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Abstract 

 

 Type VI Secretion System-Mediated Antagonism in the Honey Bee Gut 

Microbiota  

 

Margaret Irene Steele, Ph.D. 

The University of Texas at Austin, 2020 

 

Supervisor: Nancy A. Moran 

Co-supervisor: Marvin Whiteley 

 

Gram-negative bacteria, including animal symbionts, often use type VI secretion 

systems (T6SSs) to inject toxins into nearby competitors. The honey bee gut microbiota 

consists of a small number of highly coevolved species, which may use T6SSs to interact 

competitively with one another and with pathogens. This dissertation explores the 

diversity, evolution, and function of T6SSs and associated toxins in the bee gut. Chapter 

1 identifies genes encoding two T6SSs in bee symbiont Snodgrassella alvi, which are 

more highly expressed in the bee gut. S. alvi strains encoding Sa-T6SS-1 also encode 

many Rhs toxin genes, which have been horizontally transferred between S. alvi and co-

occurring symbiont Gilliamella apicola. These toxins diversify through recombination, or 

“C-terminal displacement,” resulting in long arrays of orphaned 3¢ ends, which lack 

secretion domains, but are expressed and encode functional proteins. Chapter 2 provides 

a broader perspective on the diversity and evolution of T6SSs within bee gut symbionts, 

which have co-diversified with each other and their hosts for more than 80 million years. 

A survey of 198 isolate genomes identified 5 unique T6SS loci, which are likely to have 
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been present within the microbiota of the common ancestor of social bees, and revealed 

that co-occurring species have adopted different strategies for toxin diversification. 

Furthermore, S. alvi uses a T6SS to antagonize a wide range of bee gut symbionts. 

Chapter 3 shows that opportunistic pathogen Serratia marcescens is rapidly eliminated 

from the guts of bees with a conventional gut microbiota, an effect which is not fully 

attributable to any single gut symbiont. From microscopy images, S. alvi may also serve 

as a physical barrier against invasion. S. marcescens encodes a T6SS used to antagonize 

E. coli and other S. marcescens strains, but not bee gut isolates, and T6SSs appear not to 

benefit S. marcescens in the bee gut. Together, these findings indicate that multiple bee 

gut symbionts engage in T6SS-mediated antagonism using conserved T6SSs and diverse 

toxins. An opportunistic pathogen is excluded, regardless of whether or not it has a T6SS, 

suggesting that coevolution may be important for effective antagonism.   
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Chapter 1: Introduction 

TYPE VI SECRETION SYSTEMS 

Type VI secretion systems (T6SSs) are common among Gram-negative bacteria 

and are important for mediating interactions in many communities. T6SSs were first 

identified as virulence factors in Vibrio cholerae (Pukatzki et al., 2006), but more 

recently have been recognized for their role in mediating antagonistic interactions 

between bacteria (Hood et al., 2010; MacIntyre et al., 2010). These large protein 

complexes are used by Gram-negative bacteria to deliver toxins into the periplasm or 

cytoplasm of nearby cells as a form of contact-dependent intercellular competition 

(Alcoforado Diniz & Coulthurst, 2015; M. Basler et al., 2012; Cascales & Cambillau, 

2012). T6SSs are typically composed of 13 core structural components (TssA-TssM) plus 

a PAAR-domain tip (Bingle et al., 2008; Cianfanelli, Monlezun, et al., 2016). T6SS 

assembly begins with the formation of a membrane-spanning complex comprised of TssJ, 

TssL, and TssM (Durand et al., 2015). This step is controlled through posttranslational 

regulation in some species, allowing T6SS repositioning between firings (Ostrowski et 

al., 2018). The baseplate complex–comprised of TssE, TssF, TssG, TssK, VgrG, and 

PAAR–attaches to the membrane complex (Brunet et al., 2015; Cherrak et al., 2018; 

Nazarov et al., 2018). Finally, TssA facilitates polymerization of a sheath of TssB and 

TssC proteins around a hollow Hcp tube, which extends from the base of VgrG 

(Kudryashev et al., 2015; Zoued et al., 2016). Contraction of the sheath provides the 

force to drive the Hcp tube, tipped with VgrG, PAAR, and any effectors attached to these 

proteins, through the baseplate and membrane complex and through the membrane of a 

nearby target cell (Fig. 1.1). TssH depolymerizes the contractile sheath so that the 

subunits can be reused. Many T6SS loci include accessory proteins and regulatory genes, 
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such as the TagQRST complex in Pseudomonas aeruginosa, which is used to trigger 

retaliatory attacks in response to attacks from other bacteria (Marek Basler et al., 2013). 

Some systems, including the T6SS of S. marcescens Db11, are constitutively active (Gerc 

et al., 2015; Ostrowski et al., 2018). Others are active under particular environmental 

conditions, such as the T6SS of V. cholerae, which is expressed in response to chitin 

(Watve et al., 2015). Interestingly, the V. cholerae T6SS is co-regulated with competence 

genes and facilitates horizontal acquisition of genes from target cells (Bernardy et al., 

2016; Borgeaud et al., 2015). 

Some T6SSs serve multiple functions, such as the T6SSs of V. cholerae, which 

affects both eukaryotic and prokaryotic targets (MacIntyre et al., 2010; Pukatzki et al., 

2006), and the T6SS of S. marcesscens Db11, which targets both bacterial and fungal 

competitors (Alcoforado Diniz & Coulthurst, 2015; Murdoch et al., 2011; Trunk et al., 

2018). Other T6SSs may have more specific functions, such as T6SS-4 of Burkholderia 

thailandensis, which participates in zinc acquisition (Si et al., 2017). To perform these 

diverse functions, T6SSs deliver a diverse range of effectors. Many T6SS effectors are 

cargo effectors that form non-covalent interactions with secreted components of the 

T6SS. Some small cargo effectors bind inside of the Hcp tube, while others bind 

specifically to the C-terminus of VgrG (Bondage et al., 2016; Cianfanelli, Alcoforado 

Diniz, et al., 2016; Flaugnatti et al., 2016; Hachani et al., 2014). Evolved effectors are a 

product of fusion of a gene encoding an effector to a gene encoding a secreted component 

of the T6SS. The most famous example is the actin cross-linking domain of VgrG-1 in V. 

cholerae, which targets eukaryotic cells and stimulates intestinal motility in zebrafish  

(Logan et al., 2018; Ma & Mekalanos, 2010). A common family of evolved effectors are 

Rhs-family toxins, which often contain an N-terminal PAAR domain, a large core 

domain comprised of Rhs repeats, and a variable C-terminal toxin domain (Jackson et al., 
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2009; Koskiniemi et al., 2013; Poole et al., 2011). T6SS effectors include proteins with 

diverse cellular targets, enzymatic activities, and protein folds, including DNases, 

RNases, deamidases, NAD(P)+ hydrolases, ADP ribosyltransferases, peptidoglycan 

amidases, peptidoglycan glycoside hydrolases, lipases and phospholipases, and pore-

forming proteins  (Coulthurst, 2019; Durand et al., 2014; Jamet & Nassif, 2015; Poole et 

al., 2011; Zhang et al., 2012). One T6SS will often secrete multiple effectors, which may 

act together synergistically or target different host ranges (Alcoforado Diniz & 

Coulthurst, 2015; LaCourse et al., 2018).   

T6SS WITHIN MICROBIAL COMMUNITIES 

Gut microbiota are often complex communities that form mutually beneficial 

relationships with their hosts. In the mammalian gut, microbes contribute to host nutrition 

and increase resistance to pathogen colonization (Abt & Pamer, 2014; Sassone-Corsi & 

Raffatellu, 2015). T6SSs are increasingly recognized for their importance in such 

communities. In some communities, including crypts within the light organ of the bobtail 

squid, T6SSs allow symbionts to completely dominate a host niche (Speare et al., 2018; 

Sun et al., 2016). In other communities, including the human gut, diverse bacteria able to 

coexist stably despite engaging in T6SS-mediated antagonism (Lozupone et al., 2012; 

Russell et al., 2014; Wexler et al., 2016). One component of this stable coexistence is 

horizontal acquisition of immunity genes, which encode proteins that counteract the 

activity of toxins delivered by T6SSs (Ross et al., 2019).  

Mutual antagonism also promotes spatial organization of bacterial communities, 

which may facilitate evolution and maintenance of cooperative behaviors by eliminating 

cheaters or restricting cheater access to secreted products (McNally et al., 2017). Within 

hosts, T6SS sometimes contribute to colonization resistance, with commensal strains 
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antagonizing potential pathogens (Hecht et al., 2016). Furthermore, some pathogens 

require T6SSs to invade commensal communities during infection of hosts (M. C. 

Anderson et al., 2017; Hood et al., 2010; Sana et al., 2016). Antagonistic interactions 

between bacteria may affect the composition of host-associated gut communities, but 

little is known about the effect of these interactions on long-term community stability and 

host health. 

THE HONEY BEE GUT MICROBIOTA 

The Western honey bee (Apis mellifera) is a model system for understanding 

fundamental properties of commensal gut communities. The bee gut microbiota has 

properties that are comparable to those of mammalian gut communities, including high 

strain diversity and augmentation of host health (Cariveau et al., 2014; Powell, 

Ratnayeke, et al., 2016; Zheng et al., 2016, 2017). However, in contrast to the ~1,000 

species found in the human gut (Chow & Mazmanian, 2010), 10 bacterial species account 

for more than 95% of bacteria in the guts of healthy honey bee workers (Ellegaard & 

Engel, 2019; Kwong, Medina, et al., 2017; Martinson et al., 2011; Moran et al., 2012). 

These species are spatially organized within the gut, with distinctive communities 

colonizing each gut compartment (Fig. 1.2) (Martinson et al., 2012). As in mammals, 

bacterial abundance increases over the length of the gut. Species found in low abundance 

in the crop, including a few Alphaproteobacteria and Lactobacillus species, are present in 

the hive environment and only sporadically in bees (K. E. Anderson et al., 2013; Corby-

Harris et al., 2014; Kešnerová et al., 2016). The midgut also contains low bacterial 

abundance. The ileum is dominated by Gram-negative species Snodgrassella alvi and 

Gilliamella spp., which form spatially organized layers (Martinson et al., 2012). Recent 

work has revealed that two Gilliamella species–Gilliamella apicola and Gilliamella apis–
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are frequently found within the same individuals and exhibit different metabolic activities 

(Ellegaard & Engel, 2019; Ludvigsen et al., 2018). Methods that have been used to 

visualize Gilliamella within the bee gut do not differentiate between the two species, so it 

is not yet known whether they colonize the same region of the gut. Frischella perrara 

specifically colonizes the pylorus of some, but not all, honey bees (Engel et al., 2015; 

Engel, Kwong, et al., 2013). The honey be rectum contains primarily Gram-positive 

species, with members of the Lactobacillus Firm-4 and Firm-5 clades being most 

abundant and Bifidobacterium asteroides present at lower abundance (Martinson et al., 

2012; Powell et al., 2014). The same core taxa–Snodgrassella alvi, Gilliamella spp., 

Lactobacillus Firm-4 and Firm-5 and Bifidobacterium asteroides–are present in other 

social bees, including Apis (honey bee) and Bombus (bumble bee) species (Koch et al., 

2013; Kwong et al., 2014; Kwong, Medina, et al., 2017; Kwong & Moran, 2016). These 

bacteria are vertically transmitted and have evolved together in honey bees and related 

social bee species, with considerable congruence between the bacterial and host 

phylogenies (Koch et al., 2013; Kwong, Medina, et al., 2017; Powell, Ratnayeke, et al., 

2016). This small number of highly co-diversified species provides an unusual 

opportunity to study processes, including T6SS-mediated antagonism, that shape and are 

shaped by microbial communities.  

Honey bees are also economically important pollinators whose health is of 

interest to the public. As in humans, dysbiosis occurs in bees whose microbiota has been 

perturbed by exposure to antibiotics and agrochemicals, leaving the host more susceptible 

to infection by opportunistic pathogens (Motta et al., 2018; Raymann et al., 2017). T6SSs 

of commensal bacteria may be one factor involved in excluding pathogens from the gut, 

but may also enforce compositional stability that benefits host health in other ways. For 
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example, by excluding cheaters (McNally et al., 2017) and ensuring that bacteria that 

provide important metabolic services for the host remain part of the community.  

OUTLINE 

This dissertation examines three different dimensions of T6SS-mediated 

antagonism within the honey bee gut microbiota. Chapter 1 focuses on T6SSs and 

associated Rhs toxin genes of bee gut symbiont S. alvi. Genomics and transcriptomics 

approaches were used to examine the distribution of these genes among 28 isolate 

genomes and to quantify their expression in the bee gut. Three pairs of putative Rhs toxin 

and immunity genes from S. alvi were expressed in Escherichia coli to determine whether 

they encoded proteins with the predicted functions. Chapter 2 provides an overview of 

the diversity of T6SSs encoded by 198 bee gut isolate genomes, representing 9 Gram-

negative taxa, and examines how these systems and associated effector families have 

evolved throughout the co-diversification of social bees and their gut microbes. 

Additionally, T6SS deletion mutants were constructed in S. alvi to examine the role of 

one T6SS in interspecific competition. Chapter 3 examines the role of the gut microbiota 

in colonization resistance during infection of the gut by opportunistic pathogen Serratia 

marcescens. Fluorescence in situ Hybridization microscopy was used to visualize 

colocalization of S. marcescens with symbiont species within the gut. Genes encoding 

structural components of two T6SSs were deleted in S. marcescens strain kz11 to test 

whether these T6SSs are used to antagonize the gut microbiota during infection.  
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FIGURES 

Figure 1.1. Structure of the T6SS. 
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Figure 1.2. Spatial organization of taxa within the bee gut microbiota. 
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Chapter 2: Diversification of type VI secretion system toxins reveals 
ancient antagonism among bee gut microbes 

This chapter is reproduced from its original publication with minor changes to comply 

with formatting requirements: 

 

Steele MI, Kwong WK, Whiteley M, Moran NA. (2017) Diversification of type 

VI secretion system toxins reveals ancient antagonism among bee gut microbes. mBio 8: 

e01630-17. https://doi.org/10.1128/mBio.01630-17  
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ABSTRACT 

Microbial communities are shaped by interactions among their constituent 

members. Some Gram-negative bacteria employ type VI secretion systems (T6SSs) to 

inject protein toxins into neighboring cells. These interactions have been theorized to 

affect the composition of host-associated microbiomes, but the role of T6SSs in the 

evolution of gut communities is not well understood. We report the discovery of two 

T6SSs and numerous T6SS-associated Rhs toxins within gut bacteria of honey bees and 

bumble bees. We sequenced genomes of 28 strains of Snodgrassella alvi, a characteristic 

bee gut microbe, and found tremendous variability in their Rhs toxin complements: 

altogether, these strains appear to encode hundreds of unique toxins. Some toxins are 

shared with Gilliamella apicola, a co-resident gut symbiont, implicating horizontal gene 

transfer as a source of toxin diversity in the bee gut. We use data from a transposon-

mutagenesis screen to identify toxins with antibacterial function in the bee gut, and 

validate the function and specificity of a subset of these toxin and immunity genes in 

Escherichia coli. Using transcriptome sequencing, we demonstrate that S. alvi T6SSs and 

associated toxins are upregulated in the gut environment. We find S. alvi Rhs loci have a 

conserved architecture, consistent with the C-terminal displacement model of toxin 

diversification, with Rhs toxins, toxin fragments, and cognate immunity genes that are 

expressed and confer strong fitness effects in vivo. Our findings of T6SS activity and Rhs 

toxin diversity suggest that T6SS-mediated competition may be an important driver of 

coevolution within the bee gut microbiota. 
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IMPORTANCE  

The structure and composition of host-associated bacterial communities is of 

broad interest, because these communities affect host health. Bees have a simple, 

conserved gut microbiota, which provides an opportunity to explore interactions between 

species that have coevolved within their host over millions of years. This study examined 

the role of type VI secretion systems (T6SSs)–protein complexes used to deliver toxic 

proteins into bacterial competitors–within the bee gut microbiota. We identified two 

T6SSs and diverse T6SS-associated toxins in bacterial strains from bees. Expression of 

these genes is increased in bacteria in the bee gut and toxin and immunity genes 

demonstrate antibacterial and protective functions, respectively, when expressed in 

Eschericha coli. Our results suggest that coevolution among bacterial species in the bee 

gut has favored toxin diversification and maintenance of T6SS machinery and 

demonstrate the importance of antagonistic interactions within host-associated microbial 

communities.  

INTRODUCTION 

Host-associated gut microbiota are often complex communities comprised of 

hundreds of species. Bacteria that live in these communities employ diverse mechanisms 

of intercellular competition. Though first identified as pathogenicity factors (Pukatzki et 

al., 2006), type VI secretion systems (T6SSs) are increasingly recognized for their role in 

mediating antagonistic interactions between bacteria (Hood et al., 2010). These multi-

protein complexes participate in contact-dependent intercellular competition by driving 

needle-like structures, which can be loaded with a variety of toxins, through the 

membranes of nearby cells (M. Basler et al., 2012; Cascales & Cambillau, 2012). T6SSs 

have been shown to contribute to spatial organization of bacterial communities in vitro 
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(McNally et al., 2017; Wong et al., 2016). Furthermore, recent studies have shown that 

human gut microbes utilize T6SSs in inter-bacterial antagonism in vitro and in 

gnotobiotic mouse models: these findings suggest roles for these complexes in the co-

colonization and persistence of bacterial species in the human gut (Chatzidaki-Livanis et 

al., 2016; Russell et al., 2014; Verster et al., 2017; Wexler et al., 2016). Although T6SSs 

are common – present in approximately 25% of sequenced genomes of Gram-negative 

bacteria (M. Basler et al., 2012; Coyne et al., 2016) – little is known about the role of 

T6SSs in the evolution of commensal communities.  

