-galore and removing host reads 

with bmtagger packed into MetaWrap. Paired reads with only one read mapping to the host genome are 

also removed. Following quality control, the remaining reads were assembled into sample-based 

assemblies with metaSpades (76) and binned with Metabat2, Maxbin2, and concoct (77–79). The 

resulting bins were then refined with the MetaWrap refinement module and bin completion, and 
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contamination estimated with CheckM (80). Bins below 80% completion and above 10% contamination 

were removed.  

Microbial Community Analysis 

Based on genus abundance of gut bacteria, data was imported into R statistical software (81) using 

the phyloseq package (82). Phyloseq allows for community level analysis and additional package support 

for analyzing microbial metagenomic data. The phyloseq allowed to comparison of relative abundances 

to detect microbial genera that are associated with specific host genera. Shannon alpha diversity and 

Bray-Curtis beta diversity indices were calculated with phyloseq and the ordinate function was used to 

visualize the Bray-Curtis distances. PERMANOVA from the package adonis was utilized to determine 

whether the host genera had a significant effect on the Bray-Curtis distances. The packages seqinr, 

poppr, ape, and ggTree were used to work with the host COI gene data (83–85). Sequences were aligned 

with muscle and trimmed to even lengths. The host genetic distance was then calculated, and a 

phylogenetic tree constructed to visualize the phylogeny and ensure the COI genes were accurately 

capturing true host genetic relationships. Finally, to test for correlations between host genetic distance 

and microbiome Bray-Curtis average distances, a pairwise matrix across all host genera was constructed. 

This matrix excluded the outgroup species from Aphis and Halyomorpha, as the primary focus of this 

study is on the insect pollinator species. These matrixes were then used to perform a mantel test of 

9,999 permutations using the R package ade (86).  



55 
 

Metagenomic sequences analysis 

 The created metagenomic bins were imported into Anvio (87) and taxonomically identified by 

utilizing the metawrap bin classification module which automatically searches 22 single-copy core genes 

and searching against the Genome Taxonomy Database to assign taxonomy to each metagenome 

assembled genome. Next, open reading frames were predicted with Prodigal and annotated utilizing a 

DIAMOND BLASTp search against both the NCBI COGs database and KEGG KOfam database (88–93). 

External genomes for pangenomic comparisons were retrieved from the NCBI database and additional 

information these genomes can be found in. With the Anvio interactive interface, for each of the three 

comparisons (putative Lonsdalea, Gilliamella, Cedecea) high-quality core genes were identified with the 

following search parameters: a max functional homogeneity of 0.9 and a minimum geometric 

homogeneity of 1.0, and present only once in every genome. These core genes were then utilized to 

aligned with muscle and a PhyML phylogenetic tree with bootstrapping was constructed on the 

phylogeny.fr platform (94–96). For the Orbaceae tree the interactive tree of life for further processing, 

annotation and figure creation (97). For the other trees ggTree was used to create supplemental figures 

(85). The metabolic functions of these metagenomes were then reconstructed with Anvio and complete 

functional pathways determined utilizing Anvio’s predict metabolism function combined with manual 

curation (87).   
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CHAPTER III: EXAMINING THE EXTENT OF COLONIZATION SPECIFICITY BETWEEN BUMBLE SPECIES AND A 

CORE GUT MICROBIOTA MEMBER. 

Abstract 

Hosts harbor complex microbial communities responsible for aiding the host in aspects of 

development, digestion, and defense. The relationships developed between hosts and their microbiota 

can lead to evolutionary dynamics that will in turn influence the colonization and functioning of these 

microbes. Previous work in social bees show that the core gut microbiota member Snodgrassella alvi 

appears to exhibit specificity in colonization of hosts at a genus level, with a honeybee (Apis) strain 

better colonizing their native host than a foreign host genus of bumble bees (Bombus), and vice versa. 

However, further work within a single bumble bee species has shown that colonization is governed by 

genotypic interactions. Here, we expand upon this previous work investigating whether genotypic 

interactions between S. alvi strains and host colonies may mask signals of broader scale host specificity 

and phylosymbiosis. We inoculated multiple isolated strains of S. alvi from honey bees and three 

bumble bee species (B. auricomus, B. griseocollis and B. impatiens) into germ-free hosts of Bombus 

impatiens and Bombus griseocollis. We find no support for genera nor species-level specificity, but 

further demonstrate that genotypic interactions have a strong effect on the colonization of S. alvi in the 

bumble bee gut. This finding has important implications for studies of host specificity and 

phylosymbiosis and indicates that consideration is needed for the level at which these studies 

investigate host-microbe associations. 

Introduction 

The appreciation for the benefits that microbial communities provide to their associated hosts 

continues to increase as research further expands our knowledge of these communities. Often, these 

communities are essential for aspects of host health and fitness, including digestion 1–3, development4,5, 

and defense6–8. Additionally, the detrimental outcomes associated with perturbation of these microbial 
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communities or states of dysbiosis demonstrates the importance of understanding microbial 

colonization9. Thus, research has shifted to focusing on the benefits these communities provide to 

understanding the fundamental rules which govern their establishment and persistence. 

The colonization of gut microbial communities is linked to several factors including the 

environment a host resides in10,11, the life history of the host 11,12, and phylogenetic factors13–21. In 

humans microbiota is heavily influenced by method of birth, social contact, and diet22,23. Within bumble 

bees the microbiota varies as both individual workers and the colony ages12. Additionally, 

environmental, or chemical factors such as temperature or antibiotic exposure can greatly influence the 

establishment and stability of these important communities9,24. Finally, host and microbe phylogeny may 

play important roles in determining colonization, with hosts and microbes often displaying phylogenetic 

signals where the degree of microbiota similarity correlates with relatedness between species8,14,16,18.  

Previous work highlights the importance of understanding factors that influence when 

phylosymbiosis may or may not occur, as it sheds important light on the evolutionary and ecological 

processes driving microbiota establishment14–16,25,26. Several factors may help govern this phylosymbiotic 

signal, such as selection, drift, dispersal, and mode of transmission. Vertical or social transmission has 

been linked to host specificity of microbial species25,27. Furthermore, such modes of transmission are 

considered to have the potential to lead to finer scale interactions of genotype matching of host and 

microbe lineages28, which have been demonstrated in certain relationships between hosts and 

microbiota members8,29. The level at which specificity occurs and its underlying drivers has important 

consequences for understanding and detecting patterns of host and associated microbe evolution. Thus, 

further studies investigating host microbe interactions and their influences on signatures of host 

phylosymbiosis and specificity at varying scales can advance our understanding of these patterns and 

their implications in the evolutionary and ecological establishment of host microbiota. 
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 Snodgrassella alvi and its social bee hosts provide a viable model system for examining 

genotypic interactions and host specificity. Apid bees harbor a relatively simple and conserved core gut 

community, consisting of about 10-15 members30. Several of these members, including S. alvi, are 

thought to be coevolved with the bee host and other microbial community members19,20,31. The 

colonization and evolutionary relationships of S. alvi with its bumble bee host have previously been 

investigated. Past research shows that S. alvi strains isolated from bumble bees and honeybees tend to 

cluster into genus-specific clades and that strains appear to better colonize their native hosts genus than 

they do the foreign host genus17,19,21. However, previously, we have also shown that colonization of S. 

alvi is determined by genotypic interactions between the isolated bacterial strain and the host genotypic 

lineage that is delimited by the colony29. Here, we aim to expand on our understanding of the host-

specificity of bumble bees and S. alvi and address if genotypic interactions may mask signals of host 

specificity when considering a wider range of microbial and host genotypes. We inoculate multiple 

strains isolated from honey bees (Apis) and different bumble bee species (Bombus auricomus, B. 

griseocollis, B. impatiens) into workers from distinct genotypic lineages (colonies) of B. impatiens and B. 

griseocollis. 

Materials and Methods 

Standard bee rearing 

 Five colonies of Bombus impatiens and sixteen colonies of B. grisecollis were raised from wild 

collected queens from the Mackinaw River Study Area (Lexington, IL. U.S.A.) in 2019. Queens were 

brought into the lab, and their feces of those of a selection of subsequently produced offspring workers 

were visually examined for the presence of common detectable pathogens utilizing phase contrast 

microscopy, and maintained under red-light in a climate-controlled room (26±1.5°C) and provided with 

sugar water (1 g cane sugar, 1 mL boiled tap water, and 0.1% cream of tartar, potassium bitartate, to 

partially invert the sugars) and pollen (Brushy Mountain Bee Farms, Moravian Falls, NC).  



 

81 
 

Snodgrassella alvi strain culturing, identification, and inoculation preparation 

 Strains of S. alvi were isolated out of bees that were either field collected or derived from lab-

reared colonies in 2017 or 2018. The strains utilized in this study, along with their bee species they were 

isolated from can be found in Table 2 (Table 2). Bees were initially isolated for 24 hours and fed with 

autoclaved sugar water and gamma-irradiated pollen ad libitum. This period was used to clear the gut of 

any transient microbes, allowing for ease in identifying S. alvi isolates on subsequent culturing. After this 

holding period bees were chilled on ice and their hindguts removed aseptically. Hindguts were placed 

into 200 µL of ringer saline with a 2.4 metal bead and homogenized in a Bead Ruptor (Omni 

International) on high for 30 seconds. Following homogenization, samples were serially diluted and 

plated onto brain heart infusion agar plates (Millipore Sigma [53286]) supplemented with food coloring 

to aid in visualization. These plates were incubated at 37°C and 10% CO2 for 48 hours32. Isolated colonies 

considered to be S. alvi were identified, transferred into brain heart infusion broth, and again grown for 

48 hours in the above conditions. After this time 400 mL of the culture was transferred into 400 mL of 

50% glycerol and slow frozen (1°C per minute) to -80°C. Additionally, a 1mL aliquot of the bacterial 

media was frozen to -20°C for subsequent DNA analysis.  

 16S rRNA sequencing was used to confirm the identity of the S. alvi isolates. Cells were pelleted 

by centrifuging the 1 mL culture (8,000 rpm, 10 minutes, Micro 200R microcentrifuge, Hettich 

Zentrifugen) and then suspended in gram positive buffer (IBI Scientific gBAC Mini Genomic DNA Kit) with 

lysozyme. Subsequent DNA extraction followed the protocol provided by the IBI Scientific DNA 

extraction kit. 16S rRNA sequences were amplified with the 27F and 1492R primers previously used for 

S. alvi identification32. PCR was performed following a previously used protocol29 and amplicons were 

sent to the University of Illinois Roy J Carter Biotechnology Center, Urbana-Champaign, Illinois. 

Sequences were manually curated with Sequencher software (Gene Codes Corp, Ann Arbor, MI.) and 
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BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to identify the closest related 16s sequences 

from the NCBI Genbank archive of 16S rRNA gene sequences. 

 Inoculums for the strains were created by culturing portions of the frozen glycerol stock onto 

brain heart infusion agar (1.5% agar) and growing for 48 hours at the standard cultivation parameters. 

After this period, isolated colonies of S. alvi were identified and subsequently transferred to liquid broth. 

These broth cultures were grown for 48 hours and then optical density used to estimate cell number per 

mL. Cultures were then diluted with sterile brain heart infusion agar to contain an estimated 107 S. alvi 

cells per 10 µL and 10 µL of culture mixed with 10 µL of sugar water to form inoculums. Stocks were 

regrown every 2 days, and from each stock 10µL were taken and serially diluted. These serial dilutions 

were plated on brain heart infusion agar plates and grown for 48 hours. Colony forming units were 

counted and used to estimate the viable number of S. alvi cells in each inoculum to serve as a covariate 

in statistical analyses.  

Rearing and inoculation of germ-free bees 

 Pupae from five colonies of B. impatiens and sixteen colonies of B. grisecollis were given a germ-

free treatment and assigned to receive either one of twelve S. alvi inoculums or to remain un-

inoculated. As B. grisecollis colonies are relatively small with few workers, we utilized workers, males, 

and queens to collect as many samples as possible. Additionally, due to the limited size of these colonies 

it was not always possible to inoculate every strain into each colony. Within B. impatiens both workers 

and males were utilized and all colonies of B. impatiens received all the S. alvi isolates.  

Germ-free bees were created by taking spatially defined cohorts of bumble bee pupae. Last 

stage pupae in bumble bee colonies are generally spatially defined, making identification of individuals 

within this stage relatively simple. Pupae were removed from the colonies and placed into sterilized 

holding containers until a single individual emerged. This allows for age controlling the subsequent 

treatment, increasing the survival rate of the treated individuals, as in previous studies29,33. Pupal clumps 
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were subsequently submerged in a 3% bleach solution for 90 seconds. This method sterilizes the outer 

casing, and pupae shed their gut lining allowing sterile adults to emerge into a sterile environment. This 

technique has been successfully implemented previously to create germ free bees29,33. After receiving 

the bleach treatment, the treated clumps were placed into sterilized containers.  