The Western honey bee, Apis mellifera, has a highly conserved gut microbiota 

with properties comparable to those of mammalian gut communities, including high 

strain diversity, social transmission, and conferral of benefits to host health (Cariveau et 

al., 2014; Kwong & Moran, 2016; Powell, Ratnayeke, et al., 2016; Zheng et al., 2017). 

The core gut community is comprised of nine bacterial species, which account for more 

than 95% of bacteria in the guts of healthy worker bees (Moran et al., 2012). We 

previously found T6SS and T6SS-associated effector genes in the genomes of some of 

these species, including the Betaproteobacterium Snodgrassella alvi and 

Gammaproteobacterium Gilliamella apicola (Kwong et al., 2014). Therefore, T6SS-

mediated competition among coevolved species may influence the structure and 

composition of the bee gut microbiota, as has been hypothesized for the gut communities 

of mammals based on bioinformatic analyses and on patterns of antimicrobial antagonism 

in vitro and in gnotobiotic mice (Chatzidaki-Livanis et al., 2016; Coyne et al., 2016; 

Russell et al., 2014; Wexler et al., 2016). 

S. alvi is an abundant gut symbiont of honey bees (Apis spp.) and their close 

relatives, the bumble bees (Bombus spp.). It primarily colonizes the ileum section of the 

hindgut, where it forms biofilm-like layers with G. apicola (Martinson et al., 2012; 
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Moran et al., 2012). Multiple S. alvi strains coexist within individual bees and bee hives, 

and strains differ among host species and geographic locations (Koch et al., 2013; Moran 

et al., 2012; Powell, Ratnayeke, et al., 2016). How such strain diversity arises and is 

maintained in gut microbiomes is unclear (Greenblum et al., 2015). However, it is likely 

that interactions between members of the microbiota affect strain-level composition, 

which in turn may influence community-scale trends in stability, turnover, and diversity 

(Lozupone et al., 2012).  

We hypothesize that T6SSs and T6SS-associated toxins mediate intraspecific 

competition among S. alvi strains in the bee gut, as well as interspecific competition 

between S. alvi and other gut microbes. We used transcriptome sequencing (RNA-Seq) to 

determine the conditions under which S. alvi T6SSs are expressed. To examine the 

diversity, prevalence, and evolution of T6SSs and their associated toxins in this gut 

symbiont, we isolated and sequenced the genomes of 28 S. alvi strains from diverse Apis 

and Bombus species. Finally, we provide evidence that T6SS-associated Rhs toxins have 

antibacterial activity in vivo, and that extensive recombination and horizontal transfer of 

toxin/immunity genes between strains in the microbiota has resulted in tremendous 

diversity in their toxin repertoires. Our results support the view of gut microbiomes as 

exclusive assemblages whose membership is influenced by complex competitive 

interactions among coevolving species. 

RESULTS 

S. alvi upregulates T6SSs in vivo 

Inspection of the genome of the S. alvi type strain, wkB2, revealed 38 T6SS-

associated genes clustered at three genomic loci. One locus (T6SS-1) contains 19 genes, 

including all 13 T6SS core components (Kwong et al., 2014), while two other loci 
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(T6SS-2 and T6SS-3 or, collectively, T6SS-2/3) contain complementary sets of 9 and 8 

genes that together encode a second T6SS with very little amino acid sequence identity 

(17.3% average) to the genes in T6SS-1 (Fig. 2.1A and C). From this, we predict that two 

complete T6SS complexes are encoded in the S. alvi wkB2 genome. In addition to the 

core T6SS genes, the T6SS-1 locus encodes impE and five hypothetical genes, while the 

T6SS-2/3 loci include four hypothetical genes, including a gene encoding a proline-

alanine-alanine-arginine (PAAR) domain and a gene encoding a protein with a DUF4123 

domain. This DUF4123 domain protein is likely to be an effector chaperone that 

facilitates interaction between an effector and the T6SS-2/3 VgrG (Liang et al., 2015).  

To determine whether the T6SSs identified in S. alvi wkB2 are expressed in vivo, 

we used whole transcriptome sequencing (RNA-Seq) to measure gene expression of S. 

alvi wkB2 in gnotobiotic A. mellifera workers. To account for variation due to host 

genetic background, we also reanalyzed a published RNA-Seq data set – produced with 

the same experimental design – from Powell et al. (Powell, Leonard, et al., 2016) and 

compared gene expression in each in vivo experiment to expression under standard 

laboratory culture. We identified 583 genes – including 19 T6SS genes – that were 

differentially expressed in the same direction in these two independent in vivo RNA-Seq 

experiments, relative to in vitro culture (Fig. 2.1B). Of the 19 T6SS genes that were 

upregulated in vivo in both experiments, 13 were from T6SS-1, 5 were from T6SS-2/3, 

and one (tssD) was not part of a T6SS locus (Fig. 2.1D). An additional 12 T6SS genes 

were significantly upregulated in only the Powell et al. data set (Table 2.1).  

S. alvi T6SSs are vertically inherited 

To better understand the evolution and ecology of T6SSs within S. alvi, we 

sequenced the genomes of 28 S. alvi strains isolated from diverse Apis and Bombus 
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species collected from Southeast Asia and North America (Table 2.2). We determined 

whether T6SSs were present in these strains, as well as in three previously published 

strains (Kwong et al., 2014), by screening for homologs of the T6SS genes in S. alvi 

wkB2. All seven S. alvi strains isolated from A. mellifera encoded at least one complete 

T6SS complex, and only the two strains from bees collected in Malaysia (wkB332 and 

wkB339) were missing T6SS-1 (Fig. 2.2A). S. alvi strains isolated from three honey bee 

species (Apis andreniformis, Apis cerana, and Apis florea) collected in Singapore also 

encoded T6SS-1. Both T6SS-1 and T6SS-2/3 were present in strains isolated from 

Bombus pensylvanicus, Bombus nevadensis, and Bombus appositus, although some 

strains lacked one or the other system. Finally, ten strains isolated from seven different 

Bombus host species appear to have lost both T6SSs. To ensure that our homology-based 

searches had not missed any T6SS loci with low identity to T6SS-1 and T6SS-2/3, we 

searched for the 13 core T6SS genes in the genome annotations generated by the Rapid 

Annotation using Subsystems Technology (RAST) pipeline (Aziz et al., 2008) for all 31 

strains. We did not find any additional T6SS loci, confirming that only these two 

subfamilies of T6SSs are present in the entire set of S. alvi strains. 

We reconstructed the phylogenetic relationships of the S. alvi strains using 37 

single-copy ribosomal protein genes (Table 2.3), as well the relationships of the two 

T6SSs based on their constituent genes (Fig. 2.2A). The phylogenies of T6SS-1 and 

T6SS-2/3 were both highly congruent with the ribosomal protein-gene phylogeny, 

suggesting that evolution of S. alvi T6SSs occurs mainly by vertical descent and not 

through transfers between strains. Further, this phylogenetic congruence supports the 

acquisition of both T6SSs prior to the divergence of the S. alvi clades associated with 

Apis and Bombus hosts, with subsequent losses leading to the pattern of T6SS 

presence/absence observed across our strains (Fig. 2.2A, Fig. 2.10).  
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The phylogeny of the T6SS TssB protein was reconstructed to determine the 

relatedness of the S. alvi T6SSs to previously identified T6SSs. We found that TssB 

proteins associated with S. alvi T6SS-1 and T6SS-2/3 are phylogenetically distinct and 

have different evolutionary origins (Fig. 2.2B). TssB from S. alvi T6SS-1 clusters with 

proteins from Pseudomonas aeruginosa PAO1 HSI-I and Burkholderia thialandensis 

T6SS-2 and T6SS-6, while TssB from S. alvi T6SS-2/3 is more closely related to proteins 

from other Gram-negative bee symbionts, including G. apicola, Frischella perrara, and 

Candidatus Schmidhempelia bombi and other Gammaproteobacteria. 

T6SS-1 likely mediates secretion of diverse Rhs toxins 

T6SSs secrete a variety of antibacterial proteins, including the Rhs-family of 

toxins (Durand et al., 2014). We previously found numerous Rhs toxins encoded in the 

genomes of A. mellifera gut symbionts, including S. alvi wkB2 (Kwong et al., 2014). 

Many of the newly sequenced genomes also contain large numbers of Rhs genes – up to 

120 copies in some strains – but the function of these genes in the ecology of the bee gut 

is unclear.  

We tested whether S. alvi Rhs toxins were associated with a particular T6SS 

locus, and found that strains encoding T6SS-1 harbored significantly more Rhs genes 

than strains with no T6SS or only T6SS-2/3 (Fig. 2.3). In contrast, the number of Rhs 

genes per genome did not vary significantly with the presence or absence of T6SS-2/3. 

Among strains encoding T6SS-1, strains isolated from Bombus had more Rhs genes than 

did strains from Apis. However, the correlation between the presence of T6SS-1 and the 

number of Rhs toxins persisted when strains from Apis or Bombus hosts were examined 

separately (Fig. 2.11). Furthermore, the T6SS-1 tssI (vgrG) gene is located at the 3¢ end 

of the T6SS locus, immediately upstream of one of the three Rhs loci in wkB2, while the 
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T6SS-2/3 tssI gene occurs at the 5¢ end of the locus, upstream of genes encoding proteins 

of unknown function (Fig. 2.1C). This strongly implicates a role for T6SS-1 in Rhs toxin 

secretion, while suggesting that other, unidentified effectors are secreted through T6SS-

2/3.  

Rhs loci have a characteristic architecture  

We examined the organization of Rhs loci in the completely closed genome of S. 

alvi wkB2 to better understand the structural diversity of these putative T6SS effectors. 

We identified 18 Rhs-family genes at three separate loci in wkB2. Rhs-family genes 

encode large, polymorphic proteins with variable C-terminal toxin domains and 

conserved core regions that contain the Rhs/YD repeats characteristic of this toxin family 

(Zhang et al., 2012). Though many T6SSs secrete cargo effectors that form non-covalent 

associations with secreted components of the T6SS, Rhs toxins are often specialized 

effectors, fused to PAAR domains that interact with VgrG at the tip of the T6SS needle 

(Alcoforado Diniz & Coulthurst, 2015; Durand et al., 2014). In contrast to cargo 

effectors, which are often classified by their cellular targets, the Rhs toxin family is 

defined by a core region containing characteristic Rhs repeats and includes proteins with 

variable C-terminal toxin domains that affect a variety of cellular targets within 

prokaryotes and eukaryotes (Zhang et al., 2012). The highly conserved DPXG(18)DPXG 

motif, which is found at the end of the conserved core region (Zhang et al., 2012), was 

used to predict the start of the C-terminal toxin domain in each Rhs gene, and the 

Conserved Domain Database (CDD) (Marchler-Bauer et al., 2015) was used to search for 

similarity to previously characterized toxin domains. Three genes (rhs1, rhs14, and 

rhs15) encode proteins with large N-terminal regions that contain complete RhsA 

domains (COG3209) and PAAR secretion domains (Fig. 2.4A). Each of these genes is 
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found at the 5¢ end of their respective Rhs locus and is followed by several relatively 

short Rhs genes with intact core and toxin domains, truncated RhsA domains, and no 

PAAR domain (Fig. 2.4B). Based on conserved motifs, Rhs8 and Rhs9, which are 

encoded at the 3¢ end of their respective Rhs loci, appear to have truncated N-terminal 

domains and no C-terminal toxin domains. The C-terminal regions of five Rhs genes 

were similar to previously characterized toxin domains, including three domains 

associated with toxins of the HNH/Endonuclease VII family, an RNase toxin domain, and 

an ADP-ribosyltransferase domain (Table 2.4), whereas the remaining 11 Rhs proteins 

may contain novel toxins. 

Rhs toxin genes have antibacterial function and are upregulated in vivo 

Like toxin-antitoxin systems, Rhs loci typically encode immunity proteins that 

protect the cell against the activity of their cognate toxins. These immunity genes 

generally have little sequence homology to each other, making it difficult to infer their 

activity from sequence data alone, but they are often found immediately downstream of 

their corresponding toxin (Dong et al., 2013; Zhang et al., 2012).We identified putative 

immunity genes immediately downstream of 16 Rhs toxin genes in the S. alvi wkB2 

genome (Fig. 2.4A). Only rhs8 and rhs9, which do not have C-terminal toxin domains, 

lacked adjacent putative immunity genes.  

To ascertain the functionality of the Rhs toxin-antitoxins in S. alvi, we re-

analyzed data from a recent genome-wide transposon mutagenesis screen (Tn-Seq) of 

strain wkB2 (Powell, Leonard, et al., 2016) using our updated Rhs annotations. We found 

that three putative immunity genes were completely intolerant to disruption by 

transposon insertion, suggesting that these genes are essential (Fig. 2.5B, Table 2.5). 

Insertions in a further seven putative immunity genes were significantly detrimental to 
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the fitness of S. alvi wkB2 in the bee gut, which demonstrates the importance of Rhs 

immunity genes for fitness within the host and indicates that the corresponding Rhs 

toxins in S. alvi do indeed have antibacterial activity. Some of the Rhs toxin genes whose 

cognate immunity genes do not contribute to fitness may not encode functional proteins. 

For example, rhs3 has been pseudogenized by multiple nonsense mutations, while rhs6 

and rhs16 have truncated N-terminal regions that do not prevent their transcription, but 

may interfere with their activity. Alternatively, these toxins may target species other than 

S. alvi. 

To further verify the function of these genes, we cloned three pairs of toxin and 

immunity genes into compatible expression vectors in Escherichia coli BL21(DE3). The 

toxin domains of rhs1, rhs2, and rhs17 were cloned into the pET21a expression vector 

under the control of an IPTG-inducible PT7 promoter. The putative immunity genes rhs1I, 

rhs2I, and rhs17I were cloned into expression vector pJN105 under the control of the L-

arabinose-inducible PBAD promoter. Both rhs1I and rhs2I were identified as essential in 

the S. alvi wkB2 Tn-Seq analysis; rhs17I was important for fitness in vivo. E. coli cells 

containing pET21a::rhs17 and pJN105::rhs17I were able to grow on lysogeny broth (LB) 

agar without induction or LB containing 0.1mM IPTG and 0.5% L-arabinose to induce 

expression of both toxin and immunity genes, but not on LB containing 0.1mM IPTG 

alone, which induces expression of only the toxins (Fig. 2.6A). Induction of immunity 

gene expression with L-arabinose did not restore the growth of cells with pJN105::rhs1I 

instead of pJN105::rhs17I (Fig. 2.6A, 2.12B). Additionally, E. coli cells containing rhs17 

and rhs17I demonstrate a growth defect in liquid cultures containing 0.05mM IPTG that 

is counteracted by the addition of 0.2% L-arabinose (Fig. 2.6B). The observed growth 

defect is dependent on the presence of the toxin gene, while the restoration of growth 

with the addition of L-arabinose occurs only in cells with the cognate immunity gene 
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(Fig. 2.12A). Similar growth patterns were observed for cells expressing rhs1 and rhs1I 

or rhs2 and rhs2I (Fig. 2.6A, Fig. 2.12CD), though cells containing rhs1 exhibit much 

slower growth and often fail to grow, even in the absence of toxin gene induction.  

As our RNA-Seq results indicated that T6SS expression was upregulated in vivo 

(Fig. 2.1D), we examined whether this also held true for Rhs toxin expression. Fifteen 

Rhs toxins were significantly upregulated in vivo in at least one experiment and seven of 

these were significantly upregulated in both experiments (Fig. 2.5A, Table 2.1). We also 

observed a trend in expression, whereby – after normalizing for length – genes located at 

the 5¢ end of the Rhs locus were more transcriptionally active than genes at the 3¢ end 

(Fig. 2.5A). This trend was highly significant for the toxin genes of Rhs loci 1 and 2 

(Spearman’s rank correlation rho = -0.388, p < 0.005 and Spearman’s rank correlation 

rho = -0.563, p < 0.001), although this trend was not observed for Rhs locus 3 

(Spearman’s rank correlation rho = 0.375, p = 0.034).  

A large pool of interchangeable toxins drives Rhs ecology 

 The large number of Rhs toxins encoded by S. alvi strains suggests that 

toxin diversity may be important for competitive ability among members of the bee gut 

microbiota. We examined the diversity and prevalence of these genes in all S. alvi strains, 

as well as in strains of a common co-resident gut bacterium, G. apicola. In the 77 

genomes analyzed (31 S. alvi, 46 G. apicola), we detected a total of 1,112 Rhs genes (813 

from S. alvi, 299 from G. apicola), encoding potentially 364 distinct toxin domains. This 

reveals a tremendous pool of Rhs diversity accessible by, and possibly unique to, the bee 

gut microbiome (Fig. 2.7). Some toxins are found in both S. alvi and G. apicola, while 

others appear to be constrained to a single species or a set of closely related strains.  
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In contrast to the T6SS structural genes, Rhs toxin distribution is not solely 

determined by vertical descent. Clustering toxin domains by co-occurrence reveals 

networks of dissemination that are likely governed by geography and shared host species. 

For instance, strains from Southeast Asia did not share any toxins with those from North 

America. Host relatedness does not pose a complete barrier, as S. alvi strains from both 

Apis and Bombus hosts carried many toxins in common. Toxins are mostly shared within 

a species (S. alvi or G. apicola) rather than between species, which may reflect more 

frequent gene transfer between conspecific bacterial strains or indicate that this toxin 

family is predominantly used for intra-specific, rather than inter-specific, competition in 

these two gut symbionts.  

Rhs toxin and immunity gene pairs are strongly linked 

Frequent genetic transfers can break apart beneficial gene combinations, which 

would be highly detrimental in the case of a toxin and its immunity gene. The localization 

of Rhs immunity genes immediately adjacent to the C-terminal toxin domain is likely a 

mechanism that ensures against self-poisoning. We examine the linkage of Rhs toxin and 

immunity genes in S. alvi by searching the genomes of 20 S. alvi strains harboring T6SSs 

for the presence of S. alvi wkB2 toxins and their cognate immunity genes (Fig. 2.8). With 

the exception of isolates from Asian Apis species, every strain encoding T6SS-1 had at 

least one sequence homologous to a wkB2 toxin domain, and each of these also encoded 

the associated immunity gene. In a few strains, immunity genes were detected without 

their associated toxin; however, the reverse was never true. The genomic context of these 

orphaned immunity genes suggests that they were originally acquired alongside their 

cognate toxin that has since been pseudogenized. This may also be the eventual fate of 

orphaned immunity genes in S. alvi, as several strains contain homologoues to immunity 
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genes from S. alvi wkB2 that have acquired nonsense mutations in the absence of the 

cognate toxin. Altogether, this illustrates both the importance of the immunity gene for 

the fitness of cells encoding the cognate Rhs toxin and the specificity of the toxin-

immunity gene interaction.  

Rhs toxins undergo slow sequence evolution but rapid recombination  

Although coevolving systems often impose strong selection upon particular genes, 

homologous Rhs toxins have very little sequence variation, suggesting that rapid de novo 

mutation is not a major source of toxin diversity in the bee gut microbiota. We tested Rhs 

core and toxin domains for positive selection and found that both regions were under 

purifying selection (dN/dS < 1), albeit with more relaxed constraints relative to highly 

conserved housekeeping genes (Fig. 2.13, Table 2.3). 

As de novo mutation is not the primary source of Rhs diversity between strains, it 

is likely that the horizontal acquisition of novel toxin alleles and functional 

diversification through toxin/core recombination provide the adaptive basis of T6SS/Rhs-

mediated competition in the bee gut microbiota. Comparison of the 3 Rhs loci in S. alvi 

wkB2 and the 52 Rhs-encoding contigs in S. alvi App4-8 identified several shared Rhs 

genes and a similar integrase-like gene in proximity to Rhs genes in both genomes (Fig. 

2.9). This gene, at >80% amino acid identity, was found in 19 S. alvi and 11 G. apicola 

genomes, while another Rhs-associated integrase was detected in 13 and 22 genomes of 

S. alvi and G. apicola, respectively. Such genes might facilitate the transfer and 

recombinatorial capture of Rhs sequences across gut microbiota strains, but further work 

will be necessary to determine whether these integrases contribute to the transfer of toxin 

genes between bee gut microbes.  
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DISCUSSION 

T6SS-mediated competition is likely to be an integral component of the ecology 

of S. alvi in the bee gut. Two phylogenetically distinct T6SSs were upregulated by S. alvi 

wkB2 in gnotobiotic A. mellifera workers. We determined that the toxins associated with 

one of these systems, T6SS-1, have antibacterial properties, which is consistent with a 

role in intra-specific competition. S. alvi strains with T6SS-1 can encode dozens of Rhs 

genes; some Bombus-derived strains have more than 100. We discovered a 

correspondingly large pool of toxins in the bee ‘pan-microbiome’, with over 1,000 Rhs 

genes and up to 364 different toxin domains detected across S. alvi and G. apicola strains 

isolated from Apis and Bombus hosts.  

Given these results, we were surprised to find that many S. alvi and G. apicola 

strains completely lacked T6SSs and/or Rhs genes (Fig. 2.2A, Fig. 2.7). It is possible that 

these strains utilize other toxins or mechanisms of intercellular antagonism that we have 

not yet identified. However, the absence of these genes may be due to fitness tradeoffs 

involved in maintaining large, energy-intensive T6SSs and toxins that can cause self-

poisoning. In fact, inactivation of T6SS and Rhs toxin genes by transposon insertion 

generally increases fitness in vivo in a S. alvi monospecies community (Fig. 2.5B). This 

suggests that, under some circumstances, loss of expensive competitive machinery in 

favor of maximizing growth may be a viable route for success within the gut community. 

 The two T6SSs found in S. alvi are strictly vertically inherited, meaning 

that loss of one or both systems is likely to be permanent. Accordingly, few S. alvi strains 

contain partial T6SSs, indicating that once a T6SS becomes non-functional, the 

remaining genes are rapidly deleted. In one large clade of Bombus-specific S. alvi, both 

T6SSs appear to be permanently lost, with a few strains retaining only the ends of the 

T6SS-2 locus (Fig. 2.2A, Fig. 2.10). This stands in sharp contrast with T6SS evolution in 
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bacteria such as Bacteroides and Salmonella, where horizontal gene transfers of entire 

systems, possibly via association with mobile genetic elements, appear to be common 

(Blondel et al., 2009; Coyne et al., 2016; Wexler et al., 2016). 

Neither S. alvi T6SS-1 nor T6SS-2/3 is closely related to T6SSs known to 

participate in virulence (Fig. 2.2B). Instead, S. alvi T6SS-1 clusters with the prokaryote-

targeting HSI-I of P. aeruginosa PAO1 (Chen et al., 2015) and three Burkholderia 

thailandensis T6SSs, two of which are encoded by loci containing Rhs genes (S. Schwarz 

et al., 2010). The diverse sets of Rhs toxin genes associated with T6SS-1 suggest that it 

may have an important role in mediating intraspecific competition in S. alvi. However, 

this does not eliminate the possibility that T6SS-1 is also used to antagonize other Gram-

negative bee gut microbes, including G. apicola, or even opportunistic pathogens. Recent 

studies have found that the bee gut microbiota reduces colonization by some 

opportunistic bacterial pathogens (Kwong, Mancenido, et al., 2017; Raymann et al., 

2017), which makes it tempting to speculate that the S. alvi T6SSs may play a role in 

colonization resistance in the bee gut. We have demonstrated that Rhs toxins from S. alvi 

wkB2 have antibacterial function (Fig. 2.6), but this does not eliminate the possibility that 

these toxins may also be able to antagonize eukaryotic cells, as T6SS effectors in other 

systems are toxic to both prokaryotes and eukaryotes (Dong et al., 2013; Hood et al., 

2010). S. alvi T6SS-2/3 is more closely related to those of bee-associated 

Gammaproteobacteria, including G. apicola and F. perrara. F. perrara is part of the core 

honey bee gut microbiota but appears to cause damage to host tissue, triggering 

melanization at the site of colonization (Engel et al., 2015). The function of S. alvi T6SS-

2/3 is not yet known. It is likely to be antibacterial, like T6SS-1, but T6SSs can also be 

used for host interaction. For instance, T6SS effectors are used by Vibrio cholerae to kill 

eukaryotic cells (Pukatzki et al., 2006), and Yersinia pestis requires a T6SS to enter and 
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grow inside human macrophages (Robinson et al., 2009). However, this T6SS is unlikely 

to be used in virulence, as S. alvi is a commensal member of the bee gut microbiota and is 

not known to harm its host.  

In contrast to the vertically inherited T6SSs in S. alvi, we find evidence that Rhs 

toxins may be horizontally transferred between strains. Strains from different hosts can 

share the same toxins, and some toxins are found within both S. alvi and G. apicola. S. 

alvi harbors a greater diversity and abundance of Rhs genes compared to G. apicola, 

suggesting that S. alvi may be the predominant reservoir for these toxins in the bee gut 

community. Additionally, the Rhs-associated T6SS-1 system was not found in G. 

apicola, which may constrain the types of toxins it can secrete. There is evidence that 

T6SS-associated toxins are shared among strains and species in other systems 

(Kirchberger et al., 2017; Russell et al., 2012; Salomon et al., 2015; Unterweger et al., 

2014). Furthermore, the potential for gene exchange in the bee gut is supported by our 

finding of near-identical mobile elements in divergent bacteria (Fig. 2.9), as well as 

previous evidence from whole genome analyses (Kwong et al., 2014) and the presence of 

identical antibiotic resistance determinants in G. apicola and S. alvi (Tian et al., 2012).  

Further sampling will be necessary to explain the observed toxin distribution 

pattern (Fig. 2.7), as it is not yet clear what factors allow for the exchange of toxin genes 

between strains. Geographic isolation could explain the small and non-overlapping 

assortment of Rhs genes found in honey bees from Southeast Asia compared to North 

American samples; however, this is confounded by the fact these Asian bees represent 

different Apis spp., and come from a region where Bombus does not occur. That North 

American S. alvi strains from A. mellifera and Bombus species encode similar toxins is 

also intriguing, as S. alvi strains are host-specialized, and the same strains do not 

typically reside in both Apis and Bombus hosts (Koch et al., 2013; Kwong et al., 2014; 
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Powell, Ratnayeke, et al., 2016). Most toxins are not shared between G. apicola and S. 

alvi, which is consistent with observations that some Rhs genes are primarily used for 

competition between closely related strains or species (Alcoforado Diniz & Coulthurst, 

2015; Russell et al., 2014). Barriers to cross-species toxin exchange may explain these 

patterns, but do not eliminate the possibility of Rhs-mediated inter-species competition. 

Rhs toxins potentially influence the capability of strains or species to co-exist in the same 

gut community, a competitive interaction that has been implicated for other antibacterial 

effectors (Roelofs et al., 2016; Unterweger et al., 2014; Wexler et al., 2016). 

Interestingly, G. apicola wkB1 and S. alvi wkB2, which were isolated from the same A. 

mellifera colony at the same time, share a large proportion of Rhs genes – 11 toxins and 

12 immunity genes (Kwong et al., 2014).  

Many coevolving systems impose strong selection on traits that enhance 

competitiveness, leading to ongoing evolutionary responses in interacting lineages. The 

two major types of antagonistic coevolution are fluctuating selection dynamics and arms 

race dynamics (Woolhouse et al., 2002). Evolutionary arms races typically feature rapid 

sequence evolution of proteins mediating the interaction (Hall et al., 2011; Woolhouse et 

al., 2002). However, we observed that very similar Rhs toxins are shared among distantly 

related bacterial strains. Rhs evolution also appears to be dominated by purifying 

selection (dN/dS < 1), suggesting that positive selection for amino acid replacements is 

not a major mode of toxin evolution in these genes. These observations weigh against the 

possibility that Rhs evolution is driven by an evolutionary arms race. Instead, our results 

are more congruent with a fluctuating selection dynamics model of coevolution, which 

involves frequency-dependent selection favoring rare types (Woolhouse et al., 2002). 

Phylogenetic studies suggest that S. alvi has evolved within bee hosts for over 80 million 

years (Kwong & Moran, 2016); the large pool of Rhs toxins that has accumulated over 
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this time may reflect the ever-changing competitive dynamics at play in bee gut 

communities. Frequency-dependent selection may prevent rare toxins from being lost, 

while the metabolic expense of maintaining T6SSs and toxins is likely to constrain the 

diversity of competitive machinery encoded by a single cell, ensuring that fluctuating 

selection dynamics remain predominant (Hall et al., 2011).  

As in several enterobacterial species (Jackson et al., 2009), the Rhs loci of S. alvi 

are comprised of a large, complete Rhs toxin gene at the 5¢ end, followed by its cognate 

immunity gene, and then a series of truncated Rhs genes, or “orphaned” toxin domains, 

along with their immunity genes. This genetic architecture likely arises from “C-terminal 

displacement”, the exchange of toxin domains through recombination between conserved 

core regions (Jackson et al., 2009; Koskiniemi et al., 2014), which can generate 

functional diversity by packaging novel combinations of C-terminal toxin domains and 

N-terminal secretion domains. This mechanism also results in the genomic accrual of 

remnant, presumably non-secreted Rhs toxin domains, which can subsequently be re-

recruited into action via recombination (Jackson et al., 2009; Koskiniemi et al., 2014). In 

contrast to Serratia (Jackson et al., 2009), the orphaned toxin domains in S. alvi wkB2 

are not all silenced by nonsense mutations or missing translational start sites. Instead, 

many of these genes are transcribed and appear to produce proteins with antibacterial 

function, as inhibition of growth is observed when these toxins are heterologously 

expressed in E. coli (Fig. 2.6, 2.12) and inactivating transposon insertions in their cognate 

immunity genes are detrimental to the fitness of S. alvi (Fig. 2.5B). Expression of S. alvi 

toxin and immunity genes in E. coli reveals that the protective effect of each immunity 

gene is specific to its cognate toxin, which is consistent with what has been observed in 

other species (Alcoforado Diniz & Coulthurst, 2015; Koskiniemi et al., 2013). We also 

observed a correlation between the gene expression and gene position in two of the three 
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Rhs loci in S. alvi wkB2, with the highest expression at the 5¢ end and the lowest 

expression at the 3¢ end, consistent with the direction of transcription and probable 

promoter placement.  

The accumulation of numerous, potentially functional Rhs genes in S. alvi stands 

in contrast to what is found in many previously characterized bacteria: Serratia 

marcescens has two Rhs toxins (Alcoforado Diniz & Coulthurst, 2015), Dickeya dadantii 

3937 has five (Koskiniemi et al., 2013), and E. coli K12 has 8, including orphans 

(Jackson et al., 2009). The conditions that promote the toxin expansion seen S. alvi are 

unclear. Possibly, specialized bacteria living in communities with fewer species or more 

constrained niches might experience greater pressure to acquire diverse toxin and 

immunity gene pairs to compete against close relatives. However, this does not seem to 

be universally true of host-associated bacteria, as a recent survey of T6SS effectors in 

human gut Bacteroidales identified relatively few toxin and immunity gene pairs within 

individual strains and metagenomes (Verster et al., 2017). Though single strains of 

Bacteroides fragilis dominate the human gut microbiome, multiple S. alvi strains coexist 

within the bee gut (Powell, Ratnayeke, et al., 2016) and interactions between these strains 

may contribute to increased toxin diversification in S. alvi. Additionally, the organization 

of microbes within individual bees or across individuals within the hive may allow for 

maintenance of otherwise incompatible sets of toxin and immunity genes, ultimately 

allowing for greater toxin diversity. It would be interesting to determine whether the 

diversity of Rhs toxins or other effectors correlates with host characteristics or gut 

community diversity or variability. Particularly, it is curious why S. alvi and G. apicola 

strains from Bombus hosts tend to encode far more Rhs toxins than do their counterparts 

in Apis species. In contrast to Apis species, Bombus species – and their gut microbiota – 

go through an annual population bottleneck when individual queens found new colonies, 
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resulting in lower S. alvi strain diversity per individual bee (Powell, Ratnayeke, et al., 

2016). Potentially, the Bombus life cycle may impose more random fluctuations in the 

intensity of T6SS-mediated competition within their gut communities. Such differences 

in host ecology may help to explain why strains associated with some host species have 

accumulated large numbers of toxin genes, while strains from other hosts have lost T6SSs 

entirely. 

CONCLUSION 

This study broadens our knowledge of the diversity of T6SSs and their effectors, 

and highlights their potential role in shaping host-associated microbiomes. While the 

T6SS has been well studied in the decade since its discovery, the evolution and 

ecological role of these systems in naturally occurring polymicrobial communities has 

received relatively little attention until recently (Coyne et al., 2014). We found that S. 

alvi, a resident member of the bee gut microbiota, encodes two T6SSs as well as 

numerous Rhs toxins, which are expressed in vivo and have antibacterial activities. These 

T6SSs were maintained during the diversification of S. alvi strains, suggesting that 

intercellular competition is important in the gut communities of diverse Apis and Bombus 

species. An enormous diversity of toxins was identified across the genomes of S. alvi and 

G. apicola, another bee gut resident. These toxins were often shared between distantly 

related strains, as well as between these two species, which represent different classes of 

Proteobacteria.  

However, we also found that T6SS presence and toxin abundance vary among 

strains. The loss of T6SSs in some lineages indicates that participation in this mode of 

competition may not always be beneficial. Human gut bacteria with and without T6SSs 

have been shown to coexist in gnotobiotic mouse models (Wexler et al., 2016). Clearly, 
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T6SSs are only one component of bacterial competitiveness in gut communities. Other 

factors, such as metabolic tradeoffs, spatial distribution, and coevolutionary dynamics, 

will need to be considered to better understand the influence of T6SSs and associated 

effectors on microbial community structure, particularly over longer timescales. 

Furthermore, the bee gut microbiota has recently been shown to affect resistance to 

opportunistic bacterial pathogens that invade the body cavity through the gut (Kwong, 

Mancenido, et al., 2017; Raymann et al., 2017). Potentially, the T6SSs and Rhs toxins of 

S. alvi and G. apicola contribute to resistance to invasion by potential pathogens, such as 

strains of Serratia and other Enterobacteriaceae. The specialized gut microbiota of social 

bees presents a promising system in which to investigate these questions, and will 

undoubtedly offer further insights into competition within coevolving bacterial 

communities. 

MATERIALS AND METHODS 

RNA sequencing 

For the in vitro samples, S. alvi wkB2 (Kwong & Moran, 2013) was streaked in 

triplicate on heart infusion agar plates supplemented with 5% defibrinated sheep’s blood 

(HIA + 5% SB) and incubated at 35ºC in a 5% CO2 environment for 24 h. RNA was 

extracted from plated cells using TRIzol (Ambion), according to manufacturer 

instructions.  

For in vivo samples, germ-free bees were acquired as previously described 

(Powell et al., 2014). Briefly, pupae were extracted from brood frames of managed hives 

in New Haven, Connecticut (experiment ‘A’) and Austin, Texas (experiment ‘B’) and 

allowed to emerge under sterile conditions. Within 36 h of emergence, bees were fed 5 µl 

of a 20% sucrose PBS solution containing approximately 106 S. alvi wkB2 cells (OD600 = 
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0.5) or sterile PBS. Inoculated bees were transferred to sterile cup cages in triplicate 

groups of 8-10 and fed a filter sterilized 1:1 sucrose solution and gamma-irradiated pollen 

ad libitum. 