 Following the germ-free treatment, emerging adult bees were isolated into individual sterilized 

holding vials. Individuals were randomly assigned an inoculation treatment and given the associated 

inoculum after two hours of isolation. Bees were visually monitored to ensure they completely 

consumed the inoculum and those that did not consume the inoculum within 60 minutes were 

discarded from the experiment. After consuming the inoculum, bees were placed into new individual, 

germ-free holding containers and fed autoclaved sugar water and gamma-irradiated pollen for four 

days. After four days, bees were chilled on ice and had their wings removed and hindguts aseptically 

dissected. Wings were imaged and then measured with ImageJ software as a proxy for size to be utilized 

as a covariate in subsequent analysis. 

qPCR quantification of colonization 

 Extracted hindguts were used for DNA extraction following the procedure described above. 

Using the extracted DNA qPCR was performed to determine the number of Snodgrassella 16S rRNA gene 

copies from each bee using species-specific primers described in other work3. qPCR was done in 10 µL 

volume with a QuantStudio Flex 7 with PowerUp SYBR chemistry. Melt curves were generated at the 

end of each run to confirm single specific products and a synthetic standard (Integrative DNA 

Technologies gBLOCK) was used to create a standard curve. The standard curve generated from these 

standards had an efficiency of 89% and an intercept of 49.2, which closely matches the previous 

parameters for curves generated from these primers. Samples were compared to the standard curve to 

determine Snodgrassella 16S rRNA gene copies and converted to copies per bee. Samples with cycle Ct 

values greater than 37 were designated as zero copies, due to the unreliability of qPCR values above this 
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threshold that the germ-free bee samples had Ct levels around 37 (despite previously being shown to 

not be colonized29). This threshold means that our level of detection corresponded to 105 gene copies 

per bee when converted based on the standard curve. This level of detection is consistent with the 

research in which the primers were originally described3.  

Statistical analysis 

 Statistical analyses were carried out on the abundance of 16S rRNA gene copies and the 

presence and absence of Snodgrassella colonization. When analyzing abundance models with truncated 

negative binomial (nbinom2) distributions were fit from the R package glmmTMB34. When analyzing 

presence and absence of colonization binomial models were fit using the R package lme435. For all 

models, factors were tested to find the best model by combination of hypothesis testing and AICc. 

Additionally, model fits were investigated with the DHARMa package36 and for the binomial models the 

dispersion parameter was calculated to ensure there was no overdispersion present. In all initial models 

wing size and inoculum size were used as covariates, while caste was included as a fixed effect. In some 

analyses strain and colony were used as random effects unless they were specifically the object of focus 

in the analysis (e.g. analysis of genotype-level effects). The means and standard errors were retrieved 

from the models with the emmeans package and graphed with the ggplot2 package37,38. 

 We first analyzed our data for evidence of genus-level specificity. We analyzed B. griseocollis 

samples inoculated with strains isolated from B. griseocollis (native) or honeybee strains (foreign), and 

B. impatiens samples inoculated with strains isolated from B. impatiens (native) or honeybee strains 

(foreign). Here wing size was dropped as a covariate as it skewed the model fit, likely because of the 

naturally larger size of B. griseocollis individuals compared to B. impatiens.  

 To investigate whether there was any evidence for species level effects we analyzed both B. 

impatiens and B. griseocollis inoculated with Snodgrassella strains isolated from B. impatiens, B. 
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griseocollis, and B. auricomus. Bees receiving a strain isolated from conspecific samples were assigned as 

“native”, and “foreign” when receiving a strain from a different host species. 

 Finally, we investigated the data set for any evidence of genotypic effects and interactions. To 

do this we utilized only Bombus impatiens samples, as only this species had significant replication at the 

colony level. 

Results 

We find no evidence for genus-level specificity in the presence or absence of colonization and 

the abundance of colonization (Table 3). We also find no significant effects of the covariates included in 

the model, with the best fitting model excluding any covariates. In B. impatiens and B. griseocollis strains 

of S. alvi isolated from those species did not colonize better in their native hosts than honey bee strains 

(Figure 6).  

 Investigating species-level specificity, there was no effect of the source and recipient host 

combination on the proportion of colonization (Table 3). There was also no effect of the source-

recipient combination on colonization abundance, but there was a significant interaction between the 

host species and whether they received a native or foreign strain (p = 0036). Bombus impatiens native 

strains have slightly higher colonization than foreign strains, but this pattern is reversed for B. 

griseocollis (Figure 7). Additionally, there were no significant effects of covariates, however the best 

fitting model included the covariates caste and wing size. 

 Examining bumble bee derived strains inoculated into genotypic units (colonies) of B. impatiens 

there is a significant strain by colony interaction on the proportion colonized (p = 0.03) (Figure 8 and 

Table 3) and a significant effect of S. alvi strain on colonization abundance (p = 0.026). With the best 

fitting model included a significant effect of the covariate wing size (p = 0.007).  
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Discussion 

Understanding if and at what level we see specificity in colonization of hosts by associated 

microbiota members offers important insights into the evolutionary dynamics of these systems. We test 

colonization into the bumble bees B. impatiens and B. griseocollis of multiple strains of a core gut 

microbiota member of Apid bees, S. alvi, isolated from hosts differing in their relatedness to the 

recipient, from the same species to a different genus. Overall, we find no evidence for genera level or 

species level specificity in our study. However, we find further support for the importance of microbe 

and host genotypes in determining colonization success. This highlights that the scale of specificity is 

important to consider for future studies on host specificity and phylogenetic signals between hosts and 

their associated microbiota members.  

Our findings that host lineage and microbe strain are important factors determining colonization 

of S. alvi in B. impatiens corroborates that colonization specificity in this system appears at the level of 

genotypes, as evidenced by a prior demonstration of a host-genotype by microbe-genotype pattern29. 

This level of specificity could derive from vertical transmission of microbes within host lineages, with 

coevolution leading to differentiation of strains and host-microbe genotype matching driving 

colonization28. However, we do not explicitly test such matching here and such patterns of genotypic 

differences could also arise due to other evolutionary processes outside of coevolution, including 

genetic drift in host-microbe systems39.  

Despite the affirmation of differences in host and microbe genotypes within species determining 

colonization of the key gut bacterium S. alvi in bumble bees, we do not find evidence for a pattern of 

specific colonization that is determined by either host species or host genus. This is despite a previous 

report using a more limited set of bumble bee and honey bee S. alvi strains reporting specificity at the 

level of host genera determining colonization success19. Therefore, this does not appear to be a 

generalizable pattern. The lack of the pattern is interesting, given that honey bee and bumble bee 
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derived S. alvi form phylogenetic clades that are largely determined by their host17. However, this 

pattern of relatedness derived from non-colonization associated or neutral genetic markers and a lack of 

genus-level specificity are not mutually exclusive. If microbe transmission is largely restricted within host 

lineages, we expect to find patterns of more related microbes based on neutral markers within more 

related host clades. If colonization is driven by non-neutral processes within host lineages, that are not 

necessarily related to time of divergence, we would not necessarily expect patterns of colonization to 

agree with phylogenetic relatedness40. This supports the hypothesis that genotype level interactions 

that are determined by within host lineage evolution may mask broader-scale patterns of host-microbe 

phylosymbiosis on the species or genera levels.   

The incongruence between our lack of evidence for genus-level specificity and earlier work 

supporting such a pattern19 could derive from different potential sources but suggests that while 

broader-scale patterns of specificity of microbe colonization in the bee host-S. alvi association may be 

present in particular strain subsets, they are not ubiquitous. We use multiple strains of S. alvi in field 

derived colonies, whereas to the best of our knowledge the earlier work used commercial B. impatiens. 

Strains could also differ across locations and or different isolation approaches may bias strains used. For 

example, Snodgrassella from a specific Bombus-associated cluster (Bombus cluster 5) has been shown to 

have a relatively broad host range17 and readily grows on the media utilized in this study17,41. 

Furthermore, as strains in other studies are often not only separated by the source host but also 

geographic location17,21, which is not the case here, this could reinforce the patterns in those studies. 

The strong influences of host and microbe genotype in determining colonization success of 

Snodgrassella seem to be a particular feature of the bumble bee microbiota system, potentially driven 

by predominant vertical transmission25,27 and isolated evolution or coevolution within host lineages. We 

provide evidence here that specificity of microbe colonization at a fine phylogenetic scale driven by 

genotypic identity does not necessarily translate to broader scales like species and genera, likely 
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because it increases variability within those latter units in colonization. In some regard, this pattern is 

similar to the predicted high variation in infection among hosts closely related to the source host of a 

pathogen due differences in evolved resistance42. Our results also conversely mean that a lack of a 

pattern of specificity between hosts and microbes at a broader phylogenetic scale does not mean we 

can’t rule out a finer scale of specificity. Additionally, this lack of a scaling up relationship indicates that 

underlying mechanisms determining patterns of colonization as genetic distance increases from a source 

host could vary, just as they are suggested to in host-pathogen relationships41.    These are all important 

considerations in future investigations of phylosymbiosis and host-microbe specificity in microbiota 

studies and beyond.   
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CHAPTER IV: IMMUNE STIMULATION INDUCED CHANGES TO THE NATIVE GUT MICROBIOTA OF BUMBLE 

BEES 

This chapter is modified from the submitted article: Sauers, L., Bassingwaite, T., Sierra-Rivera, B., Hampton, K., Duffield, K.,  
Ramirez, J-L., Sadd, BM. Immune stimulation induced changes to the native gut microbiota of bumble bees. Proc Royal Soc B 

Abstract 

Understanding factors influencing the maintenance and membership of beneficial host-

associated microbial communities is central to understanding ecological, evolutionary, and health 

consequences of these communities for their hosts. Host immunity is often implicated as a potential 

regulator of these microbiota. However, conversely, immunity may play a disruptive role, with immune 

responses to infection causing collateral damage. Such effects may be more prominent from innate 

immune responses, with more rapid acting and relatively non-specific components. We investigated 

how upregulation of antibacterial immunity in the bumble bee Bombus impatiens affects the core gut 

microbiota, testing the hypothesis of immunity induced perturbation of the beneficial microbiota 

structure. Freshly emerged adult bees received a native microbiota inoculation before being subjected 

to non-pathogenic immune stimulation treatments. We quantified the microbial community using 16S 

rRNA amplicon sequencing and targeted qPCR. We find colonization of the core member Gilliamella is 

altered by immune stimulation treatment. Additionally, a positive association in communities between 

Gilliamella and another core bacteria, Snodgrassella alvi, is perturbed. These changes are indicative of 

immune response induced dysbiosis. As such, the potential for collateral perturbation of beneficial 

microbial communities upon a host innate immune response may contribute to immune costs, shaping 

the evolutionary optimization of immune investment. 

Introduction 

There continues to be an increasing appreciation of the relevance of host-associated microbial 

communities, termed microbiota, for host health and fitness. Benefits hosts derive from their microbiota 

include assistance in digestion [1–3], defense against pathogens [4–6], and promotion of development 



 

99 
 

[7–10]. Furthermore, an imbalance in these microbial communities or dysbiosis can lead to detrimental 

effects for hosts [11–13]. As such, understanding factors that influence the maintenance and 

membership of beneficial microbial communities is central to understanding the ecological, 

evolutionary, and health consequences of these communities for their host organisms. Selection on  

hosts that is mediated through the phenotypes produced by the “extended genotype” of the 

microbiome have the potential to significantly influenced host evolution [14].   

The gut microbiota of animal hosts is particularly well-studied and given the benefits that have 

been uncovered of a native microbiota the factors influencing this microbial community and its variation 

may be particularly important [15,16]. The gut microbiota structure and function can be highly variable 

among individuals and over time [17,18]. This variation is influenced by many factors that can be 

intrinsic or extrinsic, and include mode of birth [19], hygiene [20], exposure to antimicrobials [11,13,21], 

diet [22–25], co-colonization with enteric parasites [26–28] and host genetics [29–32]. The potential for 

such modulation of the gut microbiota by intrinsic and extrinsic factors is crucial to understand given the 

essential health and fitness related roles of the gut microbiota and that deviations from healthy 

microbial communities often result in detrimental phenotypes for hosts [11,13]. While an apparently 

healthy gut microbiota can vary, compositions linked to diseases states can also be mediated by the host 

and/or external environment. Thus, further studies focused on disentangling the membership, 

abundances, and interactions in these host gut microbial communities are needed. 

One crucial intrinsic control of these communities is the host’s immune system. Host immunity 

and the maintenance of microbial communities has been well studied in adaptive immunity [33,34]; 

however, it is now becoming better understood that innate immunity in vertebrates and invertebrates 

also represents an important factor [35–38]. There are an increasing number of examples of how host 

immune regulation maintains host-associated microbes, including in hydra [39,40] and Drosophila [41]. 

However, interplay between host immunity and these beneficial microbial communities is a delicate 
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balancing act. Hosts must coexist with their beneficial microbes, while being able to mount rapid, non-

specific innate anti-pathogen responses [42]. This balance is critical to the mutualistic evolution of hosts 

and beneficial microbes, and the trajectory of host immune evolution may indeed be constrained due to 

beneficial symbionts [36]. Teasing apart how the innate immune system can both maintain gut 

homeostasis but also potentially induce microbiota dysbiosis is essential to advancing our knowledge of 

these host-microbe relationships and their evolution. 

Host immunity, beneficial associated microbes, and parasite and pathogen infections have 

numerous linkages and potential ecological and evolutionary outcomes [43]. A variety of mechanisms 

exist for hosts to tolerate or regulate beneficial symbiotic microbes while responding to pathogens [36], 

such as compartmentalization [44]. However, aberrant immune responses have been implicated in gut 

microbiota dysbiosis, including in human diseases [45], and unless perfectly regulated and targeted, 

rapid, non-specific innate immune responses could plausibly disrupt a native, healthy gut microbiota 

structure. Moreover, it has been shown that a bacterial pathogen co-opts tick host immunity to disrupt 

the hosts microbiota and enhance infection [46]. However, that a host immune response upon infection 

may itself be costly due to a perturbation of the status quo of the host beneficial gut microbiota has not 

been directly investigated. Even if such disruption is short-lived, resulting reduced beneficial functions 

mediated by the microbiota could represent an under-appreciated cost of immunity in addition to 

traditionally identified usage costs and others that affect immune system evolution [47,48].  

We utilize the gut microbiota of adult Common eastern bumble bees (Bombus impatiens) to 

further examine how host immune stimulation affects the overall gut microbial community structure, 

microbe associations, and the abundances of specialized core bacterial symbionts. The bumble bee 

native gut microbiota is relatively well-studied, possessing approximately 11-15 conserved, and often 

coevolved community members [49–52]. Furthermore, the native microbiota of adult bumble bees or 

related honey bees has been shown to provide the host various benefits, including digestion, 
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detoxification, development and pathogen defense [6–8,21,26,28,53–55]. We stimulate the bumble bee 

antibacterial immune response through heat-killed bacteria injections that represent benign immune 

elicitors and remove confounding effects of pathogenic infection that could otherwise influence the 

microbiota through multiple routes [43]. We hypothesize that induction of host immunity can lead to 

collateral damage through perturbation of the beneficial gut microbiota. In essence, an additional cost 

of immune system activation on infection is “friendly fire” of the immune system upon the “extended 

genotype” of the microbiome leading to potential knock-on effects for the host phenotype. Further, we 

induce the host immune response at two timepoints relative to colonization of the adult microbiota. We 

hypothesize that the timing of the immune response in relation to native gut microbiota establishment 

will affect the extent of perturbation, predicting that the microbiota will be more susceptible to 

infection induced changes early in its colonization.  

Materials and Methods 

Overall experimental design 

Freshly emerged experimental adult workers were taken from five colonies of B. impatiens 

derived from wild caught queens. Immediately on isolation, bees received a standardized microbiota 

inoculum from their natal colony. After consuming this inoculum bees were assigned to one of two 

immune treatment timepoints, of 0 days post adult emergence or 4 days post adult emergence, 

representing early and late stages of microbiota establishment [49], respectively. On the assigned day, 

bees received one of the following immune stimulation treatments: i) left naïve, or injected with ii) 

ringer saline, as wounding only, iii) heat-killed Escherichia coli or iv) heat-killed Staphylococcus 

epidermidis. Two days after their respective immune treatments the hindgut microbiota of these bees 

were analyzed using amplicon sequencing to assess community composition, microbe associations, and 

abundances of specific core members. However, amplicon sequencing alone is not a good predictor of 

absolute abundances [56], as such we utilized qPCR targeting total 16S rRNA to determine the overall 
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abundance of bacteria, and adjusted the amplicon relative abundances by the qPCR determined total 

load, from here on our referred to as adjusted amplicon or adjusted values. Further, qPCR of the specific 

abundances of relevant bee associated bacteria, Snodgrassella alvi, Gilliamella spp., Candidatus 

Schmidhempelia bombi, and Lactobacillus spp. was used to validate the adjustment approach. A 

separate set of bees received the same immune stimulation treatments at the timepoints above, but 

were used to verify the antibacterial immune activation.     

Bumble bee maintenance and microbiota inoculation 

 Queens were collected with the permission of local landowners and the ParkLands Foundation 

(http://www.parklandsfoundation.org/) from the Mackinaw River Study Area (Lexington, IL). Founded 

colonies were held under red light at 26ºC (± 1.5ºC) and provided with sugar water ad libitum and pollen 

three days per week following standard protocols [57]. Founding queens and a subset of workers were 

checked for pathogens by fecal screening and confirmed free of detectable gut pathogens. Experimental 

workers were isolated from the colony within 24 hours of adult emergence. They were starved for 30 

minutes in sterile collection vials before being offered a standardized microbiota inoculum from their 

natal colony. The 15µL inoculum consisted of 1-part freshly collected and pooled feces from at least five 

random workers (at least 48 hours post adult emergence) from the source colony and 2 parts sugar 

water. Full consumption of the inoculum was confirmed visually. This procedure has been used in 

previous work to re-establish gut communities in axenic bees [8]. Early microbiota establishment 

immune stimulation treatments took place immediately or late establishment treatments 4 days later. 

When not receiving their immune stimulation treatments bees were held in individual holding boxes 

with pollen and sugar water ad libitum until further processing. 

Immune stimulation treatments of microbiota analysis bees 

 Immune stimulation treatments took place either on day 0 post adult emergence, following the 

microbiota inoculation, or 4 days post adult eclosion and microbiota inoculation. Heat-killed bacteria 



 

103 
 

immune stimulation treatments were produced by suspending heat-killed cells of gram-negative E. coli 

(tlrl-hkeb2, InvivoGen, San Diego, CA) and S. epidermidis (tlrl-hkse, InvivoGen, San Diego, CA) in sterile 

insect ringer saline at 2 x 108 cells per ml. Bees were placed on ice to immobilize them prior to 

treatments. Treatments consisted of a 2µL injection of the heat-killed bacteria solution using a sterile 

pulled glass microcapillary inserted between the first and second abdominal tergites of bees. Wounding 

only ringer saline injected bees were injected with 2µL of sterile insect saline. Naïve bees were handled 

in the same manner but not injected. Forty-eight hours following immune stimulation treatments, bees 

for microbiota analysis were frozen at -80°C.  

Confirmation of immune stimulation treatments 

 To confirm the expected immune stimulation and identify any differences between treatments 

and timepoints a further 100 bees from three of the source colonies were treated as above, but their 

hemolymph extracted 24 hours post immune stimulation treatment and antibacterial activity measured 

in zone of inhibition assays against Arthrobacter globiformis [58]. Measured zone diameters were 

converted, based on a standard curve, to units (µg/mL) of the antibiotic tetracycline. Each bee sample 

was tested in duplicate, with the mean of the duplicates being used in subsequent analyses. 

Microbiota sample processing and amplicon sequencing 

Bees were briefly thawed, surface sterilized in sequentially 70% and 90% ethanol for 1 minute 

each, before rinsing with ultrapure water and being dried on a Kimwipe. Hindguts were sterilely 

dissected out and placed individually in sterile microcentrifuge tubes containing 2.4 and 3.2mm stainless 

steel beads (Scientific Industries, Bohemia, NY), 180µL of Buffer ATL (Qiagen, Hilden, Germany), and 

10µL of Buffer Dx (Qiagen, Hilden, Germany). Tissue was disrupted using a TissueLyser II (Qiagen, Hilden, 

Germany) and total DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, 

Germany) following the manufacturer’s adjusted protocol: Purification of total DNA from insects using 

the DNeasy Blood & Tissue Kit.  
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The microbiome was analyzed via 16S rRNA sequencing. Two replicate libraries were generated 

by following the 16S Metagenomic Sequencing Library Preparation guide from Illumina (Illumina, San 

Diego, CA), using PCR primers 341f and 806r [59]. The 16S V3-V4 region was amplified by PCR 

(parameters: 94°C, 3 min, 25 cycles of 95°C, 30 s; 55°C, 30 s; 72°C, 30 s) using 12.5 ng of sample DNA. 

Amplicons were purified with 0.8 volumes of AMPure beads, washed with ethanol, and eluted with 10 

mM Tris. Using the same PCR parameters and clean-up method, unique dual indexes (Integrated DNA 

Technologies, Coralville, IA) were added to the overhang region of amplicons for library identification. 

Libraries were quantified with the Qubit 1x dsDNA HS Assay kit and a Qubit 4 Fluorometer (Thermo 

Fisher Scientific, Waltham, MA) and normalized to 4 nM. Before sequencing, the libraries were pooled, 

denatured, diluted to a 12 pM final concentration, and spiked with 10% PhiX control library (Illumina, 

San Diego, CA). Samples were sequenced using the Illumina MiSeq system with a MiSeq v3, 2 × 300 bp, 

sequencing kit (Illumina, San Diego, CA). 

Targeted qPCR 

qPCR was carried out to quantify total bacterial abundance and the abundance of specific gut 

bacteria. The targets of each primer were confirmed by running a 10µL PCR reactions (4.3 µL molecular 

grade water, 2 µL  5x GoTaq Flexi buffer, 0.5 µL of forward and reverse 10µM primer stocks, 1 µL of 

2mM dNTP stock, 0.6 µL  MgCl2, 0.1 uL of GoTaq, and 1 µL  template) ) with initial denaturing of 5 

minutes at 95°C, 35 cycles of 95°C for 45 s, 54°C - 60°C (variable based on the primers) for 30 s, and 72°C 

for 60 s, followed by a final 5-minute extension at 72°C, followed by Sanger sequencing (Eurofins). qPCR 

was performed using SYBR Green PowerUp (Applied Biosystems, Waltham, MA) chemistry in 20µL 

reactions for total bacteria quantification and 10µl reactions for bacteria specific primers. Negative 

controls consisted of 2µL ddH2O and standard curves were made with dilutions of gBlock synthetic DNA 

(Integrative DNA Technologies, Coralville, IA.) created to match the target sequence. qPCR reactions 

were performed on the QuantStudio flex 7 platform with a 2-minute initial denaturing step at 50°C and 
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2 minutes at 95°C followed by 40 cycles of denaturing at 95°C for 15 s, annealing and elongation at 60°C 

for 1 minute. Although primer specificity has been verified by sequencing, melt curves generated after 

each run were checked to ensure specificity of amplification. Each DNA sample was run in duplicate, and 

any duplicates that had a calculated coefficient of variation above 0.20 were rerun.  

Bioinformatics analysis 

The sequences from both amplicon sequencing libraries were concatenated with a BASH script 

before being analyzed using QIIME2 version 2020.11 [60,61]. First barcode adapters and the primers 

were removed from sequences using the CutAdapt plugin. Subsequently, sequences were processed, 

analyzed, and filtered using DADA2 with the following parameters based off visualized quality score 

plots: forward truncation at 250bp, reverse truncation at 220bp. Taxonomy to amplicon sequencing 

variants (ASVs) was automatically assigned with a Naïve Bayes automatic classification using the SILVA 

SSU database 138 full sequence database [62] as a training dataset for the classifier. Downstream 

analysis was done in R [63]. 

Statistical analysis 

All statistical analysis were done in R version 4.2.0. Microbiome data was analyzed using the 

packages phyloseq, vegan, and NetCoMi [63–66]. First, reads assigned to Eukaryotes, chloroplast, and 

mitochondria were filtered out of the dataset. Relative abundances generated from phyloseq were 

converted to absolute abundances based on the qPCR quantification of total 16S rRNA bacterial 

abundance, by multiplying the relative abundances for each ASV in the sample by the qPCR estimated 

16S rRNA load for the sample. To check these absolute abundance estimates correlated with the actual 

abundances in the samples, we compared the converted values with specific targeted qPCR 

quantification. We find high agreement between our qPCR values and the adjusted absolute count 

values calculated from the amplicon sequencing for Snodgrassella (R2 = 0.868), Gilliamella (R2 = 0.87), 

Lactobacillus (R2 = 0.95), and Schmidhempelia (R2 = 0.73). Subsequently, community analysis metrics 
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were generated by calculating the Bray-Curtis distance between samples. PERMAnova was utilized to 

determine the effect of treatments on the distance between samples.  

Network analysis was carried out with the package NetCoMi. Data was preprocessed by 

grouping the ASVs by their genus and grouping the individual samples by their assigned treatments. 

Networks were made by Spearman correlation with a center log-ratio transformation to normalize the 

data. Zeros were adjusted by adding 1 to the data as with other log-ratio transformations. Correlations 

were tested for statistical significance by bootstrapping and adjusted for multiple tests using the false 

discovery rate. Only statistically significant relationships are shown in figures. Network parameters were 

compared with Fisher’s Z Test and permutation testing.  