Four (experiment ‘A’) or five (experiment ‘B’) days after inoculation, bees were 

frozen at -80ºC and then dissected on ice. Guts were placed in RNAlater (Thermo Fisher) 

and stored at -80ºC. In experiment ‘A’, each replicate was comprised of three pooled 

ileums, while replicates in experiment ‘B’ consisted of ileums and rectums of individual 

bees. For experiment ‘B’, DNA and RNA were extracted using the bead-beating and 

RNA-Bee method described by Jorth et al. (Jorth et al., 2014). The absolute number of S. 

alvi 16S rRNA and rDNA gene copies in experiment ‘B’ samples were quantified in 

triplicate with a 109 to 103-copy standard curve using the Beta-1009-qtF, Beta-1115-qtR, 

Gamma1-459-qtF, and Gamma1-648-qtR primers described by (Martinson et al., 2012) 

on an Eppendorf Mastercycler ep realplex as in (Powell et al., 2014). The Thermo 

Scientific Verso cDNA kit was used to synthesize cDNA for qPCR following 

manufacturer instructions.  Eukaryotic and prokaryotic ribosomal RNA was depleted 

using the Ribo-Zero Gold rRNA Removal Kit (Epidemiology). 

The University of Texas at Austin Genomic Sequencing and Analysis Facility 

prepared stranded Illumina libraries for in vitro and experiment ‘B’ samples and 

performed single-end 50 bp sequencing with an Illumina HiSeq4000. Extraction and 

sequencing for experiment ‘A’ is described in (Powell, Leonard, et al., 2016).  

Read processing and analysis 

RNA-Seq reads were trimmed with Flexbar (Dodt et al., 2012) to remove Illumina 

adapters and Bowtie2 (Langmead & Salzberg, 2012) was used to map trimmed reads to 

the S. alvi wkB2 genome. HTSeq-count (Anders et al., 2014) was used to count the 
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number of reads mapping to each gene in the RAST annotation. Differential expression 

analysis was done with DESeq2 (Love et al., 2014), using a false discovery rate cutoff of 

0.05. Transcripts per Million (TPM) were calculated using a custom R script based on the 

calculation described by (Wagner et al., 2012). One experiment ‘B’ replicate had reads 

that mapped to other bacteria and was excluded from the analysis. Pearson’s coefficients 

for the relationship between Rhs toxin gene TPM and position for each Rhs locus were 

calculated using the corr.test function implemented in R (R Core Team, 2014). 

Reanalysis of Tn-seq data 

The T6SS and Rhs loci of the NCBI-annotated S. alvi wkB2 genome 

(CP007446.1) were reannotated by locating open reading frames and performing blastp 

searches of the predicted proteins. The reannotated genome was used as the reference on 

which Tn-Seq data from a previous study (Powell, Leonard, et al., 2016) were re-mapped. 

Scoring of essential genes and genes beneficial in vivo were performed as described 

previously (Powell, Leonard, et al., 2016). 

Genome sequencing 

DNA was extracted from S. alvi cultures using the QIAGEN blood and tissue kit 

and submitted for library preparation and sequencing using the Illumina MiSeq platform 

with paired-end, 2 × 250 bp or 2 × 300 bp reads. Genomes were assembled with Velvet 

(Zerbino & Birney, 2008) or MaSuRCA (Zimin et al., 2013) and annotated using the 

RAST (Aziz et al., 2008) pipeline.  

Identification of T6SS loci and correlation between T6SS-1 and Rhs genes 

T6SS homologs were identified by amino acid similarity to the T6SS-associated 

genes of S. alvi wkB2 using tblastx best hits with an e-value cutoff of ≤ 10-5, coverage ≥ 
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50% and percent identity ≥ 50%. A 70% identity cutoff was used for tssH. tblastx (e-

value < 0.01) was used to determine the average sequence similarity of the proteins 

encoded by the T6SS-1 and T6SS-2/3 loci of wkB2. Four genes (tssA, tssE, tssJ, and 

tssM) had no matches below this threshold. For the nine remaining core T6SS genes, 

percent identity for each match was normalized by the percent of residues in the query 

sequence that aligned to the reference sequence, and the average of these values was 

taken. ORF maps for wkB2 T6SS loci were visualized using Geneious 10.1.3. HMMER 

3.0 (Eddy, 2011) was used to identify S. alvi protein coding genes containing the Rhs 

core motif (TIGR03696) and to determine the number of these proteins that also contain a 

PAAR motif (PF05488). Strains were then grouped based on the presence of T6SS-1, 

T6SS-2/3, both, or neither. Rhs gene counts were compared between groups using a one-

way ANOVA with Tukey’s HSD (honest significant difference) multiple test correction.  

Cloning Rhs toxin and immunity genes 

Standard restriction enzyme cloning methods were used to clone rhs1 and rhs2 

into pET21a and rhs2I into pJN105, whereas Gibson assembly (Gibson et al., 2009) was 

used to clone rhs17 into pET21a and rhs1I and rhs17I into pJN105. Genes were 

amplified with Phusion DNA Polymerase (New England BioLabs) and the primers listed 

in Table 2.6. Digestions were performed using NdeI and XhoI (rhs1) or NdeI and NotI 

(rhs2), and T4 DNA ligase (New England BioLabs) was used to catalyze ligations. The 

rhs1 forward primer was designed to generate a truncated C-terminal toxin domain 

comprised of the last 146 amino acids of the toxin. Electroporation was used to transform 

ligation and Gibson assembly reactions into E. coli DH5α, and PCR was used to screen 

transformants for the presence of the correct insert. Inserts were verified by sequencing 

the cloning site of the purified plasmid. All insert sequences matched the S. alvi wkB2 
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genome exactly, except for rhs2, which has a nonsense mutation 99 nucleotides before 

the end of the gene. 

Expression of Rhs toxin and immunity genes in E. coli 

Purified plasmids were transformed into E. coli BL21(DE3) via electroporation 

for induction assays. Cells containing either pET21a::toxin and pJN105::immunity, 

pET21a::toxin and pJN105 empty vector, or pJN105::immunity and pET21a empty 

vector were streaked out on LB plates containing 10µg/ml gentamicin, 75µg/ml 

ampicillin, and 1% glucose and incubated overnight at 37ºC. Single colonies were picked 

from these plates and streaked out onto fresh 10µg/ml gentamicin and 75µg/ml ampicillin 

plates with and without 0.1mM IPTG or 0.5% L-arabinose. Growth was observed after 24 

h at 37ºC. 

Growth curves were constructed to measure the effect of toxin and immunity gene 

induction on growth over time. Cells containing pET21a with or without a toxin gene and 

pJN105 with or without the immunity gene were streaked out on LB plates containing 

10µg/ml gentamicin and 75µg/ml ampicillin and incubated overnight. Single colonies 

were used to inoculate 4 ml LB with selection in a 14 ml culture tube, and these cultures 

were grown to mid-log at 37ºC and 220rpm, then diluted back to an OD600 of 0.01, 

incubated for another 3 h, then diluted to an OD600 of 0.2. Ten microliters of this culture 

was added to 190µl LB broth with selection, with and without IPTG or L-arabinose, in a 

96-well plate. A Tecan Spark 10M plate reader was used to measure the OD600 of cultures 

every 30 min for 12 h. 
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Phylogenetic trees 

Concatenated nucleotide sequences of 37 ribosomal protein genes (Table 2.3) 

were used to construct a phylogenetic tree for 31 S. alvi strains. Sequences were aligned 

with MUSCLE 3.8.31 (Edgar, 2004). Bayesian and maximum likelihood (ML) analyses 

were performed using MrBayes 3.2 (Ronquist et al., 2012) and RAxML v8 (Liu et al., 

2011), respectively. Both Bayesian and ML analyses used a general time reversible 

model of nucleotide substitution with a proportion of sites assumed to be invariable and 

the remaining sites drawn from a gamma distribution. The Bayesian analysis was run 

until the standard deviation of split frequencies dropped below 0.01. Bootstrapping was 

performed for the ML analysis (n=1,000).  Phylogenetic trees were visualized with 

FigTree v.1.4.2 (Rambaut, 2014). 

Phylogenetic trees of S. alvi T6SS-1 and T6SS-2/3 were constructed using the 

same method. T6SS homologs were extracted from a local BLAST database of S. alvi 

protein-encoding genes based on amino acid similarity to T6SS-associated genes in 

wkB2. The only gene from the wkB2 T6SS-1 locus that had amino acid identity to its 

T6SS-2/3 homolog above our cutoff was tssC. 

The TssB protein is well conserved and has previously been used to determine 

evolutionary relationships between distantly related T6SSs (Förster et al., 2014; S. 

Schwarz et al., 2010). A phylogeny of the TssB protein was constructed using 

representative sequences from S. alvi and G. apicola, as well as reference sequences from 

the NCBI RefSeq database. The SecReT6 database (Jun Li et al., 2015) was used to 

identify proteins associated with previously identified T6SS subtypes. CD-HIT (Fu et al., 

2012) was used to cluster S. alvi and G. apicola TssB sequences by 95% similarity and 

MUSCLE was used to align representative sequences from each cluster with the 

reference sequences. Maximum likelihood analyses were performed with RAxML v8 
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using the WAG amino acid substitution model and assuming a gamma distribution of 

rates with a proportion of invariable sites and 1,000 bootstrap replicates.  

Comparison of Rhs loci 

Conserved domains in the S. alvi wkB2 Rhs genes were identified using the 

NCBI’s conserved domains database (Marchler-Bauer et al., 2015) with a 10-5 e-value 

cutoff. C-terminal toxin domains were identified based on the location of the conserved 

DPXG(18)DPXG motif in the translated sequence. Homologous toxin domains were 

detected by comparing translated sequences of the wkB2 C-terminal domains to all S. alvi 

genomes with the tblastx (Camacho et al., 2009) tool and 70% coverage and 70% amino 

acid identity cutoffs. 

Rhs loci were identified using RAST annotations and manually edited in 

Geneious R9 (Kearse et al., 2012). Regions of high primary sequence homology between 

S. alvi Rhs loci were identified using blastn (Camacho et al., 2009) with a 10-5 e-value 

cutoff and visualized with Circos (Krzywinski et al., 2009).  

To obtain the Rhs toxin co-occurrence network, C-terminal toxin domains were 

extracted from a codon alignment of all S. alvi and G. apicola Rhs genes and clustered at 

90% nucleotide identity with CD-HIT-est (56). Predicted C-terminal domains shorter than 

40 bp were excluded. From this, 364 unique toxin domains were identified. A more 

conservative analysis, in which a more stringent match requirement to the DPXG motif 

and a 200 bp length cutoff were applied, revealed 258 unique C-terminal domains. Output 

was visualized in Gephi v0.9.1 (Bastian et al., 2009). 

Tests of selection 

Homologous conserved gene and Rhs sequences (Table 2.3) were identified in S. 

alvi genomes using tblastx, based on amino acid identity to S. alvi wkB2 genes. 
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Alignments were constructed with MUSCLE and manually checked in Geneious R9. 

Omega (dN/dS) ratios were calculated using the PAML 4.8 codeml model 0 (Yang, 

2007). A one-way ANOVA with Tukey’s HSD multiple test correction was used to 

compare the dN/dS ratios of conserved genes, Rhs core domains, and Rhs toxin domains.  

Data archival 

 RNA-Seq data from experiment ‘B’ are deposited under accession 

SRP082731 in the NCBI Sequence Read Archive. Genome sequences are deposited 

under accessions MDUY00000000, MDUZ00000000, MDVA00000000, 

MDVB00000000, MDVC00000000, MDVD00000000, MDVE00000000, 

MDVF00000000, MDVG00000000, MDVH00000000, MDVI00000000, 

MDVJ00000000, MEII00000000, MEIJ00000000, MEIK00000000, MEIL00000000, 

MEIM00000000, MEIN00000000, MEIO00000000, MEIP00000000, MEIQ00000000, 

MEIR00000000, MEIS00000000, MEIT00000000, MEIU00000000, MEIV00000000, 

MEIW00000000, and MEIX00000000 in GenBank. 
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TABLES 

Table 2.1. Differential expression of S. alvi wkB2 T6SS genes, Rhs toxin and putative 
immunity genes, and genes involved in iron and nitrogen metabolism. 

 Experiment A Experiment B  

Category Gene ID Gene Locus 

log2 
fold 
change padj 

log2 
fold 
change padj 

Significant 
in Direction COG KEGG 

T6SS 
SALWKB2
_0097 tssA T6SS-1 1.031 2.89E-06 1.345 1.61E-07 

Exp.  
A & B Upregulated 

COG
3515 K11902 

T6SS 
SALWKB2
_0098 tssG T6SS-1 1.434 1.40E-07 1.830 2.43E-08 

Exp.  
A & B Upregulated 

COG
3520 K11895 

T6SS 
SALWKB2
_0099 tssF T6SS-1 1.054 0.0001 1.578 5.30E-08 

Exp.  
A & B Upregulated 

COG
3519 K11896 

T6SS 
SALWKB2
_0100 tssE T6SS-1 0.998 9.78E-06 1.209 1.33E-05 

Exp.  
A & B Upregulated 

COG
3518 K11897 

T6SS 
SALWKB2
_0101 hyp T6SS-1 0.705 0.0386 0.555 0.1521 Exp. A Upregulated 

COG
4455 K11898 

T6SS 
SALWKB2
_0102 hyp T6SS-1 1.252 3.09E-07 1.045 0.0003 

Exp.  
A & B Upregulated   

T6SS 
SALWKB2
_0103 tssH T6SS-1 1.196 0.0002 1.103 0.0021 

Exp.  
A & B Upregulated 

COG
0542 K11907 

T6SS 
SALWKB2
_0104 tssB T6SS-1 0.806 0.2875 -0.143 0.8660 NS  

COG
3516 K11901 

T6SS 
SALWKB2
_0105 tssC T6SS-1 1.155 0.0930 0.048 0.9503 NS  

COG
3517 K11900 

T6SS 
SALWKB2
_0106 tssD T6SS-1 1.086 0.2329 -0.429 0.6608 NS  

COG
3157 K11903 

T6SS 
SALWKB2
_0107 tssJ T6SS-1 1.635 1.02E-09 1.150 0.0003 

Exp.  
A & B Upregulated 

COG
3521 K11906 

T6SS 
SALWKB2
_0108 tssK T6SS-1 1.436 1.17E-07 1.372 6.67E-06 

Exp.  
A & B Upregulated 

COG
3522 K11893 

T6SS 
SALWKB2
_0109 tssL T6SS-1 0.963 0.0006 0.912 0.0042 

Exp.  
A & B Upregulated 

COG
1360 K11892 

T6SS 
SALWKB2
_0110 hyp T6SS-1 0.668 0.0617 0.020 0.9708 NS    

T6SS 
SALWKB2
_0111 hyp T6SS-1 0.761 0.0053 0.259 0.5022 Exp. A Upregulated   

T6SS 
SALWKB2
_0112 tssM T6SS-1 1.253 8.40E-06 1.239 0.0001 

Exp.  
A & B Upregulated 

COG
3523 K11891 

T6SS 
SALWKB2
_0113 hyp T6SS-1 1.174 4.55E-05 1.197 0.0005 

Exp.  
A & B Upregulated 

COG
3913  

T6SS 
SALWKB2
_0114 hyp T6SS-1 1.979 6.36E-06 1.691 0.0041 

Exp.  
A & B Upregulated   

T6SS 
SALWKB2
_0116 tssI T6SS-1 1.625 1.01E-12 2.061 3.89E-16 

Exp.  
A & B Upregulated 

COG
3501 K11904 

T6SS 
SALWKB2
_0913 tssI T6SS-2 1.439 4.72E-11 1.121 7.68E-06 

Exp.  
A & B Upregulated 

COG
4253 K11904 

T6SS 
SALWKB2
_0914 hyp T6SS-2 0.884 0.0002 0.271 0.4011 Exp. A Upregulated   

T6SS 
SALWKB2
_0915 hyp T6SS-2 0.616 0.0009 -0.203 0.4513 Exp. A Upregulated 

COG
0790 K07126 

T6SS 
SALWKB2
_0916 hyp T6SS-2 1.092 4.32E-06 -0.044 0.9059 Exp. A Upregulated   

T6SS 
SALWKB2
_0917 tssM T6SS-2 1.181 1.51E-06 0.482 0.1118 Exp. A Upregulated 

COG
3523 K11891 

T6SS 
SALWKB2
_0918 tssA T6SS-2 1.073 7.54E-09 0.642 0.0095 

Exp.  
A & B Upregulated 

COG
3515 K11910 

T6SS 
SALWKB2
_0919 tssF T6SS-2 1.244 4.97E-06 0.740 0.0263 

Exp.  
A & B Upregulated 

COG
3519 K11896 

T6SS 
SALWKB2
_0920 tssG T6SS-2 1.184 0.0003 0.365 0.4184 Exp. A Upregulated 

COG
3520 K11895 

T6SS 
SALWKB2
_0921 tssJ T6SS-2 1.058 0.0130 1.097 0.0216 

Exp.  
A & B Upregulated 

COG
3521  

T6SS 
SALWKB2
_0922 tssE T6SS-2 0.798 0.0171 -0.090 0.8715 Exp. A Upregulated 

COG
3518 K11905 

T6SS 
SALWKB2
_1360 tssH T6SS-3 0.951 1.54E-05 0.123 0.6748 Exp. A Upregulated 

COG
0542 K11907 

T6SS 
SALWKB2
_1361 tssD T6SS-3 1.115 0.0021 -0.792 0.0489 

Exp.  
A & B Split 

COG
3157 K11903 

T6SS 
SALWKB2
_1362 tssL T6SS-3 1.253 0.0001 -0.658 0.0766 Exp. A Upregulated 

COG
2885  

T6SS 
SALWKB2
_1363 tssL T6SS-3 0.597 0.0602 -0.435 0.2694 NS  

COG
3455  
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Table 2.1, continued 
    Experiment A Experiment B     