For analyzing the abundance of the total bacterial 16S rRNA and individual targeted bacteria 16S 

rRNA, generalized linear mixed models were used in glmTMB [67]. Model fixed effects included immune 

stimulation treatment, timing of treatment (early or late during microbiota establishment), and their 

interaction, with colony as a random effect. Negative binomial, negative binomial hurdle models, and 

negative binomial zero-inflated models were fit to the data. The best model was picked by a 

combination of visualizing the residual vs predicted plots and dispersion testing with the DHARMa 

package [68], AICc with the AICcmodavg package [69], and hypothesis testing. In all cases the negative 

binomial distribution was found to be superior. 

Antibacterial activity measures to confirm immune activation and identify any differences 

between treatments was analyzed with a linear mixed effects model with the response variable square-

root transformed to adhere to assumptions. Fixed effects included immune stimulation treatment, 

treatment timing, and their interaction, with colony as a random effect. 

Graphs were created with the ggplot2 package [70]. 
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Results 

Antibacterial activity following immune stimulation treatment 

There is a significant effect of immune stimulation treatment on antibacterial activity (Χ2 = 

41.635, d.f. = 3, p < 0.001; Figure 9), but no significant effect of treatment day (Χ2 = 1.426, d.f. = 1, p = 

0.236) or the interaction of immune stimulation treatment and treatment day (Χ2 = 0.939, d.f. = 3, p = 

0.425). Both E. coli and S. epidermidis heat-killed bacteria injection treatments significantly increase 

antibacterial activity above naïve and ringer saline injected treatments (Tukey HSD adjusted pairwise 

contrasts: p < 0.001), but the two bacteria treatments do not differ from one another (p = 0.112). Ringer 

saline injections have higher antibacterial activity than naïve bees (p = 0.004), likely a result of the 

wounding from the injection as expected.  

Microbiome analysis and diversity indices 

 Gut microbiomes from 158 individuals were analyzed using the hypervariable V3-V4 region of 

the bacterial 16S rRNA gene with Illumina MiSeq amplicon sequencing. In total there were 19,247,933 

reads with an average of 101,359.15 (± 46,345.67) reads per sample and 512 identified ASVs. High 

relative abundance bacterial genera include Schmidehempelia, Gilliamella, Lactobacillus, and 

Snodgrassella, as expected (Figure 10). Based on absolute abundance, beta diversity distance is not 

significantly affected by immune stimulation treatment (p = 0.7472) nor its interaction with treatment 

day (p = 0.2151). However, there is a significant effect of treatment day (p < 0.001) and colony (p 

<0.001) on beta diversity distance and the effect of immune stimulation was marginally non-significant 

when looking at those individuals treated 4 days post adult eclosion (p = 0.054) (Figure 11). The total 

bacterial abundance quantified by qPCR does not differ by immune stimulation treatment (Χ2 = 1.76, d.f. 

= 3, p = 0.624), or the interaction between them (Χ2 = 0.820, d.f. = 3, p = 0.845). However, there is a 

significant effect of treatment day (Χ2 = 13.571, d.f. = 1, p = 0.0002) with total bacterial load decreasing 

from day 0 to day 4 treated bees.  
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Quantification of specific microbiota members 

 There is a significant effect of immune stimulation treatment on the absolute abundance of 

Gilliamella calculated from the adjusted amplicon data (p=0.0011), with treatments of heat-killed S. 

epidermidis and wounding only, ringer injected having higher abundances relative to E.coli injected and 

naïve bees (Figure 12 and Table 4). In addition, the abundance of Schmidhempelia is influenced by 

treatment day (p=0.007). There are no further effects of immune stimulation treatment, treatment day 

or their interaction on the other core gut microbes S. alvi and Lactobacillus sp., or the non-core, 

environmental microbe Pseudomonas (Table 4). The results from species-specific qPCR determined 

abundances qualitatively agree with the results from these adjusted amplicon values (results not 

shown). 

Network analysis-based community associations 

 Network analysis was performed on communities subset by the immune stimulation treatment 

(Figure 13). There are two main microbe community association clusters in bees in the naïve treatment. 

The first cluster consists of the core gut symbionts Gilliamella and Snodgrassella. The second cluster 

consists of Schmidhempelia and Lactobacillus, along with many non-core, environmental and potentially 

pathogenic, bacteria, such as Enterobacter, Serriatia, and Pseudomonas. Associations within each cluster 

are predominantly positive, but with negative between the cluster associations. However, immune 

stimulation of any kind appears to precipitate a large shift in the network of microbe community 

associations within the bumble bee gut (Figure 13). Under the immune stimulation treatments of 

injection only wounding and the heat-killed bacteria injection, the second cluster of Schmidhempelia-

Lactobacillus-environmental microbes is retained or even strengthened, but the key positive association 

between Gilliamella and Snodgrassella is disrupted.  
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Discussion 

Host physiological changes have the potential to select for changes in or disrupt their associated 

microbiota, either changing membership in the microbial community, overall abundances of microbes or 

microbe types, or associations between microbes within the communities. Here we examine how 

stimulation of insect innate immunity against a simulated wounding or pathogenic challenges may alter 

the bumble bee gut microbiota, which has been implicated as important for host health and fitness. We 

take an integrated approach, combining insights based on general community structure, abundances of 

select microbes of potential importance, and specific network associations within the communities. 

Despite no evidence for significant coarse-level changes in microbiota membership across immune 

stimulation treatments, we see that the abundance of the core bumble bee gut bacterium Gilliamella is 

significantly affected by the immune stimulation treatment. Moreover, the potential disruptive effect 

that an induced immune response can have is demonstrated by a perturbation of the network of 

microbe associations within the bumble bee gut microbiota. 

We reveal that stimulation of host immunity, independent of actual infection, differentially 

affects microbiota members. Our amplicon sequencing results reveal that, in general, membership in the 

microbiota based on presence or absence is relatively invariant, which may indicate the potential for the 

microbiota to rebound following acute perturbations to abundances of particular members. We find 

that our native microbiota inoculums lead to colonization of expected members [49,52], and document 

temporal changes in Schmidhempelia in agreement with earlier work [17]. Importantly, we show that 

immune stimulation through wounding and S. epidermidis gram positive bacteria elicitation leads to an   

increase in the abundance of Gilliamella. This indicates that the microbiota does not respond as a whole 

to host induced changes, but rather particular members may be affected disturbing the normal balance 

of the community. Furthermore, these results indicate that the source of immune stimulation matters. 

Our confirmation of immune activation used a relatively broad assessment of antibacterial activity, but it 
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is known that different immune challenges can lead to different host gene expression profiles [71]. Such 

differences in host response could dictate different outcomes for the microbiota. Intriguingly, it has 

been shown that increased abundances of Gilliamella within the host are positively associated with 

prevalence of infection of the trypanosome Crithidia bombi [4]. The increase in Gilliamella abundance 

during Crithidia infection could be in part mediated by the host immune response. Although intuitively it 

may seem beneficial for the host to have increased numbers of Gilliamella, which is thought to aid bee 

hosts in digestion and nutrition [3,51,53,55,72], ultimately it could be the result of disrupted 

associations with other microbial species and signal a state of microbiota dysbiosis within the host.  

 The network analysis of community associations provides further support for disrupted 

associations between microbiota members. In naïve individuals, the two core bacteria Snodgrassella and 

Gilliamella show a positive association. These two bacteria have been shown to cross-feed with each 

other and are proposed to colonize together in the hindgut creating a biofilm on the host epithelium 

[73]. However, under all other immune stimulation treatments this positive association in the 

communities is broken up, indicating a potential shift in their interaction. This change is also seen in the 

wounding treatment, which we see elicits an immune response, albeit at a lower level than the heat-

killed bacteria injections. A second, largely positively associating cluster in the naïve group includes the 

core microbe Schmidhempelia and environmentally acquired, potentially pathogenic microbes including 

Pseudomonas  and Enterobacter. The associations in this cluster remains largely consistent, perhaps 

even strengthening, following immune stimulation. This cluster has negative associations with the core 

beneficial bacteria Snodgrassella and Gilliamella, and these results further indicate the potential for host 

immune induced disruption of key beneficial associations within the microbiota.    

 Further studies are needed to elucidate the ultimate effects of immune stimulation induced 

disturbance of the microbiota of bumble bee hosts. It is currently unclear if the effects seen here are the 

result of direct effects of immune products acting upon microbiota members or rather the indirect 
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effect of altered immune physiology that shifts it from a state of regulation of the microbiota that has 

been documented in other systems  [36]. In addition, it is important to relate the changes that are seen 

in the microbiota to functional consequences for the host. A native microbiota is proposed to provide 

various benefits to insect hosts [74], including in the gut of bumble bees [75]. The extent to which these 

benefits are perturbed and if and when a healthy community and functioning is restored will dictate the 

consequences for host health and the ecological and evolutionary dynamics between hosts, their 

immunity, and associated microbes [36]. 

Overall, this work shows that the insect innate immune response can play a role in determining 

the structure of the host-associated microbial community and may disrupt the natural community 

causing a state of dysbiosis. This provides evidence for an additional link between the immunity of hosts 

and their microbiota, in addition the regulatory and other bi-directional effects [36,43,76]. Disruption of 

the host-associated microbiota upon the immune response to a wounding or pathogenic threat 

represents yet another potential usage cost of insect immunity in addition to previously documented 

energetic costs, physiological, and autoreactive costs [47,48,77], especially if effects have lasting 

functional consequences. As such, this could explain natural variation in immune responses, features of 

the microbiota such as redundancy [78], and the evolutionary optimization of host immunity [36].  
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CHAPTER V: GUT MICROBIOME AND HOST METABOLOME CHANGES ASSOCIATED WITH DIFFERENT 

BUMBLE BEE QUEEN (BOMBUS LANTSCHOUENSIS) LIFE STAGES 

Abstract 

Honey bees and bumble bees possess relatively simple but conserved gut bacterial 

communities, which are proposed to play important roles in nutrition, metabolism, behavior, and 

physiology. However, while the membership of these gut communities is well studied in honey bee 

systems, there remain critical gaps in our understanding for bumble bee systems, which differ 

considerably in certain aspects of their biology from honey bees. For example, while honey bees have an 

exclusively social life, the life of otherwise social bumble bee queens includes a solitary stage during 

which queens leave their natal colonies to seek mates, diapause, and subsequently found their own 

colony. This is a potentially sensitive time during the bumble bee life cycle, with dramatic changes in 

nutrition, thermal environment, and gene expression. These changes have the potential to strongly 

influence the membership and functionality of the gut microbial community. Using unmated, mated and 

post-hibernation ovipositing queens of Bombus lantschouensis, we characterize variation in the 

composition and putative function of the gut microbiota and the host hemolymph metabolome. We find 

that the microbiota varies across the three queen life stages assessed. In particular, we find that mated 

queens lack many of the common core microbial community members and contains more 

environmental microbes. Additionally, we find that the queen metabolomic profiles differ by status, and 

changes in specific metabolites correlate with both functional and taxonomic changes in the bee gut 

microbial community.  

Introduction 

Division of reproductive labor is a hallmark of eusocial insects 1–4 and results in castes with 

differing reproductive ability. In eusocial hymenoptera, including honey bees and bumble bees, the 

queens of colonies represent the primary source of offspring production and thus are key to colony 
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fitness 5–7. Previous work highlights the importance of queen health and condition in determining the 

ultimate colony fitness and performance for many eusocial species 5–7. Additionally, many diseases and 

environmental stressors, such as pesticide exposure, influence queen survival and reproductive success 

8–10. These previous studies highlight the importance in understanding factors contributing to queen 

health.  

One important factor that has gained increasing attention as a determinant of social bee health 

is their gut microbiota. The gut microbial community of social bees is well documented and studied 11–18. 

These communities provide their worker bee hosts with nutrition 19–21, defense from pathogens 22,23, and 

potentially aid in immunological development 24,25. Additionally, within worker bees these communities 

are relatively conserved and specialized 15, consisting of just a few core species 13,16, which are passed on 

largely through vertical transmission from the queen 26. Some specific core members have been 

identified as playing key roles. Gilliamella aids the host in digesting pectin from pollen 14,19,20, 

Lactobacillus can ferment many of the sugars present in the bee’s gut 19,20, and Snodgrassella forms a 

thick biofilm directly on gut epithelial cells modifying the gut environment for the host and other 

community members 12. However, previous work shows that the abundances and composition of the 

bee gut community and the core gut species can vary over time in workers, and with status and life 

stage in queens 27. Further work investigating how the life stage and physiological state of bumble bee 

queens is related to changes in gut community structure is of critical importance to understanding 

queen health, because of their vital importance for the colony and unique aspects of their biology 

compared to worker bumble bees and queens of honey bees. 

Compared to social honey bees, bumble bees (Bombus spp.) differ in that their queens undergo 

life stages that differ in their social environment 28. Queen larvae mature and develop within the social 

context of their natal colony, but following adult emergence queens leave the colony to mate and begin 

a solitary phase, which includes a diapause phase represented by overwintering hibernation in 
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temperate species29. This period is characterized by extended cold exposure, depressed metabolic 

functionality, and changes in gene expression 30–34. After hibernation, queens found their own colonies 

as oviposition is initiated, and they re-enter social living as their colony begins to grow with the 

emergence of adult workers. Due to these aspects of their biology, bumble bee queens experience life 

stages unique from worker bumble bees that are characterized by not only differences in sociality, but 

also unique physiological demands and gene expression patterns 34–37. Such physiological changes, and 

the absence of social buffering and the experience of considerable environmental change means this 

period is a potentially sensitive, but also critical period in the bumble bee life cycle.  

Here we investigate the bumble bee queen hemolymph metabolome and the composition and 

putative functioning of their gut microbial communities. This is done across three different queen 

statuses of unmated, after mating and before hibernation, and ovipositing post-hibernation to 

determine associated shifts in queen physiology and microbial community during these important 

transition stages. This approach aids us in further understanding the different physiological conditions 

and requirements of queens as they move through mating, hibernation, and oviposition and how these 

may be associated with changes in the gut microbial community, which expands our knowledge of 

bumble bee queen, and ultimately colony, health. 

Materials and Methods 

Sample collection 

Bombus lantschouensis colonies were reared indoors under dark conditions with a constant 

temperature of 27±1°C and 55-60% humidity. Colonies were fed sugar water (1:1, vol/vol) and apricot 

pollen ad libitum. Three distinct physiological stages of queens produced by these colonies were 

collected, unmated queens (UQ), mated queens (MQ) and ovipositing queens (OQ). From these samples 

individuals were assigned to either metagenomic analysis or metabolome analysis. Unmated queens 

(UQ) were collected from colonies upon adult eclosion and held until 8-days post eclosion. Mated 



 

131 
 

queens (MQ) were treated as UQ but mated with males 7-days after queen adult eclosion. Mating 

occurred in a 4m x 3m x 2m (length x width x height) net cage, with queens and males at a ratio of 1:2. 

Mated queens were sampled 24 hours after mating. Ovipositing queens (OQ) went through the same 

procedure but were held until they exhibited a decrease in activity, and subsequently cooled to 4°C for 

hibernation. Four months later, these queens were taken out of hibernation and returned to the 

standard conditions above, and following egg laying and the emergence of the first workers in the 

colony the queens were sampled. All samples for metagenomics (MQ, n=5; UQ, n=5; OQ, n=5) were 

snap-frozen in liquid nitrogen and then stored at -80°C. Queens assigned for metabolomics (MQ, n=11; 

UQ, n=15; OQ, n=14) were briefly put into a freezer for cold anesthetization followed by hemolymph 

extraction as described below 

Queen gut DNA extraction 

Each sample assigned for metagenomic analysis was sterilized with 70% ethanol for 1 minute 

followed by an additional wash of 90% ethanol solution for 1 minute.  Samples were then rinsed using 

double-distilled water several times. The whole alimentary canal (including crop, midgut, ileum and 

rectum) was removed and placed into a 1.5 mL centrifuge tube containing 100 μL double-distilled water 

and ceramic beads (0.1 mm) for homogenization. Extracted guts were homogenized using a tissue lyser 

(Qiagen, Hilden, Germany) and DNA was extracted using a Wizard Genomic DNA purification kit 

(Promega; A1120) following the manufacturer’s instructions with 30 µL of nuclease-free water used for 

elution. The DNA quality and concentration were assessed using 2% agarose gel electrophoresis and 

Qubit fluorometer (Invitrogen, Carlsbad, CA, USA), and the DNA solution was stored at -80°C until 

sequencing. 

Metagenomic sequencing and data processing 

Metagenome sequencing was carried out using the Illumina Hiseq 2500 platform (paired end; 

reads length, 250 bp; insert size, 300bp). Metagenomic sequencing analysis was done using the 
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MetaWrap 38 pipeline and ANVIO software 39. First, raw reads were modified using the MetaWrap 

quality control module, which removes adaptor sequences and cleans poor quality reads (Phred score 

less than 20) and short sequences (less than 20bp) with Trimmomatic. Both human and bumble bee 

associated reads were then removed with BMTagger. The remaining high-quality reads were assembled 

into sample-based assemblies with metaSpades 40 and subsequently binned (with completion greater 

than 80% and less than 10% contamination parameter) using Metabat2, Maxbin2, and concoct 41–43. 

These resulting bins were further refined with MetaWrap’s unique refinement module, and bins with 

completion of less than 80% and contamination greater than were 10% removed. Bin taxonomy was 

identified with MetaWrap by searching for 22 single-copy core genes against the Genome Taxonomy 

Database. Bins were then dereplicated using dRep 2.0 (with bins with 97% or greater similarity 

dereplicated) and imported into Anvio along with clean reads and sample data. Using Anvio, open 

reading frames were predicted with Prodigal and annotated with Diamond BLASTp searching against 

both the NCBI COGs database and KEGG KOFam database 44–47. 

Queen hemolymph extraction 

Hemolymph (30-50 μL) was collected from between the 3 and 4 abdominal segments using a 

pulled glass capillary to puncture the membrane and a second capillary used to extract the hemolymph. 

Hemolymph was transferred into Eppendorf tubes and immediately snap-frozen in liquid nitrogen to 

prevent melanization. The samples were stored at -80°C until used. 

Gas chromatography-mass spectrometry analysis 

Sample metabolites were extracted by using 100% methanol and BSTFA was used for the 

derivatization of metabolites. The hemolymph metabolites were analyzed using an Agilent 7890 gas 

chromatograph system coupled with a Pegasus HT time-of-flight mass spectrometer (GC-TOFMS). The 

system utilized a DB-5MS capillary column coated with 5% diphenyl cross-linked with 95% 

dimethylpolysiloxane (30m×250μM inner diameter, 0.25μM film thickness; J&W Scientific, Folsom, CA, 
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USA). A 1μL aliquot of the analyte was injected in splitless mode. Helium was used as the carrier gas, the 

front inlet purge flow was 3mL min−1, and the gas flow rate through the column was 1mL min−1. The 

initial temperature was kept at 50°C for 1 min, then raised to 310°C at a rate of 20°C min−1, then kept for 

3min at 310°C. The injection, transfer line, and ion source temperatures were 280, 270, and 220°C, 

respectively. The energy was -70eV in electron impact mode. The mass spectrometry data was acquired 

in full-scan mode with the m/z range of 50-500 at a rate of 20 spectra per second after a solvent delay of 

6.1min. 

Chroma TOF 4.3X software (LECO Corporation) and the LECO-Fiehn Rtx5 database were used for 

subsequent analysis. The workflow for this analysis consisted of extracting the raw peak, determining 

the data baselines, filtering and calibration of the baselines, peak alignment, deconvolution analysis, 

peak identification, and integration of the peak area 48. The RI (retention time index) method was used 

in the peak identification, and the RI tolerance was 5000. Metabolic features detected in <50% of 

samples, or those with a relative standard deviation > 30% or the similarity value <200 were removed 

from the analysis 49. This resulted in 139 queen metabolites identified and these metabolite abundances 

were converted to a mean of zero for future analysis. 

The MetaboAnalyst 4.0 platform was used to perform the metabolic pathway analysis (MetPA) 

based on the identified metabolites using the Drosophila melanogaster  library50 based on the pathway-

related metabolite sets library. The hemolymph metabolite datasets were compared among the three 

queen groups. 

Statistical analysis 

MetaboAnalyst 4.0 was used to perform multivariate analysis and statistical analysis of the 

metabolome data 50. Principal component analysis (PCA) and partial least square-discriminant analysis 

(PLS-DA) were used to find the significantly different metabolites, with false discovery rate (FDR) 

adjusted p-values of <0.05 and Variable Importance in Projection (VIP) >1. Microbiota community 
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analysis was done using the phyloseq R package. Bray-Curtis distance between the samples was 

calculated and visualized on an ordination plot. A PERMANOVA was then used to test significant 

differences between the three queen statuses. Calls for each annotated gene were obtained from Anvio 

39 and imported into the Statistical Analysis of Metagenomic Profiles (STAMP) software 51. Using STAMP, 

differences in microbiota functionality between queen statuses based on genes annotated with either 

KOFam or COG functions were analyzed using principal component analysis plots and ANOVA with 

Storey False Discovery Rate correction for multiple tests. 

Results 

Profiling of the queen gut microbiota 

A total of 171,398 Mb raw data (mean ± sem, 11,426 ± 161 Mb per sample) was obtained by 

metagenome sequencing. After applying the quality control filters and removing host contigs, a total of 

18.36 million base pairs were retained. Initial metagenome assemblies resulted in 5,694 contigs, which 

assembled into 17 metagenome bins and dereplicated to 6 high quality bins (Table 5). Looking at the bin 

enrichment across samples (Figure 14), Gilliamella is enriched in all but one sample, however 

Snodgrassella is absent from several of the mated queens. Additionally, the unmated queens are 

enriched for Saccharibacter while the ovipositing queens are enriched for Bifidobacterium and 

Apilactobacillus. The ordination plot and PERMAnova on the Bray-Curtis distance between samples 

supports microbiota clustering based upon queen status (p-value = 0.001) (Figure 15). However, often 

times varying microbial communities may share convergent function at the genomic level. To analyze 

whether differences in community structure correlate to microbiota with putatively different functions 

the annotated genes were analyzed in STAMP. From the ordination plots of annotated genes, we see 

that there is little difference in the functionality for the unmated and ovipositing queen microbial 

communities, but significant differences in the predicted functions of mated queens (Figure 16). 
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Hemolymph metabolome differences across queen status 

To assess metabolome differences among the mated, unmated, and ovipositing groups, non-

targeted GC-TOFMS was used to analyze the hemolymph profiles. A total of 139 metabolite features 

were identified in the hemolymph metabolome. For all metabolite features, PCA and PLS-DA analysis 

was used to detect differences between mated, unmated, and ovipositing groups (Figure 17). From this 

analysis 40 metabolites were significantly different among the mated, unmated, and ovipositing groups. 

Eight metabolites were more abundant in the mated group, including 4 amino acids and derivatives 

(alanine, lysine, glutamine, and N-Methyl-DL-alanine), 1 organic acid (4-Acetamidobutyric acid), 1 amide 

(lactamide), 1 fatty acid (palmitic acid), and 1 sugar (leucrose). Twenty-four metabolites were higher in 

the unmated group, including 5 amino acids and derivatives (valine, 3-hydroxynorvaline, N-ethylglycine, 

asparagine, and N-carbamylglutamate), 6 organic acids (Itaconic acid, glutaconic acid, guanidinosuccinic 

acid, benzoic acid, glutamic acid, and 3-hydroxypyridine), 2 alcohol (stigmasterol and 2-butyne-1,4-diol), 

2 sugars (levoglucosan and isopropyl-beta-D-thiogalactopyranoside), 3 nucleotides (uracil, inosine, and 

cytidine-monophosphate) and 6 other chemical substances (maleamate, 3-methylcatechol, 5-

aminovaleric acid lactam, sulfuric acid, pyrophosphate, and 3-hydroxypyridine). Finally, eight 

metabolites were significantly enriched in ovipositing group, including 3 amino acids (glycine, ornithine, 

and citrulline), 4 organic acids (2-ketoadipate, 2,4-diaminobutyric acid, 3-aminoisobutyric acid, and 

malonic acid), 1 amide (maleimide) (Figure 18).  

The 40 significantly different hemolymph metabolites were used for metabolic pathway 

analysis, resulting in enrichment of 11 pathways, including Arginine biosynthesis, alanine, aspartate and 

glutamate metabolism, D-glutamine and D-glutamate metabolism, glyoxylate and dicarboxylate 

metabolism, glutathione metabolism, arginine and proline metabolism, beta-alanine metabolism, 

pyrimidine metabolism, sulfur metabolism, propanoate metabolism, and glycine, serine and threonine 

metabolism (False discovery rate (FDR) < 0.01, pathway impact > 0.1) (Figure 18). 
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Discussion 

Queens are critical to the production and subsequent health of social bumble bee colonies, but 

transition through potentially sensitive life stages with major abiotic environment, social and 

physiological changes. Here we investigate how the queen life stage status influences their physiological 

profile associated metabolome and their microbial community. We find clear evidence that both queen 

metabolomes and their microbial community composition and putative functioning varies across queen 

status, with strong divergences occurring in queens post-mating.  

Several members of the conserved bumble bee and honey bee gut microbiota have been 

identified as having potential beneficial effects, but the microbial community structure is significantly 

affected by the queen’s life stage and status. Both unmated and ovipositing queens have similarities and 

are enriched for the core microbe Snodgrassella, but have some differential associations with the 

microbes Saccharibacter, Bidifiobacterium, and Apilactobacillus. Unmated queens have higher levels of 

Saccharibacter, bacteria from this genus have been implicated in food uptake and digestion of acetic 

acid in other insect systems. Ovipositing queens are enriched for Bifidobacterium and Apilactobacillus, 

of which Bifidobacterium species of these genera are commonly considered as part of healthy honey 

bee core microbiota and have implications in food digestion and more importantly defense against 

other environmental microbes. Pre-hibernation mated queens were not significantly enriched for any 

specific microbial species besides Gilliamella. The lack of consistent gut microbiota likely signals that 

these individuals are dominated by more environmentally acquired communities and lack the common 

community structure, in agreement with previous work 27. Intriguingly, it appears that bumble bee 

queen mating leads to significant changes in immune gene expression52. As highlighted in chapter 4, 

changes in immunity could affects the standard microbiota composition. Our current metagenomic data 

does not enable the separation of Gilliamella species from the closely related Schmidhempelia. 