Category Gene ID Gene Locus 

log2 
fold 
change padj 

log2 
fold 
change padj 

Significant 
in Direction COG KEGG 

T6SS 
SALWKB2
_1365 hyp T6SS-3 1.552 2.34E-11 0.747 0.0204 

Exp.  
A & B Upregulated 

COG
4104  

T6SS 
SALWKB2
_1366 tssC T6SS-3 1.144 0.0010 0.496 0.2168 Exp. A Upregulated 

COG
3517 K11900 

T6SS 
SALWKB2
_1367 tssB T6SS-3 0.562 0.2061 -0.109 0.8339 NS  

COG
3516 K11901 

T6SS 
SALWKB2
_1932 tssD NA 0.812 0.0220 2.768 2.78E-16 

Exp.  
A & B Upregulated 

COG
3157  

Immunity 
SALWKB2
_0117 rhs1I Rhs-I 0.621 0.0107 -0.031 0.9310 Exp. A Upregulated 

COG
5435  

Toxin 
SALWKB2
_0118 rhs1 Rhs-I 1.170 2.54E-05 1.791 3.10E-09 

Exp.  
A & B Upregulated 

COG
3209  

Toxin 
SALWKB2
_0120 rhs2 Rhs-I 0.636 0.0110 0.532 0.0643 Exp. A Upregulated 

COG
3209  

Immunity 
SALWKB2
_0121 rhs2I Rhs-I 0.468 0.0845 -0.102 0.7972 NS    

Pseudotoxin 
SALWKB2
_0124 rhs3 Rhs-I -0.029 0.9441 0.214 0.5755 NS  

COG
3209  

Immunity 
SALWKB2
_0125 rhs3I Rhs-I 0.307 0.6050 0.079 0.9195 NS    

Toxin 
SALWKB2
_0126 rhs4 Rhs-I 0.277 0.4162 -0.357 0.3392 NS  

COG
3209  

Immunity 
SALWKB2
_0126_5 rhs4I Rhs-I -0.359 0.2893 -0.839 0.0266 Exp. B Downregulated  

Toxin 
SALWKB2
_0127 rhs5 Rhs-I 0.641 0.0014 0.635 0.0097 

Exp.  
A & B Upregulated 

COG
3209  

Immunity 
SALWKB2
_0128 rhs5I Rhs-I 1.379 0.0001 -0.198 0.7809 Exp. A Upregulated   

Toxin 
SALWKB2
_0129 rhs6 Rhs-I 0.809 0.0010 0.374 0.2777 Exp. A Upregulated 

COG
3209  

Immunity 
SALWKB2
_0130 rhs6I Rhs-I 0.919 0.0752 0.782 0.2680 NS    

Toxin 
SALWKB2
_0131 rhs7 Rhs-I 0.555 0.0420 1.261 2.89E-05 

Exp.  
A & B Upregulated 

COG
3209  

Immunity 
SALWKB2
_0132 rhs7I Rhs-I 0.024 0.9661 0.756 0.1631 NS    

Pseudotoxin 
SALWKB2
_0133 rhs8 Rhs-I 1.889 0.0053 3.786 9.83E-09 

Exp. 
 A & B Upregulated 

COG
3209  

Pseudotoxin 
SALWKB2
_1253 rhs9 Rhs-II 0.460 NA 2.763 0.0035 Exp. B Upregulated 

COG
3209  

Immunity 
SALWKB2
_1256_5 rhs10I Rhs-II -0.174 0.7640 0.373 0.5441 NS    

Toxin 
SALWKB2
_1257 rhs10 Rhs-II 1.080 0.0066 2.040 2.76E-06 

Exp.  
A & B Upregulated 

COG
3209  

Immunity 
SALWKB2
_1258 rhs11I Rhs-II -0.114 0.8562 1.037 0.0524 NS    

Toxin 
SALWKB2
_1259 rhs11 Rhs-II 0.090 0.8344 0.889 0.0166 Exp. B Upregulated 

COG
3209  

Immunity 
SALWKB2
_1259_5 rhs12I Rhs-II -1.134 0.0988 -0.341 0.7030 NS    

Toxin 
SALWKB2
_1260 rhs12 Rhs-II 0.136 0.8703 2.128 0.0003 Exp. B Upregulated 

COG
3209  

Immunity 
SALWKB2
_1262 rhs13I Rhs-II 0.212 0.3329 -1.323 1.42E-05 Exp. B Downregulated  

Toxin 
SALWKB2
_1263 rhs13 Rhs-II 0.602 0.0026 -0.350 0.2631 Exp. A Upregulated 

COG
3209  

Immunity 
SALWKB2
_1264 rhs14I Rhs-II 0.585 0.0721 -1.005 0.0412 Exp. B Downregulated  

Toxin 
SALWKB2
_1265 rhs14 Rhs-II 1.073 0.0002 1.644 2.12E-07 

Exp.  
A & B Upregulated 

COG
3209  

Toxin 
SALWKB2
_2002 rhs15 Rhs-III 0.336 0.2947 1.921 3.68E-11 Exp. B Upregulated 

COG
3209  

Immunity 
SALWKB2
_2002_5 rhs15I Rhs-III 0.366 0.1562 -1.338 0.0031 Exp. B Downregulated  

Toxin 
SALWKB2
_2003 rhs16 Rhs-III 0.012 0.9657 -0.331 0.2726 NS  

COG
3209  

Immunity 
SALWKB2
_2004 rhs16I Rhs-III 0.846 0.0294 -0.321 0.6444 Exp. A Upregulated 

COG
3209  

Toxin 
SALWKB2
_2005 rhs17 Rhs-III 0.890 3.42E-05 1.137 3.17E-05 

Exp.  
A & B Upregulated 

COG
3209  

Immunity 
SALWKB2
_2006 rhs17I Rhs-III 0.712 0.0079 -0.622 0.0677 Exp. A Upregulated 

COG
3209  
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Table 2.1, continued 
    Experiment A Experiment B     

Category Gene ID Gene Locus 

log2 
fold 
change padj 

log2 
fold 
change padj 

Significant 
in Direction COG KEGG 

Toxin 
SALWKB2
_2007 rhs18 Rhs-III 0.835 1.80E-05 0.196 0.5047 Exp. A Upregulated 

COG
3209  

Immunity 
SALWKB2
_2007_5 rhs18I Rhs-III -0.514 0.1147 -2.022 0.0002 Exp. B Downregulated  

Iron 
metabolism 

SALWKB2
_0189 hmuS  2.144 3.66E-09 2.356 9.75E-09 

Exp.  
A & B Upregulated 

COG
3720 K07225 

Iron 
metabolism 

SALWKB2
_0190 fhuD  1.916 1.08E-09 3.563 6.44E-27 

Exp.  
A & B Upregulated 

COG
4558 K02016 

Iron 
metabolism 

SALWKB2
_0191 fhuB  1.499 3.81E-04 2.984 1.51E-11 

Exp.  
A & B Upregulated 

COG
0609 K02015 

Iron 
metabolism 

SALWKB2
_0192 fhuC  0.762 0.050 1.453 0.001 

Exp. 
 A & B Upregulated 

COG
1120 K02013 

Iron 
metabolism 

SALWKB2
_1610 fhuD  0.808 0.023 1.227 0.001 

Exp.  
A & B Upregulated 

COG
4607 K02016 

Iron 
metabolism 

SALWKB2
_2008 entF  0.640 0.098 1.293 0.002 Exp. B Upregulated 

COG
1020  

Iron 
metabolism 

SALWKB2
_2009 entF  2.462 2.58E-07 1.542 0.006 

Exp.  
A & B Upregulated 

COG
1020  

Iron 
metabolism 

SALWKB2
_2011 ceuB  1.087 0.027 0.214 0.737 Exp. A Upregulated 

COG
4606 K02015 

Iron 
metabolism 

SALWKB2
_2012 ceuC  1.325 0.024 1.358 0.039 

Exp.  
A & B Upregulated 

COG
4605 K02015 

Iron 
metabolism 

SALWKB2
_2013 ceuD  1.458 0.011 1.443 0.024 

Exp.  
A & B Upregulated 

COG
4604 K02013 

Iron 
metabolism 

SALWKB2
_2014 ceuA  1.125 0.028 -0.022 0.972 Exp. A Upregulated 

COG
4607 K02016 

Iron 
metabolism 

SALWKB2
_2015 fiu  1.466 0.030 1.018 0.165 Exp. A Upregulated 

COG
4774 K02014 

Iron 
metabolism 

SALWKB2
_2016 iucD  1.596 0.003 3.429 1.41E-10 

Exp.  
A & B Upregulated 

COG
3486 K03897 

Iron 
metabolism 

SALWKB2
_2017 entF  2.457 0.006 2.795 0.003 

Exp.  
A & B Upregulated 

COG
1020  

Iron 
metabolism 

SALWKB2
_2018 entE  2.067 1.30E-07 2.180 7.92E-07 

Exp.  
A & B Upregulated 

COG
1021 K02363 

Iron 
metabolism 

SALWKB2
_2019 entB  1.774 1.51E-06 1.880 1.25E-05 

Exp.  
A & B Upregulated 

COG
1535 K01252 

Iron 
metabolism 

SALWKB2
_2020 mdlB  0.854 0.012 1.525 4.34E-05 

Exp.  
A & B Upregulated 

COG
1132  

Iron 
metabolism 

SALWKB2
_2021 mdlB  0.929 0.031 1.286 0.006 

Exp.  
A & B Upregulated 

COG
1132  

Iron 
metabolism 

SALWKB2
_2022 entD  1.420 0.003 3.166 2.80E-11 

Exp.  
A & B Upregulated 

COG
2977  

Iron 
metabolism 

SALWKB2
_2023 entC  2.594 1.96E-06 2.982 8.99E-07 

Exp. A & 
B Upregulated 

COG
1169 K02361 

Iron 
metabolism 

SALWKB2
_2024 fabG  1.536 0.001 1.604 0.003 

Exp.  
A & B Upregulated 

COG
1028 K00216 

Nitrogen 
metab. 

SALWKB2
_0412 gltB1  0.237 0.308 0.370 0.110 NS  

COG
0067 K00265 

Nitrogen 
metab. 

SALWKB2
_0413 gltD  0.572 0.005 0.766 0.001 

Exp.  
A & B Upregulated 

COG
0493 K00266 

Nitrogen 
metab. 

SALWKB2
_0899 narK  1.072 0.040 2.317 2.22E-05 

Exp.  
A & B Upregulated 

COG
2223 K02575 

Nitrogen 
metab. 

SALWKB2
_0900 narK  1.502 8.46E-05 3.131 2.93E-15 

Exp.  
A & B Upregulated 

COG
2223 K02575 

Nitrogen 
metab. 

SALWKB2
_0901 narG  1.549 4.09E-07 2.925 4.10E-19 

Exp.  
A & B Upregulated 

COG
5013 K00370 

Nitrogen 
metab. 

SALWKB2
_0902 narH  0.942 0.003 1.618 3.71E-06 

Exp.  
A & B Upregulated 

COG
1140 K00371 

Nitrogen 
metab. 

SALWKB2
_0903 narJ  0.760 0.050 1.145 0.012 

Exp.  
A & B Upregulated 

COG
2180 K00373 

Nitrogen 
metab. 

SALWKB2
_0904 narI  0.034 0.954 -0.043 0.942 NS  

COG
2181 K00374 

Nitrogen 
metab. 

SALWKB2
_2176 amtB  2.083 1.86E-08 2.178 1.31E-07 

Exp.  
A & B Upregulated 

COG
0004 K03320 

Nitrogen 
metab. 

SALWKB2
_2177 glnK  3.087 2.87E-13 2.457 2.91E-06 

Exp.  
A & B Upregulated 

COG
0347 K04751 

hyp, hypothetical open reading frame; padj, Benjamini-Hochberg adjusted p-values; NS, 
not significant. 
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Table 2.2. Bacterial strains and genomes used in this study. 

Strain Host Species Host Subgenus 
# 
Contigs Location 

Collection 
date Isolated by 

Accession # or 
reference 

wkB237 Apis 
andreniformis 

Micrapis 21 Hort Park, 
Singapore 

9-Aug-14 W. Kwong MEIM00000000 

wkB298 Apis cerana Apis 42 Hort Park, 
Singapore 

9-Aug-14 W. Kwong MEIK00000000 

wkB273 Apis florea Micrapis 31 Clementi Park, 
Singapore 

11-Aug-14 W. Kwong MEIL00000000 

wkB9 Apis mellifera Apis 15 New Haven, CT 
USA 

25-May-11 W. Kwong MEIN00000000 

PEB0171 Apis mellifera Apis 78 New Haven, CT 
USA 

10-Sep-11 P. Engel MEIV00000000 

wkB332 Apis mellifera Apis 30 Genting, 
Malaysia 

27-Jul-14 W. Kwong MEIJ00000000  

wkB339 Apis mellifera Apis 27 Genting, 
Malaysia 

27-Jul-14 W. Kwong MEII00000000 

PEB0178 Apis mellifera Apis 136 New Haven, CT 
USA 

10-Sep-11 P. Engel MEIW00000000  

wkB2 Apis mellifera Apis 1 New Haven, CT 
USA 

25-May-11 W. Kwong [11] 

MS1-3S Apis mellifera Apis 94 Austin, TX USA Feb-14 M. Steele MEIX00000000 
App2-2 Bombus 

appositus 
Subterraneobombus 119 Logan, UT USA 7-Jul-2013 H. Koch MDVB00000000  

App4-8 Bombus 
appositus 

Subterraneobombus 115 Logan, UT USA 7-Jul-2013 H. Koch MDVC00000000 

App6-4 Bombus 
appositus 

Subterraneobombus 108 Logan, UT USA 7-Jul-2013 H. Koch MDVD00000000 

wkB12 Bombus 
bimaculatus 

Pyrobombus 22 New Haven, CT 
USA 

17-Jun-11 W. Kwong [11] 

Fer1-2 Bombus 
fervidus 

Thoracobombus 66 Logan, UT USA 8-Jul-2013 H. Koch MDVE00000000  

Fer2-2 Bombus 
fervidus 

Thoracobombus 53 Logan, UT USA 8-Jul-2013 H. Koch MDVF00000000 

Fer4-2 Bombus 
fervidus 

Thoracobombus 90 Logan, UT USA 8-Jul-2013 H. Koch MDVG00000000 

Gris2-3-4 Bombus 
griseocollis 

Cullumanobombus 62 New Haven, CT 
USA 

8-Jun-2013 H. Koch MDUY00000000 

Gris1-3 Bombus 
griseocollis 

Cullumanobombus 58 New Haven, CT 
USA 

8-Jun-2013 H. Koch MDVH00000000  

Gris1-6 Bombus 
griseocollis 

Cullumanobombus 50 New Haven, CT 
USA 

8-Jun-2013 H. Koch MDVI00000000  

Gris3-4 Bombus 
griseocollis 

Cullumanobombus 48 New Haven, CT 
USA 

8-Jun-2013 H. Koch MDVJ00000000 

Snod2-1-5 Bombus 
impatiens 

Pyrobombus 62 New Haven, CT 
USA 

20-Aug-2012 H. Koch MDVA00000000 

Nev3CBA3 Bombus 
nevadensis 

Bombias 131 Logan, UT USA 7-Jul-2013 H. Koch MEIS00000000 

Nev4-2 Bombus 
nevadensis 

Bombias 90 Logan, UT USA 7-Jul-2013 H. Koch MEIR00000000 

Occ4-2 Bombus 
occidentalis 

Bombus 54 Logan, UT USA 7-Jul-2013 H. Koch MEIQ00000000 

HK3 Bombus 
pensylvanicus 

Thoracobombus 74 BFL, Austin TX 
USA 

2-Jun-2013 H. Koch MEIU00000000 

HK9x Bombus 
pensylvanicus 

Thoracobombus 110 BFL, Austin TX 
USA 

2-Jun-2013 H. Koch MEIT00000000 

Pens2-2-5 Bombus 
pensylvanicus 

Thoracobombus 132 BFL, Austin TX, 
USA 

2-Jun-2013 H. Koch MDUZ00000000  

WF3-3 Bombus 
pensylvanicus 

Thoracobombus 67 BFL, Austin TX 
USA 

2-Jun-2013 H. Koch MEIO00000000 

Ruf1-X Bombus 
rufocinctus 

Cullumanobombus 31 New Haven, CT 
USA 

8-Jun-2013 H. Koch MEIP00000000 

wkB29 Bombus vagans Pyrobombus 55 New Haven, CT 
USA 

17-Jun-11 W. Kwong [11] 
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Table 2.3. S. alvi genes used to reconstruct strain phylogeny and genes used for tests of 
positive selection. 