Individually characterizing the abundances of these microbes would be advantageous given that they 
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are negatively associated and have different associations with environmental and other core community 

members as demonstrated in chapter 4.   

The divergence seen in the microbial community structure across the queen life stage and status 

is supported by divergent predicted community function. In many microbial community variations in 

taxonomic community structure does not necessarily result in changing community functionality 53–55. 

Thus, looking not only at community membership but also the functional traits and genes of these 

communities is essential to fully elucidate changes in the community and how these may influence 

queen health. We see significant divergence in the functionality of the microbial communities in mated 

queens. This means there is the potential for these changes to drive differences in metabolic functions 

of the microbial community.  

To explore the physiology-associated metabolites and the different metabolic processes in the 

different queen life stages, we measure the hemolymph metabolomic profile of queens. Most of the 

differential metabolites among the queen groups belonged to amino acids and organic acids. Amino 

acids are not only consumed as energy sources by core microbial species, but often converted into other 

metabolic intermediates required for other essential metabolic pathways. For example, tryptophan 

metabolism has previous been shown to influence honey bee learning and memory behaviors 56, and is 

an essential component of benefits bees receive from Lactobacillus spp. Additionally, glutamine can aid 

in pyrimidine biosynthesis and serves as an essential nitrogen donor in the hexosamine pathway57. 

Meanwhile, organic acids have previously been shown to play essential roles in lipid storage, pathogen 

defense, and even modulating interactions between bee microbiota members 19,20,58.  

Our study provides further evidence that queen status and stage influences both the 

physiological state and the gut microbiota of queens. The change of metabolites within queens may 

drive changes in host microbiota and could be a direct reflection of changing requirements of queen 

physiology because of life stage and status. However, many studies have suggested metabolome profile 
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variation could reflect differences in gut microbiome of hosts59–61. Thus, the divergent community 

structures associated with different queen life stages could drive or be driven by changes in host 

physiology, with important implications for our understanding of queen health. Our current data does 

not provide a clear causation for whether the divergence in host metabolome drives changes in 

microbiota or vice-versa. However, tracking both the metabolome and microbiota across a finer time 

scale through these different queen stages would enable changes in one of these facets to be tied to 

subsequent changes in the other providing evidence for causation.  



 

139 
 

References 

1. Brahma, A., Mandal, S. & Gadagkar, R. Emergence of cooperation and division of labor in the  

primitively eusocial wasp Ropalidia marginata. Proc. Natl. Acad. Sci. USA. 115, 756–761 

(2018). 

2. Hartmann, A. & Heinze, J. Lay eggs, live longer: division of labor and life span in a clonal ant  

species. Evolution 57, 2424–2429 (2003). 

3. Kreider, J. J. et al. Resource sharing is sufficient for the emergence of division of labour. Nat.  

Commun. 13, 7232 (2022). 

4. Shimoji, H. & Dobata, S. The build-up of dominance hierarchies in eusocial insects. Phil. Trans.  

Roy. Soc. Biol. Sci. 377, 20200437 (2022). 

5. Wiernasz, D. C. & Cole, B. J. Queen size mediates queen survival and colony fitness in harvester  

ants. Evolution 57, 2179–2183 (2003). 

6. Rangel, J., Keller, J. J. & Tarpy, D. R. The effects of honey bee (Apis mellifera L.) queen  

reproductive potential on colony growth. Ins. Soc. 60, 65–73 (2013). 

7. Woyke, J. Correlations between the age at which honeybee brood was grafted, characteristics of  

the resultant queens, and results of insemination. J. Api. Res. 10, 45–55 (1971). 

8. Ravoet, J. et al. Comprehensive bee pathogen screening in Belgium reveals Crithidia mellificae as  

a new contributory factor to winter mortality. PLoS One 8, e72443 (2013). 

9. Yourth, C. P., Brown, M. J. F. & Schmid-Hempel, P. Effects of natal and novel Crithidia bombi  

(Trypanosomatidae) infections on Bombus terrestris hosts. Ins. Soc. 55, 86–90 (2008). 

10. Fauser, A., Sandrock, C., Neumann, P. & Sadd, B. M. Neonicotinoids override a parasite exposure  

impact on hibernation success of a key bumblebee pollinator. Ecol. Entomol. 42, 306–

314 (2017). 

 



 

140 
 

11. Kwong, W. K. & Moran, N. A. Evolution of host specialization in gut microbes: the bee gut as a  

model. Gut Microbes 6, 214–20 (2015). 

12. Kwong, W. K. & Moran, N. A. Cultivation and characterization of the gut symbionts of honey  

bees and bumble bees: description of Snodgrassella alvi gen. nov., sp. nov., a member of 

the family Neisseriaceae of the Betaproteobacteria, and Gilliamella apicola gen. nov., sp. 

nov., a member of Orbaceae fam. nov., Orbales ord. nov., a sister taxon to the order 

‘Enterobacteriales’ of the Gammaproteobacteria. Int. J. Syst. Evol. Microbiol. 63, 2008–

2018 (2013). 

13. Kwong, W. K. & Moran, N. A. Gut microbial communities of social bees. Nat. Rev. Microbiol. 14,  

374–84 (2016). 

14. Kwong, W. K., Engel, P., Koch, H. & Moran, N. A. Genomics and host specialization of honey bee  

and bumble bee gut symbionts. Proc. Natl. Acad. Sci. USA. 111, 11509–14 (2014). 

15. Kwong, W. K. et al. Dynamic microbiome evolution in social bees. Sci. Adv. 3, e1600513 (2017). 

16. Engel, P. & Moran, N. A. Functional and evolutionary insights into the simple yet specific gut  

microbiota of the honey bee from metagenomic analysis. Gut Microbes 4, 60–5 (2013). 

17. Engel, P. & Moran, N. A. The gut microbiota of insects - diversity in structure and function. FEMS  

Microbiol. Rev. 37, 699–735 (2013). 

18. Engel, P. et al. The Bee microbiome: impact on bee health and model for evolution and ecology  

of host-microbe interactions. mBio 7, e02164-15 (2016). 

19. Bonilla-Rosso, G. & Engel, P. Functional roles and metabolic niches in the honey bee gut  

microbiota. Curr. Opin. Microbiol. 43, 69–76 (2018). 

20. Kešnerová, L. et al. Disentangling metabolic functions of bacteria in the honey bee gut. PLoS  

Biol. 15, e2003467 (2017). 

 



 

141 
 

21. Zheng, H., Powell, J. E., Steele, M. I., Dietrich, C. & Moran, N. A. Honeybee gut microbiota  

promotes host weight gain via bacterial metabolism and hormonal signaling. Proc. Natl. 

Acad. Sci. USA. 114, 4775–4780 (2017). 

22. Koch, H. & Schmid-Hempel, P. Socially transmitted gut microbiota protect bumble bees against  

an intestinal parasite. Proc. Natl. Acad. Sci. USA. 108, 19288–92 (2011). 

23. Steele, M. I., Motta, E. V. S., Gattu, T., Martinez, D. & Moran, N. A. The gut microbiota protects  

bees from invasion by a bacterial pathogen. Microbiol. Spectr. 9, e0039421 (2021). 

24. Kwong, W. K., Mancenido, A. L. & Moran, N. A. Immune system stimulation by the native gut  

microbiota of honey bees. R. Soc. Open Sci. 4, 170003 (2017). 

25. Näpflin, K. & Schmid-Hempel, P. Immune response and gut microbial community structure in  

bumblebees after microbiota transplants. Proc. Roy. Soc. Biol. Sci. 283, (2016). 

26. Powell J. Elijah, Martinson Vincent G., Urban-Mead Katherine, & Moran Nancy A. Routes of  

acquisition of the gut microbiota of the honey bee Apis mellifera. Appl. Environ. 

Microbiol. 80, 7378–7387 (2014). 

27. Wang, L. et al. Dynamic changes of gut microbial communities of bumble bee queens through  

important life stages. mSystems 4, (2019). 

28. Sadd, B. M. et al. The genomes of two key bumblebee species with primitive eusocial  

organization. Gen. Biol. 16, 76 (2015). 

29. Goulson, D. Bumblebees: behaviour, ecology, and conservation. in (2003). 

30. Amsalem, E., Galbraith, D. A., Cnaani, J., Teal, P. E. A. & Grozinger, C. M. Conservation and  

modification of genetic and physiological toolkits underpinning diapause in bumble bee 

queens. Molec. Ecol. 24, 5596–5615 (2015). 

31. Beekman, M., van Stratum, P. & Lingeman, R. Diapause survival and post-diapause performance  

in bumblebee queens (Bombus terrestris). Entomol. Experi. Appl. 89, 207–214 (1998). 



 

142 
 

32. Kim, B.G., Shim, J.K., Kim, D.W., Kwon, Y. J. & Lee, K.Y. Tissue-specific variation of heat shock  

protein gene expression in relation to diapause in the bumblebee Bombus terrestris. 

Entomol. Res. 38, 10–16 (2008). 

33. Jedlička, P., Ernst, U. R., Votavová, A., Hanus, R. & Valterová, I. Gene expression dynamics in  

major endocrine regulatory pathways along the transition from solitary to social life in a 

bumblebee, Bombus terrestris. Front. Physiol. 7, (2016). 

34. Costa, C. P. et al. Transcriptome analysis reveals nutrition- and age-related patterns of gene  

expression in the fat body of pre-overwintering bumble bee queens. Molec. Ecol. 29, 

720–737 (2020). 

35. Nanfack-Minkeu, F. & Sirot, L. K. Effects of mating on gene expression in female insects: unifying  

the field. Insects 13, (2022). 

36. Jasper, W. C., Brutscher, L. M., Grozinger, C. M. & Niño, E. L. Injection of seminal fluid into the  

hemocoel of honey bee queens (Apis mellifera) can stimulate post-mating changes. Sci. 

Rep. 10, 11990 (2020). 

37. Kocher, S. D., Tarpy, D. R. & Grozinger, C. M. The effects of mating and instrumental  

insemination on queen honey bee flight behaviour and gene expression. Ins. Molec. Biol. 

19, 153–162 (2010). 

38. Uritskiy, G. V., DiRuggiero, J. & Taylor, J. MetaWRAP-a flexible pipeline for genome-resolved  

metagenomic data analysis. Microbiome 6, 158 (2018). 

39. Eren, A. M. et al. Community-led, integrated, reproducible multi-omics with anvi’o. Nat.  

Microbiol. 6, 3–6 (2021). 

40. Nurk, S., Meleshko, D., Korobeynikov, A. & Pevzner, P. A. metaSPAdes: a new versatile  

metagenomic assembler. Genome Res. 27, 824–834 (2017). 

 



 

143 
 

41. Wu, Y.-W., Simmons, B. A. & Singer, S. W. MaxBin 2.0: an automated binning algorithm to  

recover genomes from multiple metagenomic datasets. Bioinformatics 32, 605–607 

(2016). 

42. Kang, D. D. et al. MetaBAT 2: an adaptive binning algorithm for robust and efficient genome  

reconstruction from metagenome assemblies. PeerJ 7, e7359 (2019). 

43. Alneberg, J. et al. Binning metagenomic contigs by coverage and composition. Nat. Meth. 11,  

1144–1146 (2014). 

44. Kanehisa, M. et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res. 36,  

D480-4 (2008). 

45. Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y. & Morishima, K. KEGG: new perspectives on  

genomes, pathways, diseases and drugs. Nucleic Acids R. 45, D353–D361 (2017). 

46. Kanehisa, M. et al. Data, information, knowledge and principle: back to metabolism in KEGG.  

Nucleic Acids Res. 42, D199–D205 (2014). 

47. Galperin, M. Y. et al. COG database update: focus on microbial diversity, model organisms, and  

widespread pathogens. Nucleic Acids Res, 49, D274-d281 (2021). 

48. Kind, T. et al. FiehnLib: mass spectral and retention index libraries for metabolomics based on  

quadrupole and time-of-flight gas chromatography/mass spectrometry. Anal. Chem. 81, 

10038–10048 (2009). 

49. Dunn, W. B. et al. Procedures for large-scale metabolic profiling of serum and plasma using gas  

chromatography and liquid chromatography coupled to mass spectrometry. Nat, Protoc, 

6, 1060–1083 (2011). 

50. Chong, J. et al. MetaboAnalyst 4.0: towards more transparent and integrative metabolomics  

analysis. Nucleic Acids Res. 46, W486–W494 (2018). 