Genes used to reconstruct  
S. alvi strain phylogeny 

 Genes used in tests of selection 
 

Highly conserved genes 
Rhs core 
regions 

Rhs C-terminal 
domains 

LSU ribosomal protein L1p (10Ae)  50S ribosomal protein L1 Rhs4 Rhs1 
LSU ribosomal protein L2p (L8e)  50S ribosomal protein L2 Rhs6 Rhs3 
LSU ribosomal protein L3p (L3e)  50S ribosomal protein L3 Rhs10 Rhs6 
LSU ribosomal protein L4p (L1e)  50S ribosomal protein L6 Rhs11 Rhs13 
LSU ribosomal protein L5p (L11e)  50S ribosomal protein L13 Rhs13 Rhs15 
LSU ribosomal protein L6p (L9e)  50S ribosomal protein L25 Rhs16 Rhs16 
LSU ribosomal protein L7/L12 (P1/P2)  30S ribosomal protein S1   
LSU ribosomal protein L13p (L13Ae)  30S ribosomal protein S2   
LSU ribosomal protein L15p (L27Ae)  30S ribosomal protein S4   
LSU ribosomal protein L16 (L10e)  Phenylalanyl-tRNA synthetase alpha chain  
LSU ribosomal protein L17p     
LSU ribosomal protein L18p (L5e)     
LSU ribosomal protein L19p     
LSU ribosomal protein L20p     
LSU ribosomal protein L21p     
LSU ribosomal protein L22p (L17e)     
LSU ribosomal protein L23p (L23Ae)     
LSU ribosomal protein L24p (L26Ae)     
LSU ribosomal protein L25p     
LSU ribosomal protein L27p     
LSU ribosomal protein L28p     
LSU ribosomal protein L30p (L7e)     
LSU ribosomal protein L32p     
SSU ribosomal protein S1p     
SSU ribosomal protein S2p (Sae)     
SSU ribosomal protein S3p (S3e)     
SSU ribosomal protein S4p (S9e)     
SSU ribosomal protein S5p (S2e)     
SSU ribosomal protein S8p (S15Ae)     
SSU ribosomal protein S9p (S16e)     
SSU ribosomal protein S10p (S20e)     
SSU ribosomal protein S11p (S14e)     
SSU ribosomal protein S13p (S18e)     
SSU ribosomal protein S14p (S29e)     
SSU ribosomal protein S16p     
SSU ribosomal protein S17p (S11e)     
SSU ribosomal protein S19p (S15e)     
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Table 2.4. Conserved protein domains detected in S. alvi wkB2 Rhs toxin genes (e-
value < 0.00001) and immunity genes (e-value < 0.001). 

Category Protein Domain Accession Interval e-value* 

Toxin Rhs1 
PAAR_RHS cd14742 328-795 7.67E-17 
RhsA COG3209 1867-4125 5.56E-65 
PRK13875 PRK13875 67-273 9.12E-06 

Immunity Rhs1I     
Toxin Rhs2 RhsA COG3209 43-873 4.11E-30 
Immunity Rhs2I SMI1_KNR4 smart00860 124-393 5.34E-04 

Toxin Rhs3 
Tox-GHH pfam15636 928-1164 1.90E-12 
RhsA COG3209 160-1212 2.58E-26 
Ntox30 pfam15532 1123-1389 4.81E-07 

Immunity Rhs3I     

Toxin Rhs4 RhsA COG3209 94-756 2.64E-27 
Tox-ART-HYD1 pfam15633 778-987 6.65E-06 

Immunity Rhs4I     
Toxin Rhs5 RhsA COG3209 133-1191 1.98E-30 
Immunity Rhs5I Gpos_tandem_5TM TIGR01218 4-273 7.45E-07 
Toxin Rhs6 RhsA COG3209 58-390 2.17E-22 
Immunity Rhs6I     
Toxin Rhs7 RhsA COG3209 4-1068 2.52E-31 
Immunity Rhs7I     
Toxin Rhs8 RhsA COG3209 1-1041 1.04E-26 
Toxin Rhs9 RhsA COG3209 82-531 2.27E-08 
Toxin Rhs10 RhsA COG3209 346-810 5.63E-25 
Immunity Rhs10I Cys_rich_CPCC pfam14206 109-207 7.79E-05 
Toxin Rhs11 RhsA COG3209 220-789 1.57E-24 
Immunity Rhs11I     
Toxin Rhs12 RhsA COG3209 361-861 1.04E-17 
Immunity Rhs12I COX2 MTH00038 83-220 1.25E-04 
Toxin Rhs13 RhsA COG3209 322-849 2.33E-25 
Immunity Rhs13I     

Toxin Rhs14 RhsA COG3209 325-2574 4.09E-66 
PAAR_RHS cd14742 3655-3840 2.10E-15 

Immunity Rhs14I     

Toxin Rhs15 
PAAR_RHS cd14742 268-732 2.59E-17 
RhsA COG3209 1807-4059 1.01E-66 
Tox-HNH-EHHH pfam15657 4150-4341 2.91E-10 

Immunity Rhs15I AAA_15 pfam13175 16-501 5.05E-07 
Toxin Rhs16 RhsA COG3209 79-657 9.72E-23 
Immunity Rhs16I PRK13979 PRK13979 13-309 8.94E-04 

Toxin Rhs17 RhsA COG3209 7-1287 6.26E-35 
LHH pfam14411 1189-1434 8.40E-37 

Immunity Rhs17I SMI1_KNR4 (SUKH-1) pfam09346 73-429 8.65E-19 
Toxin Rhs18 RhsA COG3209 43-702 1.09E-27 
Immunity Rhs18I glyco_rpt_poly TIGR04370 6-293 1.15E-04 
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Table 2.5. Fitness effects of transposon insertions in S. alvi wkB2 T6SS, Rhs toxin, and 
putative immunity genes. 

Category 
Gene 
name New Gene ID Essentiality* 

log2 fold 
change padj 

Mean normalized 
counts 

Immunity rhs1I SALWKB2_RS00615 Reduced -0.836 0.57875 2.8 
Immunity rhs2I SALWKB2_RS00640 Reduced -1.306 0.30019 5.4 
Immunity rhs3I SALWKB2_RS00660 Unchanged 0.765 0.41774 162.6 
Immunity rhs4I SALWKB2_RS00675 Unchanged -3.306 0.00013 15.1 
Immunity rhs5I SALWKB2_RS00685 Unchanged 2.108 0.07076 103.1 
Immunity rhs6I SALWKB2_RS00700 Unchanged 0.504 0.30859 177.7 
Immunity rhs10I SALWKB2_RS06365 Unchanged -1.966 0.01756 20.3 
Immunity rhs11I SALWKB2_RS06375 Unchanged -1.959 0.03759 57.2 
Immunity rhs12I SALWKB2_RS06385 Unchanged -2.913 0.00046 17.6 
Immunity rhs13I SALWKB2_RS06410_new Unchanged -0.054 0.96703 63.4 
Immunity rhs14I SALWKB2_RS06425 Reduced -0.540 0.75248 1.9 
Immunity rhs15I SALWKB2_RS10100 Unchanged -3.044 0.00191 10.6 
Immunity rhs16I SALWKB2_RS10110 Unchanged 1.180 0.11019 187.1 
Immunity rhs17I SALWKB2_RS10120 Unchanged -3.061 0.00064 20.4 
Immunity rhs18I SALWKB2_RS10130 Unchanged -1.546 0.00245 75.8 
Immunity rhs7I SALWKB2_RS11525 Unchanged -1.040 0.37306 31.6 
T6SS tssD SALWKB2_RS09760 Unchanged 0.060 0.94405 139.0 
T6SS-1 tssA SALWKB2_RS00515 Unchanged 0.765 0.09990 1517.5 
T6SS-1 tssG SALWKB2_RS00520 Unchanged 0.849 0.03415 759.8 
T6SS-1 tssF SALWKB2_RS00525 Unchanged 1.140 0.09673 4043.5 
T6SS-1 tssE SALWKB2_RS00530 Unchanged -0.117 0.86118 927.2 
T6SS-1 hyp SALWKB2_RS00535 Unchanged 1.344 0.07888 1923.0 
T6SS-1 hyp SALWKB2_RS00540 Unchanged 2.161 0.00010 2283.0 
T6SS-1 tssH SALWKB2_RS00545 Unchanged 2.338 0.00537 1475.8 
T6SS-1 tssB SALWKB2_RS00550 Unchanged 2.433 0.00001 1183.8 
T6SS-1 tssC SALWKB2_RS00555 Unchanged 1.131 0.04154 1777.5 
T6SS-1 tssD SALWKB2_RS00560 Unchanged 1.785 0.00544 1275.2 
T6SS-1 tssJ SALWKB2_RS00565 Unchanged 1.307 0.06431 375.2 
T6SS-1 tssK SALWKB2_RS00570 Unchanged 0.556 0.05952 1836.5 
T6SS-1 tssL SALWKB2_RS00575 Unchanged 1.222 0.04699 513.3 
T6SS-1 hyp SALWKB2_RS00580 Unchanged 1.046 0.00922 1016.3 
T6SS-1 tssM SALWKB2_RS00585 Unchanged 1.005 0.01669 3638.3 
T6SS-1 hyp SALWKB2_RS00590 Unchanged -0.032 0.95712 455.1 
T6SS-1 hyp SALWKB2_RS00595 Unchanged 2.519 0.04208 413.4 
T6SS-1 tssI SALWKB2_RS00600 Unchanged 2.254 0.00026 3602.0 
T6SS-2 tssI SALWKB2_RS04595 Unchanged 0.815 0.05449 352.4 
T6SS-2 hyp SALWKB2_RS04605 Unchanged 1.131 0.00059 543.9 
T6SS-2 hyp SALWKB2_RS04610 Unchanged 1.902 0.00057 951.5 
T6SS-2 tssM SALWKB2_RS04615 Unchanged 0.698 0.47385 601.5 
T6SS-2 tssA SALWKB2_RS04620 Unchanged 2.443 0.00000 1003.1 
T6SS-2 tssG SALWKB2_RS04630 Unchanged 0.347 0.81812 36.7 
T6SS-2 tssJ SALWKB2_RS04635 Unchanged 0.185 0.87355 36.3 
T6SS-3 tssH SALWKB2_RS06900 Unchanged 0.715 NA 471.4 
T6SS-3 tssD SALWKB2_RS06905 Unchanged 0.007 0.99498 38.3 
T6SS-3 tssK SALWKB2_RS06920 Unchanged 1.434 0.00077 435.7 
T6SS-3 hyp SALWKB2_RS06925 Unchanged -0.264 0.72415 108.5 
T6SS-3 tssC SALWKB2_RS06930 Unchanged -0.065 0.94391 179.7 
T6SS-3 tssB SALWKB2_RS06935 Unchanged 1.140 0.10994 54.4 
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Table 2.5, continued 
Category 

Gene 
name New Gene ID Essentiality* 

log2 fold 
change padj 

Mean normalized 
counts 

Toxin rhs1 SALWKB2_RS00610 Unchanged 0.988 0.00007 1606.5 
Toxin rhs2 SALWKB2_RS00630_new Unchanged 1.558 0.00760 1259.2 
Toxin rhs3 SALWKB2_RS00650_new Unchanged 1.474 0.00080 1631.6 
Toxin rhs4 SALWKB2_RS00665_new Unchanged 1.649 0.00000 2351.9 
Toxin rhs5 SALWKB2_RS00680_new Unchanged 1.357 0.00018 1434.3 
Toxin rhs6 SALWKB2_RS00695_new Unchanged 1.116 0.08450 1001.4 
Toxin rhs7 SALWKB2_RS00705_new Unchanged 0.985 0.00052 1190.9 
Toxin rhs8 SALWKB2_RS00720_new Unchanged 0.750 0.34557 540.9 
Toxin rhs9 SALWKB2_RS06340_new Unchanged 1.046 0.00260 184.8 
Toxin rhs10 SALWKB2_RS06366 Unchanged 1.419 0.00407 550.5 
Toxin rhs11 SALWKB2_RS06376 Unchanged 1.035 0.15028 500.0 
Toxin rhs12 SALWKB2_RS06395_new Unchanged 0.021 0.95910 260.0 
Toxin rhs13 SALWKB2_RS06415_new Unchanged 1.074 0.11019 863.2 
Toxin rhs14 SALWKB2_RS06430 Unchanged 1.682 0.00004 3672.6 
Toxin rhs15 SALWKB2_RS10095 Unchanged 0.996 0.00000 1532.5 
Toxin rhs16 SALWKB2_RS10105_new Unchanged 0.539 0.51299 479.1 
Toxin rhs17 SALWKB2_RS10119 Unchanged 1.654 0.00035 2001.8 
Toxin rhs18 SALWKB2_RS10125_new Unchanged 1.564 0.00000 1198.0 
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Table 2.6. Primers used to clone Rhs toxin and immunity genes into expression 
vectors. 

Primer Sequence 
Target 
Gene Vector 

Cloning 
method 

Rhs1-trunc_NdeI_FW GGAATTCCATATGGAAACCGGCTTACATTACAATACG 
rhs1 pET21a Restriction 

cloning Rhs1_XhoI_RV ATGGCTCGAGTTATTTTCTCCCACATACCTTGC 
Rhs2_NdeI_FW GGAATTCCATATGCTGTTGGTAAGCAAAAAGCA 

rhs2 pET21a Restriction 
cloning Rhs2_NotI_RV ATGGGCGGCCGCTTATCAGCATCGTTGTCTTAAAGTA

G 

pET21a_rhs17_Gibs_FW AGAAATAATTTTGTTTAACTTTAAGAAGGAGATATAC
AATGATACATCGCGACAACCTGC rhs17 pET21a Gibson 

assembly pET21a_rhs17_Gibs_RV CCCATTTGCTGTCCACCAGTCATGCTAGCCATTATCAC
ATAAAATCCAATGCTCTTAATT 

pJN105_Rhs1I_FW2 ACCCGTTTTTTTGGGCTAGCGAATGCAATCATTTATAT
GGATTTTTCATG rhs1I pJN105 Gibson 

assembly pJN105_Rhs1I_RV2 CGTAATACGACTCACTATAGGGCGAATTGTTATTCCA
TCTTCTCCCCATTTTG 

Rhs2I_EcoRI_FW GGAATTCATGTTTATTGATGATGCTTTACG 
rhs2I pJN105 Restriction 

cloning Rhs2I_SacI_RV CGCAACGAGCTCTTATCCAAAGAAAAAATACATAAAA
TTATC 

pJN105_rhs17I_Gibs_FW AGCGAATTCCTGCAGCCCGGGGGATCCACTAGTTATG
GGTGATATTAAAAATCTTGTTAC rhs17I pJN105 Gibson 

assembly pJN105_rhs17I_Gibs_RV GCGAATTGGAGCTCCACCGCGGTGGCGGCCGCTTTAC
GTCCGTAAGTTTACATATTCTTC 
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FIGURES 

Figure 2.1. Genes involved in intercellular competition are upregulated in vivo.  
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(A) Diagram of the T6SS, showing the membrane complex (TssJ, TssL, TssM; green), 

baseplate complex (TssA, TssE, TssF, TssG, TssK; purple), a TssD needle (red) tipped 

with a TssI spike (yellow), the contractile sheath (TssB, TssC; blue), and an ATPase 

(TssH; orange). (B) In vivo fold-change in each experiment for all genes. Axes depict 

comparisons between experimental treatments, with the in vitro condition serving as the 

control. Experiment A, from Powell et al. (Powell, Leonard, et al., 2016); experiment B, 

from this study. T6SS-associated genes are highlighted in yellow. (C) ORF maps of the 

three T6SS loci in S. alvi wkB2, genes encoding core components are colored to match 

panel A, grey numbers indicate the position of the diagramed region within the genome. 

(D) Count-normalized gene expression of T6SS-associated genes for in vivo and in vitro 

replicates.  



 49 

Figure 2.2. Two T6SSs are present in the bee gut symbiont S. alvi.  

(A) Presence of T6SS genes in S. alvi strains based on similarity to genes of the three 

T6SS loci of strain wkB2; heat map shows the % identity × coverage of the best match in 

each genome to the corresponding wkB2 gene. The S. alvi phylogeny (right) is 

reconstructed from ribosomal protein genes; nodes with less than 80% bootstrap support 

are marked with an open circle. The orange and purple trees (left) show relationships 

between T6SS-1 and T6SS-2/3 loci, respectively. hyp, hypothetical open reading frame. 
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(B) Maximum likelihood tree for TssB showing the relationship between T6SS-1 and 

T6SS-2/3. Sequences from T6SS with characterized functions are marked with stars: 

pathogenesis (red), intercellular competition (blue), Rhs-associated (yellow), and 

secretion of antimicrobials (green).  

  



 51 

Figure 2.3. Rhs genes are associated 
with T6SS-1.  

The number of Rhs-family genes is 

significantly higher in genomes with 

the T6SS-1 locus, regardless of the 

presence or absence of the T6SS-2/3 

locus (one-way ANOVA with 

Tukey’s HSD multiple test correction; 

*, padj < 0.05). 
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Figure 2.4. S. alvi wkB2 has three Rhs loci with architectures congruent with extensive 
toxin domain replacement.  

(A) Size and structure of S. alvi wkB2 Rhs genes and cognate immunity genes, shown as 

arrows outlined in dark and light blue, respectively. A dashed line indicates location of 

the conserved DPXG(18)DPXG motif, which marks the start of the C-terminal toxin 

domain in each toxin. PAAR, RhsA, and toxin domains were predicted though the NCBI 

CDD search (e-value < 10-5). (B) Arrangement of Rhs loci in the wkB2 genome. Arrows 

show the 5¢ to 3¢ orientation of the loci, while dark and light blue ribbons connect >500 

bp regions with >95% and >90% nucleotide identity, respectively. Rhs and cognate 

immunity genes are highlighted in dark and light blue, putative mobile genetic elements 

are yellow, and hypothetical genes are grey. Major tick marks occur every 10,000 bp, 

minor tick marks every 1,000 bp. 
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Figure 2.5. Rhs toxins and immunity genes are upregulated and have antibacterial 
function in vivo.  