 



 

144 
 

51. Parks, D. H., Tyson, G. W., Hugenholtz, P. & Beiko, R. G. STAMP: statistical analysis of taxonomic  

and functional profiles. Bioinformatics 30, 3123–3124 (2014). 

52. Barribeau, S. M. & Schmid-Hempel, P. Sexual healing: mating induces a protective immune  

response in bumblebees. J. Evol. Biol. 30, 202–209 (2017). 

53. Biggs, C. R. et al. Does functional redundancy affect ecological stability and resilience? A review  

and meta-analysis. Ecosphere 11, e03184 (2020). 

54. Moya, A. & Ferrer, M. Functional redundancy-induced stability of gut microbiota subjected to  

disturbance. Trends Microbiol. 24, 402–413 (2016). 

55. Louca, S. et al. Function and functional redundancy in microbial systems. Nat. Ecol. Evol. 2, 936– 

943 (2018). 

56. Zhang, Z. et al. Honeybee gut Lactobacillus modulates host learning and memory behaviors via  

regulating tryptophan metabolism. Nat. Commun. 13, 2037 (2022). 

57. Yoo, H. C., Yu, Y. C., Sung, Y. & Han, J. M. Glutamine reliance in cell metabolism. Exper. Molec.  

Med. 52, 1496–1516 (2020). 

58. Lee, F. J., Miller, K. I., McKinlay, J. B. & Newton, I. L. G. Differential carbohydrate utilization and  

organic acid production by honey bee symbionts. FEMS Microbiol. Ecol. 94, (2018). 

59. Dekkers, K. F. et al. An online atlas of human plasma metabolite signatures of gut microbiome  

composition. Nat. Communic. 13, 5370 (2022). 

60. Rooks, M. G. & Garrett, W. S. Gut microbiota, metabolites and host immunity. Nat. Rev.  

Immunol. 16, 341–352 (2016). 

61. Li, M. et al. Symbiotic gut microbes modulate human metabolic phenotypes. Proc. Natl. Acad.  

Sci. USA. 105, 2117–22 (2008). 



  Ta
b

le
 5

. M
et

ag
en

o
m

e 
as

se
m

b
le

d
 g

en
o

m
e 

in
fo

rm
at

io
n

. 

B
in

 
C

o
m

p
le

te
n

es
s 

C
o

n
ta

m
in

at
io

n
 

G
C

 
C

o
n

ti
gs

 
N

5
0

 
Si

ze
 

P
re

d
ic

te
d

 
G

e
n

e
s 

A
n

n
o

ta
te

d
 

G
en

es
 

P
re

d
ic

te
d

 
Ta

xo
n

o
m

y 

b
in

_4
 

9
5

.3
8

%
 

1
.7

4
%

 
5

5
.2

6
 

2
7

3
 

1
2

,3
0

6
 

2
,0

6
0

,0
0

0
 

1
,8

6
8

 
1

,3
5

2
 

B
if

id
o

b
a

ct
er

iu
m

 

b
in

_7
 

9
8

.0
7

%
 

1
.2

5
%

 
3

6
.2

7
 

2
2

 
9

9
,1

2
4

 
1

,3
6

0
,0

0
0

 
1

,3
6

8
 

1
,1

2
3

 
A

p
ila

ct
o

b
a

ci
llu

s 

b
in

_9
 

9
8

.8
0

%
 

0
.2

5
%

 
5

0
.3

3
 

3
1

 
3

0
7

,1
1

2
 

2
,2

2
0

,0
0

0
 

2
,0

7
1

 
1

,5
6

8
 

Sa
cc

h
a

ri
b

a
ct

er
 

b
in

_1
1

 
9

8
.3

0
%

 
0

%
 

3
5

.4
8

 
1

7
4

 
2

7
,3

4
6

 
2

,7
7

0
,0

0
0

 
2

,4
6

8
 

1
,7

8
6

 
G

ill
ia

m
el

la
 

b
in

_1
5

 
9

9
.5

7
%

 
1

.2
8

%
 

4
2

.9
5

 
4

2
 

1
0

2
,7

2
8

 
2

,2
8

0
,0

0
0

 
2

,0
8

5
 

1
,6

8
3

 
Sn

o
d

g
ra

ss
el

la
 

b
in

_1
6

 
9

2
.1

4
%

 
5

.7
6

%
 

4
2

.7
5

 
2

,2
8

4
 

4
,2

0
3

 
7

,6
8

0
,0

0
0

 
7

,9
0

2
 

5
,4

3
5

 
P

a
en

ib
a

ci
llu

s 

145 



  

 
Fi

gu
re

 1
4.

 S
p

ea
rm

an
 c

o
rr

el
at

io
n

-b
as

ed
 n

et
w

o
rk

s 
fo

r 
im

m
u

n
e 

st
im

u
la

ti
o

n
 t

re
at

m
en

ts
 o

f 
n

aï
ve

 (
A

),
 w

o
u

n
d

in
g 

(B
),

 h
ea

t-
ki

lle
d

 E
. c

o
li 

in
je

ct
e

d
 (

C
),

 a
n

d
 S

. e
p

id
er

m
id

is
 in

je
ct

e
d

 (
D

).
 N

o
d

e 
co

lo
r 

is
 r

el
at

e
d

 t
o

 t
h

e 
cl

u
st

e
r 

th
e 

b
ac

te
ri

al
 g

en
u

s 
b

el
o

n
gs

 t
o

 in
 t

h
e 

n
et

w
o

rk
, b

la
ck

 li
n

es
 

in
d

ic
at

e 
n

eg
at

iv
e 

co
rr

el
at

io
n

s,
 g

re
en

 li
n

es
 in

d
ic

at
e 

p
o

si
ti

ve
 c

o
rr

el
at

io
n

s.
 N

o
d

e 
si

ze
 in

d
ic

at
es

 n
o

rm
al

iz
ed

 a
b

u
n

d
an

ce
 a

n
d

 li
n

e
 t

h
ic

kn
es

s 
th

e 

st
re

n
gt

h
 o

f 
th

e 
in

te
ra

ct
io

n
. 

146 



  

 

Fi
gu

re
 1

5.
 O

rd
in

at
io

n
 p

lo
t 

o
f 

ca
lc

u
la

te
d

 B
ra

y-
C

u
rt

is
 d

is
ta

n
ce

s.
 P

o
in

ts
 c

o
rr

es
p

o
n

d
 t

o
 in

d
iv

id
u

al
 s

am
p

le
s 

w
it

h
 p

o
in

t 
sh

ap
e 

an
d

 c
o

lo
r 

co
rr

es
p

o
n

d
in

g 
to

 q
u

ee
n

 s
ta

tu
s.

 E
lli

p
se

s 
d

em
ar

k 
in

d
iv

id
u

al
 p

o
in

ts
 w

it
h

in
 e

ac
h

 q
u

ee
n

 s
ta

tu
s.

 

147 



  

 

Fi
gu

re
 1

6.
 O

rd
in

at
io

n
 p

lo
t 

cr
ea

te
d

 b
y 

ST
A

M
P

 f
ro

m
 t

h
e 

ge
n

e 
co

p
y 

ab
u

n
d

an
ce

 o
f 

ea
ch

 g
en

e 
an

n
o

ta
te

d
 b

y 
K

EG
G

 o
r 

C
O

G
 a

n
n

o
ta

ti
o

n
. I

n
d

iv
id

u
al

 
p

o
in

ts
 c

o
rr

es
p

o
n

d
 t

o
 s

am
p

le
s 

w
h

ile
 t

h
e 

co
lo

ra
ti

o
n

 a
n

d
 s

h
ap

e 
co

rr
es

p
o

n
d

 t
o

 d
if

fe
re

n
t 

q
u

ee
n

 s
ta

tu
se

s.
 

 

148 



  

 

Fi
gu

re
 1

7.
 O

rd
in

at
io

n
 p

lo
t 

o
f 

m
et

ab
o

lit
e 

p
ro

fi
le

s 
ac

ro
ss

 q
u

ee
n

 s
ta

tu
se

s.
 In

d
iv

id
u

al
 p

o
in

ts
 c

o
rr

es
p

o
n

d
 t

o
 s

am
p

le
s 

w
h

ile
 t

h
e 

co
lo

ra
ti

o
n

 a
n

d
 s

h
ap

e 
co

rr
es

p
o

n
d

 t
o

 d
if

fe
re

n
t 

st
at

u
se

s.
 T

h
e 

co
lo

re
d

 r
eg

io
n

s 
sh

o
w

 t
h

e 
9

5
%

 c
o

n
fi

d
en

ce
 r

eg
io

n
s.

 
 

149 



  

 

Fi
gu

re
 1

8.
 P

ar
ti

al
 le

as
t 

sq
u

ar
e-

d
is

cr
im

in
an

t 
an

al
ys

is
 (

P
LS

-D
A

) 
id

en
ti

fy
in

g 
th

e 
im

p
o

rt
an

t 
fe

at
u

re
s 

am
o

n
g 

th
e 

q
u

ee
n

 s
ta

tu
se

s.
 T

h
e 

m
et

ab
o

lit
e

s 
w

it
h

 
V

ar
ia

b
le

 Im
p

o
rt

an
ce

 in
 P

ro
je

ct
io

n
 (

V
IP

) 
sc

o
re

s 
>

 1
 a

re
 li

st
ed

. T
h

e 
co

lo
re

d
 b

o
xe

s 
o

n
 t

h
e 

ri
gh

t 
sh

o
w

 t
h

e 
re

la
ti

ve
 a

b
u

n
d

an
ce

 le
ve

ls
 o

f 
th

e 
co

rr
es

p
o

n
d

in
g 

m
et

ab
o

lit
e

 in
 e

ac
h

 g
ro

u
p

 w
it

h
 t

h
e 

m
at

ed
 q

u
ee

n
 g

ro
u

p
 (

M
Q

) 
as

 t
h

e 
re

fe
re

n
ce

. 

 

150 



 

151 
 

CHAPTER VI: INVESTIGATING THE ROLE OF INTERMICROBIAL INTERACTIONS IN DETERMINING HOST 

HEALTH 

Abstract 

Microbial interactions are well documented in many natural ecosystems. However, the role of 

these interactions in determining the success of microbial communities that are frequently associated 

with host organisms remains understudied. In these host microbial community systems, we hypothesize 

that the effects on health of the host may not be accurately predicted from studying component 

microorganisms in isolation. The gut microbiota of bumble bees (Bombus spp.) is made up of a relatively 

small number of core microbial members, but these members unlikely act alone but rather affect hosts 

based intrinsic community properties derived from their interactions. To further investigate this 

hypothesis synthetic communities of combinations of three core bumble bee gut microbes were 

established in vitro. Following growth of the synthetic communities, culture media was sterile filtered to 

remove microbial cells and fed to germ-free bees, which were subsequently assayed for several 

measures relating to host health. Overall, we predict that bee survival in a low nutrition environment  

and upon pathogen exposure will depend upon its microbial community derived diet, and that the 

outcomes will be the result of intrinsic properties arising from interactions between the microbes of the 

microbiota. We find evidence for intrinsic properties in the protein levels of the culture media of the 

communities. However, we do not find any conclusive evidence for these interactions influencing the 

measured aspects of bumble bee host health. 

Introduction  

Interacting microbial communities can have important consequences for component community 

members and the surrounding environment. In addition, the microbiota can have crucial effects on host 

health and fitness related traits1–5. Within these microbial communities metabolic interactions, such as 

cross-feeding and processing chains, may result in end products that are associated with community 
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structure6–11. These interactions may result from the black queen hypothesis12, where creation of costly, 

publicly available goods is selected against13, or metabolic plasticity where microbes do not fully express 

their metabolic repertoire unless required7,14. The production of specific metabolites depending on 

interactions with communities are an example of a metabolic intrinsic property6. These intrinsic 

properties are those deriving from a complex community that cannot be predicted based on linearly 

extrapolation from presence and properties of individual community members. Examples of metabolic 

intrinsic properties have previously been demonstrated with amylase enzymes for starch6 and keratin 

degradation15. A result of the presence of metabolic intrinsic properties within host-associated 

microbiota is that the ultimate benefit a host receives from microbes cannot be accurately predicted 

from studying the single microbes in isolation.  

Pollinating bees are crucial to the health and productivity of natural and managed ecosystems16–

18, but residing within the guts of social bees, such as bumble bees and honey bees are fairly conserved 

microbial communities predominantly made up of select core members16–20. These bee host-associated 

microbes are stewards of bee health and nutrition4,21–24. Unfortunately, despite being a cornerstone in 

the health of their bee hosts, we lack a complete understanding of how these microbes interact and the 

impact these interactions have for host health. As such, we also lack necessary information essential to 

preserving the health of these natural pollinators, many of which such as certain bumble bee species 

have undergone recent declines25,26. 