(A) Expression of Rhs toxin and immunity gene pairs, averaged across replicates, in in 

vitro culture and in two in vivo experiments: in vivo A, from Powell et al. (Powell, 

Leonard, et al., 2016); in vivo B, from this paper.  Grey arrows show the 5¢ to 3¢ 

organization of genes for each locus. (B) Fold-change in the abundance of S. alvi wkB2 

mutants with transposon insertions in T6SS-associated genes, Rhs toxins, or putative Rhs 

immunity genes in vivo, relative to abundance in vitro. DESeq2 (Love et al., 2014) was 

used to determine differential mutant fitness with a false discovery rate cutoff of 0.05. 

Green and red points indicate mutants that are significantly more or less fit in vivo (padj < 

0.05). Grey points indicate genes with padj > 0.05. *, Three putative immunity genes that 

were essential in vivo are excluded. Essential genes were identified by comparing the 

frequency of observed transposon insertions for each gene to the frequency of insertion in 

a randomized data set, as described by Turner et al. (Turner et al., 2015).  
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Figure 2.6. Expression of cognate immunity genes restores growth in cells expressing 
Rhs toxins.  

(A) E. coli BL21(DE3) cells containing rhs17, rhs1, and rhs2 under the control of the 

IPTG-inducible promoter on pET21a grow on selective media in the absence of induction 

(left) and do not grow when toxin expression is induced with 0.1mM IPTG (center). 

Induction of the cognate immunity gene with 0.5% L-arabinose restores growth in the 

presence of IPTG (right). Induction of rhs1I does not restore growth in cells expressing 

rhs17, and rhs2I does not restore growth in cells expressing rhs1. (B) Induction of rhs17I 

with 0.2% L-arabinose (teal) restores growth in cells with induced toxin expression 

(black) in liquid culture.  
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Figure 2.7. Members of the bee gut microbiome encode diverse Rhs toxins, which are 
shared within and between species.  

Each toxin node represents a unique C-terminal toxin domain derived by clustering at 

90% nucleotide identity; size is proportional to number of sequences in a cluster. Lines 

connect toxin nodes to strains in which they are found. Strains are grouped and labeled 

according to host-of-origin. Spatial configuration of the Rhs clusters is to minimize 

overlap of lines and circles for visibility, and does not correspond to any other metadata. 

Strain names are provided adjacent to each strain symbol. 
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Figure 2.8. Rhs toxins and cognate immunity genes co-occur and are tightly linked.  

The presence/absence of S. alvi wkB2 C-terminal toxin domains and their cognate 

immunity gene in other S. alvi strains is shown. rhs8 and rhs9 lack toxin domains and 

immunity genes and are excluded. S. alvi strains are grouped according to strain 

phylogeny (left).  
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Figure 2.9. Rhs loci in divergent S. alvi strains share similar sequences.  

Dark and light grey ribbons show regions of > 95% and > 90% nucleotide similarity 

between S. alvi strains wkB2 and App4-8. Nine sequences within App4-8 Rhs loci have 

high identity (> 95%) to 7 of the 18 Rhs genes in wkB2. Sequences similar to a putative 

integrase in wkB2 (yellow) are present in many App4-8 contigs.  
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Figure 2.10. Ongoing deletion is eliminating the T6SS-2 locus in some S. alvi strains.  

The T6SS-2 locus in S. alvi strains PEB0171, wkB2, HK9, Gris1-3, and Fer1-2, which is 

bracketed by recO and integration host factor-a in all but wkB2. The S. alvi strain 

phylogeny (left) shows the relationships between strains, and supports the hypothesis that 

T6SS-2 has been lost multiple times in S. alvi. 
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Figure 2.11. The association between S. alvi Rhs genes and T6SS-1 is consistent across 
host species.  

Statistical tests performed with ANOVA and Tukey’s HSD. *, padj < 0.05; ***, padj < 

0.005). 
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Figure 2.12. Expression of the cognate immunity gene restores growth in cells 
expressing the rhs1 and rhs2 toxin genes.  

(A) L-arabinose does not counteract the effects of toxin gene induction in the absence of 

the immunity gene. (B) Similarly, the presence of IPTG does not lead to reduced growth 
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in the absence of the toxin gene. (C) Cells grown with 0.1mM IPTG to induce rhs17 

expression (dark teal circles, dark purple triangles) exhibit reduced growth relative to 

cells grown without IPTG (open circles, open triangles). Growth is restored by inducing 

immunity gene expression with 0.1% L-arabinose in cells containing rh17I (light teal 

circles) but not in cells with rhs1I (light purple triangles). E. coli BL21(DE3) cells 

expressing rhs1 (D) or rhs2 (E) induced by IPTG demonstrate a severe growth defect in 

liquid culture that is at least partially alleviated by expression of the cognate immunity 

gene induced by L-arabinose. 

  



 62 

Figure 2.13. Rhs toxins are under purifying selection and affect S. alvi fitness.  

(A) dN/dS ratios for Rhs C-terminal toxin domains were not significantly different from 

those of the Rhs core. Both Rhs domains had dN/dS < 1 but significantly higher dN/dS 

than conserved housekeeping genes (one-way ANOVA with Tukey’s multiple 

comparisons of means, padj < 0.005). Several homologous toxin domains were excluded 

from this analysis due to insufficient variation (i.e., only 0-5 polymorphisms). (B) Fold-

change in abundance of S. alvi wkB2 mutants with transposon insertions in Rhs toxins 

(top) and putative immunity genes (bottom) in vivo, relative to abundance in vitro (padj < 

0.05). E, gene essential in vitro; NS, non-significant change in mutant abundance in vivo, 

–, immunity gene not present in genome. Grey arrows show the 5¢ to 3¢ organization of 

genes for each locus. 
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Chapter 3: Evolution and diversification of type VI secretion systems 
within the bee gut microbiota 

ABSTRACT 

Gram-negative bacteria frequently encode type VI secretion systems (T6SSs), 

which are protein complexes used to inject a wide variety of toxic proteins through the 

membranes of nearby cells. Many aspects of T6SS structure and function have been 

characterized in model species, but less is known about their role in the evolution of 

natural microbial communities. The bee gut microbiota is comprised of a small number of 

species whose diversity and evolutionary history are well understood. We identified five 

distinct T6SS loci that are present in isolate genomes of six bee gut symbionts across 

multiple host species. We found that one of these symbionts, Snodgrassella alvi, encodes 

a T6SS capable of antagonizing most Gram-negative bee gut taxa. We surveyed the 

diversity of two protein families–Rhs toxins, which are common T6SS effectors, and 

VgrG proteins, which are a structural component of T6SSs often associated with specific 

toxins–to obtain a broad perspective of toxin diversity within the bee gut microbiota. Our 

findings indicate that community structure and diversity affect T6SS maintenance and 

toxin diversification. Furthermore, different symbionts employ different mechanisms for 

toxin acquisition and diversification and have different strategies for coexisting with 

prospective antagonists. 

INTRODUCTION 

Type VI secretion systems (T6SSs) are protein complexes used by Gram-negative 

bacteria to deliver toxic proteins into the periplasm or cytoplasm of target cells. T6SSs 

are found in a broad range of Gram-negative taxa, including environmental bacteria, 

pathogens, and host-associated commensals. Some bacteria use T6SSs against eukaryotic 
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cells, but most are used to target other Gram-negative bacteria (Coulthurst, 2019). T6SSs 

play important roles in host-associated microbial communities, including the human gut 

microbiota (Chatzidaki-Livanis et al., 2016; Coyne et al., 2016; Wexler et al., 2016), and 

influence strain compatibility and dominance of niches (Hecht et al., 2016; Speare et al., 

2018). T6SSs are comprised of both secreted and non-secreted components. Secreted 

components include the Hcp inner tube or needle, the trimeric VgrG spike at the end of 

the needle, a tip protein containing a PAAR domain, and any effectors attached to these 

components. Non-secreted components include a membrane complex, baseplate, and 

contractile sheath (M. Basler et al., 2012; Bingle et al., 2008; Brunet et al., 2015; 

Cascales & Cambillau, 2012; Coulthurst, 2019; Shneider et al., 2013; Zoued et al., 2014). 

T6SSs can deliver a diverse range of protein toxins (effectors), which have different 

cellular targets, enzymatic activities, and mechanisms of associating with the T6SS 

(Alcoforado Diniz et al., 2015; Benz & Meinhart, 2014; Zhang et al., 2012). A cognate 

immunity gene is usually located immediately downstream of the toxin gene, which 

encodes a protein that protects the cell against the activity of the toxin.  

Horizontal gene transfer provides a mechanism for acquiring novel toxin and 

immunity genes (Borgeaud et al., 2015; Thomas et al., 2017). Some T6SS effectors, 

including Rhs-family toxins and VgrG proteins, also diversify through recombination. 

Proteins in both of these families contain a conserved N-terminal region and a variable C-

terminal domain. The VgrG C-terminus is required for effector transport and is typically 

associated with a specific effector and its cognate immunity gene (Bondage et al., 2016; 

Cianfanelli, Alcoforado Diniz, et al., 2016; Hachani et al., 2014; Kirchberger et al., 

2017). Rhs toxins have a variable C-terminal toxin domain and often include a PAAR 

secretion domain near the N-terminus, which interacts with VgrG. In both rhs and vgrG 

genes, recombination between genes with similar 5¢ ends and different 3¢ ends can result 
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in displacement of the original 3¢ end. This process, known as “C-terminal displacement,” 

sometimes forms long arrays of orphaned 3¢ ends and immunity genes downstream of an 

intact gene (Jackson et al., 2009; Kirchberger et al., 2017; Poole et al., 2011). We 

previously showed that bee gut symbionts Snodgrassella alvi and Gilliamella apicola 

encode diverse Rhs toxins, which are shared between strains and species and diversify 

through C-terminal displacement (Steele et al., 2017). In S. alvi, clusters of Rhs toxin 

genes, comprised of a full-length toxin at the 5¢ end and a series of orphaned toxin 

domains and immunity genes, are transcribed as operons. Furthermore, both full-length 

and truncated genes encode proteins that are functional in the cytoplasm of Escherichia 

coli (Steele et al., 2017). 

The gut microbiota of Western honey bees (Apis mellifera) is a useful model for 

studying evolution of host-associated communities. The bee gut microbiota is a naturally 

occurring minimal consortium, in which 10 species account for >95% of the bacteria in 

the guts of all worker bees (Kwong, Medina, et al., 2017; Martinson et al., 2011; Moran 

et al., 2012; Sabree et al., 2012). These species are found exclusively in social 

(corbiculate) bees, including bumble bees (Bombus spp.) and honey bees (Apis spp., 

including the Western honey bee, A. mellifera) (Fig. 3.1). Gut symbionts are transferred 

between individuals through social interactions (Powell et al., 2014). Furthermore, strain 

relatedness correlates with host relatedness and some strains will only colonize hosts of a 

particular genus, suggesting host specificity and codiversification of bacteria with their 

hosts (Koch et al., 2013; Kwong et al., 2014; Kwong, Medina, et al., 2017; Powell, 

Ratnayeke, et al., 2016). T6SS-mediated antagonism is likely to be important for 

intraspecific competition among symbionts of A. mellifera, as multiple strains of the same 

species compete to dominate niches within the gut (Ellegaard & Engel, 2019; Kwong et 

al., 2014). Based on genomics and metabolomics data, G. apicola and S. alvi may avoid 
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competing with one another for resources by partitioning their nutrient utilization 

(Kešnerová et al., 2017; Kwong et al., 2014). However, T6SS effectors and immunity 

genes are horizontally transferred between these species, suggesting that interspecific 

antagonism does occur (Kwong et al., 2014; Steele et al., 2017). 

The bee gut microbiota presents a unique opportunity to study the evolution of 

T6SSs and T6SS effectors within a natural community. As multiple genomes are 

available for all of the core taxa and for isolates from different host populations, it is 

possible to examine T6SSs within every member of the community and make 

comparisons across highly conserved communities with shared ancestry. We conducted a 

survey of bee gut bacterial genomes to determine the distribution of T6SSs within core 

gut taxa, identify trends in loss and retention of T6SS genes, and determine whether these 

T6SSs have been horizontally transferred between species or have separate evolutionary 

origins. We found that deleting a structural component of T6SS-1 in S. alvi altered its 

ability to antagonize B. apis, G. apis, and another S. alvi strain. We used a homology-

based approach to survey the diversity of two T6SS-associated protein families, VgrG 

and Rhs, to better understand the evolution of toxin diversification within this 

community. This is the first study, to our knowledge, to look at T6SS evolution and 

diversification at this scale within a natural and highly codiversified community.  

RESULTS 

Many bee gut symbionts encode T6SSs 

In a survey of 186 isolate genomes from 9 bacterial taxa (Table 3.1), we identified 

complete sets of genes encoding the T6SS structural components in isolates of Apibacter 

spp., S. alvi, Gilliamella spp., G. apicola, F. perrara, and ‘Candidatus Schmidhempelia 

bombi’. A maximum likelihood phylogeny of TssB (Fig. 3.2), one of the more highly 
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conserved components of the T6SS, shows that these T6SSs comprise several distantly 

related clusters and fall within previously described T6SS clades (Förster et al., 2014). 

We did not find genes encoding structural components of T6SSs in Bartonella apis, 

Parasaccharibacter apium, or G. apis.  

We previously reported, based on an analysis of genomes from 28 S. alvi strains 

collected from bees in North America and Southeast Asia, that honey bee symbionts 

retain at least one of two vertically inherited T6SSs (Sa-T6SS-1 and Sa-T6SS-2), which 

are sometimes lost in bumble bee symbionts (Steele et al., 2017). An updated analysis, 

which includes 28 additional genomes from Europe and North America, provides further 

evidence that T6SS genes are required for S. alvi in the honey bee gut (Fig. 3.3). To 

better understand the origins and evolution of the two T6SSs found in S. alvi, we 

identified species with homologous T6SS proteins within the NCBI Representative 

Prokaryote Genomes database. Our TssB protein phylogeny shows that Sa-T6SS-1 is 

only distantly related to T6SSs present in other bee gut symbionts (Fig. 3.2). This is 

supported by a maximum likelihood phylogeny inferred from concatenated alignments of 

Sa-T6SS-1 protein homologs, which indicates that the closest relative is a T6SS in 

Salmonella enterica subsp. enterica serovar Typhimurium (Fig. 3.4). Sa-T6SS-2 is 

distantly related to a T6SS found in Gilliamella spp. (Ga-T6SS-1), but has closer 

relatives within Neisseriales and family Burkholderiaceae, which are closer relatives of S. 

alvi (Fig. 3.5). It therefore seems unlikely that Sa-T6SS-2 was horizontally transferred 

between ancestors of S. alvi and Gilliamella spp. after they became bee gut symbionts. 

Interestingly, we observe the same trend in T6SS loss and retention across strains 

from different host species in Gilliamella spp. (112 genomes) as in S. alvi. Among honey 

bee isolates, 32 of 33 G. apicola strains encode a single, highly conserved T6SS (Ga-

T6SS-1) (Fig. 3.6). In bumble bees, Gilliamella spp. isolates, like S. alvi, are more 
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variable in whether or not they retain T6SS genes. Ga-T6SS-1 has been lost multiple 

times in bumble bee symbionts and in some cases has been replaced with a distantly 

related T6SS (Ga-T6SS-2). Candidatus Schmidhempelia bombi, a bumble bee symbiont, 

and Frischella perrara, a honey bee symbiont, are both related to Gilliamella spp. and 

encode T6SSs related to Ga-T6SS-1 (Fig. 3.7A). Unlike the T6SSs in S. alvi, the Ga-

T6SS-1 phylogeny is not congruent with the Gilliamella genome phylogeny and suggests 

that Ga T6SS-1 may have been transferred between distantly related Gilliamella lineages 

multiple times (Fig. 3.7B). F. perrara encodes a second T6SS which is related to Ga-

T6SS-2. A phylogeny constructed for Ga-T6SS-2 indicates that these sequences may 

represent a single T6SS locus that has been transferred between Gilliamella sp. and F. 

perrara multiple times (Fig. 3.8).   

We previously identified T6SS genes in the genomes of three Apibacter isolates 

from social bee species (Kwong et al., 2018). We now find that Apibacter spp. isolated 

from bees, as well as related isolates from mammalian hosts, encode a single T6SS (Api-

T6SS-1). This T6SS appears to have been lost in some isolates from A. cerana (Fig. 9). 

Api-T6SS-1 is similar to T6SSs in Flavobacteria and Chryseobacteria, which are also 

members of family Flavobacteriaceae (Fig. 3.10).  

T6SSs mediated antagonism between gut symbionts 

Bee gut symbionts encode T6SSs that they most likely use in intraspecific 

competition, but these T6SSs may serve a role in interspecific competition as well. To 

determine whether Sa-T6SS-1 of S. alvi wkB2 is used to antagonize other S. alvi strains 

or other bee gut microbes, we replaced tssA1 with an antibiotic resistance marker. 

Unexpectedly, fewer S. alvi, B. apis, and G. apis target cells were recovered after co-

culture with ∆tssA1 compared to co-culture with WT S. alvi wkB2, suggesting that 
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disruption of the S. alvi tssA1 gene results in a strain that exhibits increased interbacterial 

antagonism (Fig. 3.11). The effect of the replacement is reproducible and therefore 

unlikely to be due to a second mutation elsewhere in the genome. Deletion of tssA1 has 

no effect on growth rate and is not expected to affect expression of other T6SS genes. 

While the mechanism is not clear, disruption of tssA1 does affect the survival of a diverse 

range of competitors, including Alpha-, Beta-, and Gammaproteobacteria, suggesting that 

S. alvi may be capable of antagonizing most of the Gram-negative bacteria in the honey 

bee gut. 