One area where research could be more thorough is in investigating how the bumble bee gut 

microbiota benefits their hosts. Existing research often correlates the bumble bee gut microbial 

communities with benefits such as weight gain, pathogen defense, and development4,21–24. However, 

these studies have shortcomings that requiring further investigation to disentangle causal relationships 

between bumble bee microbiota membership and these health-related outcomes. First, no study has 

directly measured the influence of specific host microbial assemblages on bumble bee nutrient reserves, 
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a crucial determinate in infection outcomes and hibernation success27. Second, many of the previous 

studies use sequence based amplicon targeting or metagenomics28,29, which may underestimate 

important interactions between microbial species. Finally, because of the reliance on sequencing based 

approaches, few studies experimentally re-establish varying microbial communities, as has been done in 

honey bees30. Experimental re-establishment of microbial communities or their products within 

otherwise germ-free bee hosts is required to integrate studies on community structure alone into our 

understandings of the consequences of interactions in these microbial communities for host health.  

As an initial investigation into whether we can predict the benefit that bumble bees may receive 

from the gut microbial communities based on the effects of single members, I cultured in defined 

nutrient media isolates of the bee associated core microbiota species Snodgrassella, Gilliamella, and 

Lactobacillus in monoculture, two-member communities, and polyculture. Following community growth, 

the microbe free media was fed to germ-free bees, with survival tracked during exposure to a low 

nutrition environment and exposure to a viral pathogen. I hypothesize that the function of microbial 

communities is dependent upon not only the individual microbial species, but also interactions between 

community members. Thus, the function of the microbiota is an intrinsic property of the community. 

This hypothesis generates predictions about how these interactions influence the functional benefits of 

a host’s microbiota. Specifically, I predict that bees fed media from polyculture will have greater nutrient 

reserves, hence survival under nutrient limitation, and pathogen tolerance than bees fed media from 

monoculture and that the effects from those receiving monoculture media will underestimate these 

functional outcomes. 

Materials and Methods 

Experimental Design 

Germ-free bees from five Bombus impatiens colonies were fed one of seven treatments derived 

from in vitro communities of different combinations of core bumble bee gut microbial community 
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members: i) Gilliamella bombi conditioned media, ii) Lactobacillus conditioned media, iii) Snodgrassella 

alvi and G. bombi conditioned media, iv) S. alvi and Lactobacillus conditioned media, v) G. bombi and 

Lactobacillus conditioned media, vi) S. alvi, G. bombi, and Lactobacillus conditioned media, or vii) a 

control treatment which consisted of unconditioned, sterile media incubated for the same duration as 

bacteria inoculated media. Subsequently, health proxies of survival on nutrient limitation31 and survival 

after an inoculation of the viral bee pathogen Israelia Acute Paralysis Virus (IAPV)32 were measured. 

Media conditioned with S. alvi alone could not be used due to a lack of growth of these single microbes 

in the defined media. 

Bacterial Culturing 

Strains of the common bee gut community members S. alvi, L. bombicola, and G. bombi were 

isolated from the hindguts of Bombus impatiens and preserved in a frozen strain bank, as previously 

described 33. The isolated strains were grown on brain heart infusion agar plates for two days after 

which isolated colonies were used to initiate cultures in brain heart infusion broth. After growing in 

broth for two days culture optical density was set to 0.1 OD and frozen to -80C with a final glycerol 

concentration of 25% to create stocks for the strain bank. The experimental media consisted of M9 

minimal media as a base, with a mineral supplement, casein hydrolysate, additional trace minerals, 

vitamin supplements, and heat extracted pollen metabolites as laid out in Kesnerova et al30. Media was 

portioned out into 5mL aliquots and assigned microbial treatments added at 1% of total volume from 

the stocks. Cultures were grown for 72 hours, after which cultures of the same treatment were 

combined into 50 mL centrifuge tubes, centrifuged at 3,000 rpm for 15 minutes, and then filtered 

through a sterile filter with a 0.2 mm pore size. The filtered-conditioned media was stored in 2 mL 

aliquots at -80C until use. Additionally, a subset of the media was used to determine the influence of 

community composition on the total protein to assess whether differences in the media are a result of 

the community treatment. Protein concentrations were determined with Pierce-BCA protein assay kit 
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from ThermoFisher using the manufacturer’s well-plate protocol. Due to limitations in stock supplies the 

full community treatment was not analyzed. 

Germ-free Procedure, Treatment Feeding and Health Measures 

Germ-free bumble bees were created by isolating individuals in the pupal stage. As cohorts of 

developing larvae are spatially grouped within the colony, identification of cohorts in the pupal stage is 

relatively simple33,34. These pupal stage individuals were removed and held in a sterile holding container 

until a single worker emerged. This serves as a proxy for age and is important as pupae nearing 

adulthood are better able to survive the germ-free procedure. Subsequently, the rest of the pupal clump 

was submerged in 3% bleach solution for 90 seconds and placed into a sterilized holding container. This 

procedure sterilizes the outer casing, and as bees shed their gut lining during the pupal stage, this leads 

to emerging adult bees in a germ-free state. Workers emerging from this procedure were assigned 

treatments and then isolated into sterilized holding containers. Treatments were given by providing 

1000 µL of a 1:1 mix of 50% sugar water with conditioned media treatment. After 3 days, consumption 

was measured, and the sugar water media mixture was replaced. Three days later the consumption was 

again recorded, and bees in the nutrient limitation treatment were given 25% sugar water. Bees 

assigned to the IAPV treatment were instead exposed after the first timepoint and subsequently fed 

50% sugar water solution. For viral exposures, bees were placed in vials and anesthetized on ice for 

approximately 15 minutes. Once anesthetized, bees were injected between the first and second 

abdominal tergite with 2 μL viral inoculum (546 IAPV particles per bee). Bee mortality was recorded 

every day until all of the samples had died for both the starvation and infection experiments.  

Statistical Analyses 

The media consumption was assessed with a linear mixed effects model with the community 

treatment as a fixed effect and host colony as a random effect. A cox mixed effects model was used for 

both the starved and IAPV infected datasets with community treatment as a fixed effect, colony as a 
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random effect, and consumption as a covariate. Differences in the protein concentration in the media of 

the treatments were assessed using a generalized linear model with community treatment as a fixed 

effect and a normal distribution.  

Results 

Microbe community treatment had a significant effect on the amount of protein in the 

conditioned media (p = 0.00069) (Fig 19 and Table 6). Treatments including Gilliamella resulted in higher 

protein levels compared to other treatments. Interestingly, Lactobacillus by itself reduced the 

concentration of protein, but protein levels were restored when other community members were 

included. We find no significant effects of community structure on the consumption of the conditioned 

media across either timepoint (Fig 20 and Table 6). 

When looking at host survival, we find no effects of community structure on either bee survival 

during nutrient limitation (p = 0.924) or after viral inoculation (p = 0.647) (Fig 21 and Table 6). However, 

we do find significant effects of consumption at both time points for survival on nutrient limitation (p = 

0.001 and p = 0.001 for timepoints 1 and 2 respectively), with higher consumption causing higher 

mortality in the first time point and higher consumption lowering mortality in the second. For viral 

infection there is also a significant effect of consumption (p = 0.014), with higher consumption at time 

point 1 lowering mortality (Table 6). 

Discussion 

Intrinsic properties arise when the effect of microbial communities cannot be accurately 

predicted from studying the microbes alone in isolation. In this chapter, I provide an initial test of 

whether microbial communities within bumble bee guts show any evidence for intrinsic properties and 

whether there are consequences of intrinsic properties for hosts. We find evidence for intrinsic 

properties in the protein measurements from the conditioned media. Specifically, showing that 

Lactobacillus alone reduces the protein concentrations of the media, but this reduction is rescued when 
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Lactobacillus is grown in the presence of other community members. This is consistent with the 

hypothesis that we may not be able to fully understand the influences of these microbes unless studied 

within a community context 6.  

When looking at the influences of potential intrinsic properties from the microbial communities 

on the measured aspects of host health we find little supporting evidence. Bees did not survive 

differentally from individuals fed the control media in either the nutrient limitation or the viral exposure 

experiments. There are several possible explanations for these null results. First, it could be that the 

media itself contains molecules at levels that are inherently toxic to the bee host, and override any 

differences. For example, the media contains several trace minerals, such as iron and copper, that may 

inhibit insect physiology at high enough levels35,36. Second, the core microbes may be creating beneficial 

nutrients for the host, but the process of conditioning media is a static environment, meaning any toxic 

metabolites will also remain. Within the bee hindgut there is a continuous flow of nutrients in and 

byproducts out of the digestive system. Thus, the accumulation of toxic metabolites within the 

conditioned media may offset any benefit the bee receives from the microbes. Finally, previous work 

has associated up to 80% of metabolic changes between germ free and colonized honey bees to the 

influences of individual microbes in monoculture, supporting a majority of microbe mediated 

metabolism can be linked or predicted from individual microbial species30. It may be that intrinsic 

properties could serve a minor role in the bee community concerning metabolism, with benefits from 

individual metabolic repertoires being more important than these intrinsic properties. However, these 

results do not rule out intrinsic property effects determining other interactions with the host and the 

subsequent microbiota-derived host phenotype. 

In conclusion, we find some support for intrinsic properties when bee core communities are 

grown in vitro. However, we find no support for the influence of these properties on bee health. 

Different methodology, such as experimentally recolonizing axenic bees with specific community 
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structures may aid in further determining the extent of the benefit from microbe interactions. 

Additionally, metabolic intrinsic properties are not the only important ecological process in bee guts, 

and experiments further investigating aspects of community structure, such as priority effects would 

also advance our understanding of the bumble bee gut microbial community.  
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CHAPTER VII: CONCLUSIONS 

 Overall, I set out to investigate several ecological and evolutionary influences on the 

composition and functionality of host-associated microbial communities. By utilizing the insect 

pollinators and particularly the bumble bee as an accessible system to study host-microbiota 

relationships, I addressed the following questions: (i) how are gut microbial communities structured 

across diverse insect pollinators, (ii) how do relatedness of hosts based on their genus, species and 

genotypic lineages, along with microbe genotypes influence gut colonization, (iii) how does stimulation 

of the host innate immune responses and key changes through the life of a bumble bee queen influence 

microbiota structure and community associations, and (iv) do interactions between bee associated 

microbes in communities influence aspects of bee health.  

In chapter two, through an international collaboration, I explored the microbiota from diverse 

insect pollinators. We find that insect genera host unique microbiota, but the structuring of this 

microbiota is not related to phylogenetic distance among distantly related hosts. Thus, we conclude that 

the structuring of these communities is more likely driven by host environment, ecology, or diets. 

Additionally, we discovered microbe in pollinating flies that is related to those previously described from 

social bee species. We propose a new species within the genera of Gilliamella, recommending it be 

named Gilliamella eristali. This microbe is unique from other Gilliamella in that it lacks enzymes for 

digesting pectin and cellulose, transporting cysteine, and flagella assembly. However, this microbe 

possesses a unique nitrate reduction pathway not described in other species within this clade and genes 

for ammonia metabolism. Interactions with different hosts but also other members of the microbial 

community may underlie the evolution of these differences. 

 In chapter three, I investigated colonization specificity between a core member of the bee gut 

microbiota across levels of host genera, species, and genotypes. We find further support that host and 

microbe genotypes determine colonization success. Critically, we also show that across the multiple 
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strains studied here there is no evidence for broader phylosymbiotic signals or host specificity. Thus, it is 

important to consider how finer scale interactions between genotypes may influence not only the 

evolution of microbes and their hosts, but also our understanding of broader patterns of colonization.  

 In chapter four, I examined how the bumble bee innate immune response targeting pathogens 

may perturb and disrupt a healthy bee gut microbial community. We find evidence that suggests 

following stimulation of the immune system there is dysbiosis in the gut microbiota. This could add to 

traditionally recognized use costs of immune system activation, and critically could influence immune 

system evolution as and additional selective pressures against ever increasing immune responses.  

For chapter five, I investigate how the transition of bumble bee queens through key, solitary 

phases of the bumble bee colony life cycle effects the their microbiota and metabolomic profiles that 

may be key to their health during these proposed sensitive periods. Bees from three different queen 

statuses, either unmated, mated, or ovipositing post-hibernation, were analyzed. We find that mated 

queens are depauperate in core microbial species and that each of these life stages have unique 

physiological profiles determined by metabolomics. The mating induced changes documented here 

could relate back to the immune stimulation induced effects demonstrated in Chapter four, as mating is 

known to lead to altered immune gene expression. 

 In chapter six, I sought to address whether we could predict the benefit hosts receive from their 

microbial communities by studying the members of these communities in isolation or if outcomes are 

determined by community interaction and cannot be predicted by effects of individual microbes. We 

evidence for intrinsic properties in composition of growth media of the microbial communities in vitro, 

but there is no conclusive evidence for the role of interactions between microbial species in determining 

the health of their bee hosts.  
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 Ultimately, the work outlined in this dissertation and my ongoing work at Illinois State University 

and beyond advances our understanding of the ecological and evolutionary factors that influence the 

colonization and functioning of host-associated microbial communities.  
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