Bee microbes encode numerous VgrG proteins 

A trimer of VgrG proteins forms the spike at the end of the T6SS needle and 

provides a loading site for many T6SS effectors (Bondage et al., 2016; Cianfanelli, 

Alcoforado Diniz, et al., 2016; Hachani et al., 2014). In cells with multiple VgrG genes, 

effectors often exhibit specificity for a particular copy. Based on this principle, we used 

VgrG diversity as a proxy for the diversity of effectors that bind to VgrG. Within 198 

genomes, we identified an initial set of 977 VgrG proteins, which clustered into 13 

groups with representative sequences at least 500 amino acids in length and with a 

minimum 40% identity to other proteins within the cluster. We used these 13 

representative sequences to identify 663 homologous proteins, after filtering, from the 

198 genomes.  

Each VgrG cluster is associated with a particular T6SS, unsurprisingly, as VgrG 

proteins are a structural component of the T6SS. When clustered by homology (with a 

minimum 40% identity over 300 amino acids or 90% of the protein length), VgrG 

proteins group primarily by the T6SS with which they are associated (Fig. 3.12). VgrG 

clusters 03 and 10 are associated with Sa-T6SS-1 and Sa-T6SS-2, respectively. Proteins 
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in clusters 01, 11, 12, and 13 are associated with related T6SSs (Ga-T6SS-1) found in 

Gilliamella spp., F. perrara, and ‘Candidatus Schmidhempellia bombi’ and are most 

likely derived from a common ancestor. Clusters 04 and 05 are associated with Ga-T6SS-

2. Of these, cluster 04 is found only in Gilliamella spp., but cluster 05, like Ga-T6SS-2, 

shows evidence of horizontal transfer between Gilliamella spp. and F. perrara (Fig. 

3.13). VgrG clusters 06, 07, 08, and 09 are associated with a T6SS in Apibacter spp. and 

also appear to share a common ancestor (Fig. 3.14). Surprisingly, there is a conserved 

VgrG-like protein (cluster 02) in some G. apis strains, which otherwise appear to lack all 

structural components of the T6SS. These strains, including isolates from two different 

host populations, encode multiple copies of vgrG. These genes are located in clusters 

similar to the auxiliary VgrG clusters found in other Gammaproteobacteria. Fragments of 

this VgrG protein are also present in the genomes of two S. alvi isolates. 

All of the Apibacter spp. and G. apicola isolates that encode T6SSs also encode 

multiple VgrG proteins (Fig. 3.15). Furthermore, the number of vgrG genes per 

Gilliamella strain varies widely between isolates from different host species, which is 

consistent with the variation in the presence or absence of T6SS genes in isolates from 

Bombus hosts. F. perrara and S. bombi resemble Gilliamella spp. in VgrG diversity, but 

tend to have more VgrG proteins from cluster 11 and fewer from cluster 13, which is 

more abundant in Gilliamella. Separate events may have triggered VgrG diversification 

in different lineages, leading to expansion of different VgrG families. In contrast, S. alvi 

strains encode only one VgrG protein per T6SS.  

Bee microbes encode diverse VgrG proteins 

To obtain a broad perspective on how VgrG proteins diversify within these 

species, we examined the variation in length and amino acid sequence within each 
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cluster. Sequence variation was visualized as percent identity to a representative sequence 

over a minimum alignment length of 300 amino acids. Proteins within clusters 12 and 13 

show considerable variation in length and amino acid sequence, suggesting extensive 

duplication and divergence within this cluster (Fig. 3.16). Many of the fragments in 

cluster 13 are orphaned C-termini of VgrG proteins and may have been generated 

through C-terminal displacement. Most of the fragments in cluster 12 are from the central 

region of the protein, which may indicate that C-terminal displacement does not occur in 

these families or may be an artifact of our homology-based approach to detection. 

Interestingly, VgrG cluster 11, which is found in the same bacterial genera and overlaps 

with cluster 13 in the homology network, is far less variable. VgrG proteins in S. alvi are 

highly conserved and show little divergence, duplication, or fragmentation, despite 

cluster 10 being related to the highly diversified VgrG found in Gilliamella spp. VgrG 

proteins in G. apis seem to be as highly conserved in length and sequence (within two 

subclusters) as VgrG in S. alvi, but this may be an artifact of high relatedness between G. 

apis isolates with vgrG genes. VgrG proteins in Apibacter spp. are far more variable than 

those in S. alvi, but have far less variation in length than Gilliamella spp. proteins. This 

may be partially due to analysis of a smaller number of genomes from a more limited 

range of host populations, but is also likely an indicator that these proteins experience 

fewer instances of paired homologous and illegitimate recombination events that result in 

orphaned domains.  

Bee microbes encode numerous Rhs proteins 

We identified 1181 putative C-terminal toxin domains from an alignment of Rhs 

proteins by extracting sequences from the C-terminal end of a conserved DPxG motif. 

These toxin domains were grouped into 208 clusters, each with a representative sequence 
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at least 90 amino acids in length and greater than 40% identity to other proteins within 

the cluster. In the genome assemblies for 198 bee gut isolates, we identified a total of 

1528 proteins homologous to these representative toxin domain sequences. Many clusters 

contain proteins from multiple genera; these clusters are frequently comprised of Rhs 

fragments found in S. alvi and G. apicola isolates from A. mellifera (Fig. 3.17). With the 

exception of G. apicola, which encodes no unique Rhs toxins, and Apibacter spp., which 

encodes few shared toxins, most bee gut isolates encode a mixture of toxin domains 

found only within the same bacterial genus and toxin domains present in multiple genera. 

It is also common for clusters to contain one full length protein (>1400 amino acids) and 

several fragments or to contain only fragments (Fig. 3.18). In the latter case, full-length 

proteins may be present in strains within the community that have not been sequenced. 

As there are few clusters containing full-length proteins from multiple genera, toxin 

domains may be horizontally transferred more frequently than full length proteins. There 

may also be less selective pressure to maintain the N-terminus of an acquired toxin if it 

contains a secretion domain specific to a foreign T6SS.  

The number of proteins per genome containing Rhs toxin domains varies between 

species and communities. As we reported previously (Steele et al., 2017), the number of 

Rhs toxins per S. alvi genome varies between strains encoding different T6SSs. Strains 

encoding Sa-T6SS-1–with or without Sa-T6SS-2–tend to have many Rhs toxins, while 

strains lacking Sa-T6SS-1 have few, or none (Fig. 3.19). In contrast, no strong 

relationship is apparent between T6SS function and Rhs diversity in G. apicola, as 

isolates with closely related T6SSs sometimes have many Rhs toxins and sometimes have 

none. Furthermore, all toxin domains in G. apicola are present in multiple species, none 

are found exclusively in Gilliamella spp.; as evident from the homology network (Fig. 

3.17). Surprisingly, many G. apis strains, which sometimes encode VgrG but no other 
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T6SS structural genes, encode multiple Rhs toxins which are found only within 

Gilliamella. 

Related strains isolated from different hosts often have very different numbers of 

Rhs toxins. For example, S. alvi isolates from B. appositus have 62 to 81 Rhs toxin 

domains per strain, compared to the 7 to 19 toxin domains found in A. mellifera isolates 

with the same T6SS (Steele et al., 2017). These isolates also have more full-length Rhs 

proteins (approximately 1400 amino acids in S. alvi). S. alvi strains typically have 

between 1 and 4 full-length Rhs proteins, but strains App2-2 and App6-4 have 5 each, 

App 4-8 has 6, and Fer4-2 has 8. The genome assemblies for these isolates are 

incomplete and the Rhs loci are split across multiple contigs, but it is likely that each full-

length gene represents one Rhs locus with its own set of orphaned toxin domains, 

contributing to the total number of toxins encoded by these strains. Among isolates from 

B. nevadensis, both S. alvi and Gilliamella spp. encode many Rhs toxins. However, these 

Gilliamella strains have no T6SS and there is little overlap in the sets of toxin domains 

the two species encode, so it is unclear whether or how Rhs diversity benefits Gilliamella 

spp. in this community. Many Gilliamella isolates, as well as S. alvi strains encoding Sa-

T6SS-2, encode a set of toxin domains that are sometimes found in proteins with an N-

terminal domain not usually associated with T6SSs, so it is possible that a subset of Rhs 

proteins detected in this analysis have a function independent of T6SSs. 

Similar Rhs core domains are associated with diverse toxin domains 

“Core” domains (amino acid sequences between the N-terminus and DPxG motif 

in an Rhs alignment) were extracted from an initial set of 1181 proteins, filtered to 

remove sequences less than 1000 amino acids in length, and then clustered into 12 

groups. Representative sequences from these groups were used to identify proteins 
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containing homologous domains. We found that each species utilizes only 1-4 distinct 

Rhs core domains, likely due to specificity between the N-terminal region of the Rhs 

protein and particular T6SS structural proteins. However, a single core domain is often 

associated with many different toxin domains (Fig. 3.20). The same core domains are 

present in Gilliamella spp. and F. perrara. Notably, no core domains were identified in 

G. apicola, and no proteins were found containing core domains from other taxa, 

indicating that the Rhs toxins detected in G. apicola are exclusively orphaned toxin 

domains. Fragments of proteins containing a core domain associated with one species are 

sometimes found in other species, and full-length Rhs toxins with related core domains 

(Rhs core cluster 08) are present in S. alvi, Gilliamella spp., and F. perrara but are 

associated with different toxin domains.  

Toxin domains have shifted between T6SSs and other secretion systems 

A few of the toxin domain clusters that we identified (118, 130, 164, and 166) are 

present in both proteins with Rhs domains typical of T6SS effectors and in proteins that 

are unusually large compared to other Rhs toxins. A search of the NCBI Conserved 

Domains Database revealed that these larger proteins contain filamentous haemagglutinin 

repeat domains and an extended signal peptide characteristic of type V secretion systems 

(T5SSs) and may be autotransporters used in contact-dependent growth inhibition. Toxin 

cluster 164 provides a particularly clear example of this (Fig. 3.21). Based on a maximum 

likelihood phylogeny of these proteins, toxin domain 164 is associated with an 

autotransporter-like N-terminal domain in S. alvi, which has been horizontally transferred 

to Gilliamella spp. In other Gilliamella strains and one F. perrara strain, this toxin 

domain is associated with an N-terminal domain containing Rhs repeats, and is likely to 

have been horizontally transferred between Gilliamella and F. perrara. Toxin clusters 
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118 and 166 are also present as putative autotransporters in S. alvi and Rhs toxins in 

Gilliamella spp. As related toxins are found in bacteria not associated with bees, it is not 

clear whether this exchange of a toxin domain between an autotransporter and a Rhs-

family T6SS effector occurred within the bee gut microbiota, but transfer of toxin 

domains between different polymorphic toxin systems illustrates one mechanism for 

acquiring novel effectors.  

Additionally, Apibacter strains encode multiple Rhs-family proteins that have N-

terminal SpvB and TcdB domains instead of the PAAR domain characteristic of Rhs 

proteins secreted by T6SSs. Some Apibacter spp. encode Rhs-family proteins that lack 

these domains, but they cluster with proteins that have them and are likely truncated 

versions rather than a separate set of toxins. We found that most of the Rhs-family genes 

in Apibacter spp. are adjacent to genes encoding type IX secretion system (T9SS) type A 

sorting-domain containing proteins. Therefore, it seems probable that most, if not all, of 

the Rhs proteins in Apibacter spp. are secreted by a T9SS and are not T6SS effectors. 

However, these genes are sometimes followed by small open reading frames, similar in 

length and orientation to immunity genes of T6SS effectors, and arrays of displaced C-

termini. Apibacter sp. strain wkB301 encodes an array of orphaned Rhs toxin 

domains/pseudogenes and putative immunity genes downstream of a putative tyrosine-

type recombinase/integrase. This combination of diversification through C-terminal 

displacement and accumulation of orphaned C-terminal domains and putative immunity 

genes suggests that these proteins may also be involved in intermicrobial antagonism.  

DISCUSSION 

We examined T6SS evolution and effector diversification in Gram-negative taxa 

associated with the guts of social bees. The bee gut microbiota provides interesting 
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parallels with other host-associated microbial communities. It has previously been 

reported that half of the Bacteriodales strains isolated from the human gut–or 

approximately one fourth of the bacteria in the intestine–encode T6SSs (Coyne et al., 

2016). Similarly, S. alvi and G. apicola generally comprise more than half the bacteria in 

the honey bee ileum (or small intestine) (Martinson et al., 2012) and almost all strains 

encode at least one T6SS. T6SS-mediated antagonism is likely to be a convergent trait of 

these two communities, which have adapted to life in very different hosts. Another 

system with interesting parallels to the bee gut microbiota is the symbiotic relationship 

between V. fisheri and bobtail squid. Diversity of V. fisheri is high in seawater, as 

diversity of G. apicola and S. alvi is high in honey bee hives overall (Ellegaard & Engel, 

2019), but niches within individual hosts are dominated by single strains (Kwong, 

Medina, et al., 2017; Sun et al., 2016). In V. fisheri, T6SSs are an important factor for 

exclusion of incompatible strains from crypt spaces (Guckes et al., 2019; Speare et al., 

2018) and a similar process may be important in bees.  

Members of the bee gut microbiota have codiversified with their hosts for more 

than 80 million years (Koch et al., 2013; Kwong & Moran, 2016; Powell, Ratnayeke, et 

al., 2016). T6SSs have been present within the bee gut microbiota throughout this process 

and may have contributed to the development of traits that we see in the modern bee gut 

microbiota. For example, bee gut symbionts participate in cooperative metabolic 

interactions (Kešnerová et al., 2017; Kwong et al., 2014; Zheng et al., 2019), which may 

be more favorable in an environment in which T6SS-mediated antagonism is used to 

eliminate cheaters or spatially separate cheaters from secreted products (McNally et al., 

2017). Additionally, S. alvi and G. apicola, which both encode T6SSs and co-colonize 

the honey bee ileum, form distinctive, organized layers (Martinson et al., 2012). T6SSs 

are likely to enforce this separation, though environmental gradients within the gut, 
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including concentrations of oxygen (Zheng et al., 2017) and host-produced antimicrobial 

peptides (Kwong, Mancenido, et al., 2017), may also contribute.  

Gilliamella has split into multiple species in honey bees, most notably G. apicola 

and G. apis. These species have very similar 16S rDNA sequences but differ in their 

metabolic capabilities (Ellegaard & Engel, 2019; Ludvigsen et al., 2018). We show that 

G. apicola isolates almost always encode a single, highly conserved T6SS, which is also 

present in many Gilliamella isolates from Bombus spp. and other Apis host species, and is 

absent in all G. apis isolates. Additionally, Ellegaard and Engel recently reported that G. 

apicola and G. apis co-occur within the guts of individual honey bees (Ellegaard & 

Engel, 2019). The ability to coexist despite apparent differences in capacity for 

intermicrobial antagonism suggests that these two very closely related species occupy 

different niches within the bee gut. Despite the absence of genes encoding structural 

components of the T6SS, some G. apis strains encode multiple VgrG and Rhs proteins, 

which may be associated with downstream cognate immunity genes that provide some 

defensive function.  

In contrast to Gilliamella spp. from Apis mellifera, isolates from Bombus hosts 

show evidence of horizontal transfer of T6SS genes between lineages. In some strains, 

this T6SS has been replaced with Ga-T6SS-2, which has been horizontally transferred 

between Gilliamella spp. and F. perrara. F. perrara infects the pylorus of many, but not 

all, honey bees, where it stimulates an immune response but does not seem to affect host 

health (Emery et al., 2017; Engel et al., 2015). It is tempting to speculate that Ga-T6SS-2, 

which is distantly related to T6SSs of pathogens (Fig. 3.2), may have some anti-

eukaryotic function, but the tendency for this T6SS to replace Ga-T6SS-1 suggests that 

the two T6SSs have at least partially redundant functions. Unlike other T6SS loci found 

in bee gut symbionts, Api-T6SS-1 is present in Apibacter strains isolated from both bee 



 78 

and mammalian hosts, suggesting that the presence of a T6SS in Apibacter spp. is not a 

specific adaptation to the bee gut environment. This T6SS may also have structural 

dissimilarities to T6SS in other Bacteroidetes, as we previously reported that core T6SS 

genes tssQ, tssO, and tssR are missing from the T6SS locus in Apibacter spp. and could 

not be detected based on homology to T6SS proteins from Bacteroides fragilis 638R 

(Kwong et al., 2018). 

Differences in host biology are likely to affect patterns of T6SS loss or retention 

and toxin diversification within symbionts. Using single copy gene and 16S rDNA 

clustering, previous studies have found that S. alvi diversity is lower in Bombus hosts 

than in A. mellifera, with a greater number of individual bees dominated by single OTUs 

(Kwong, Medina, et al., 2017; Powell, Ratnayeke, et al., 2016). This is predicted to be 

due to a bottleneck imposed by the Bombus life cycle, in which colonies are founded 

annually by a single female, whose gut bacteria are the origin of the microbiota for all 

members of the colony. Low diversity within hosts may help to explain why Bombus 

isolates sometimes lose their T6SSs and can vary drastically in the number of T6SS 

effectors they encode. A smaller population size also increases the effect of genetic drift, 

allowing for genotypes with potentially deleterious traits (e.g., the loss of T6SS genes) to 

become dominant. The bumble bee microbiota is also more erratic and shifts over time, 

with some bees infected by environmental bacteria (Cariveau et al., 2014; Kwong, 

Medina, et al., 2017; Jilian Li et al., 2015). This colonization by environmental bacteria 

might provide an opportunity for members of the core gut microbiota to acquire novel 

toxins from non-core taxa through horizontal transfer. Additionally, the species 

phylogeny for Gilliamella isolates from Bombus hosts is not perfectly congruent with the 

host phylogeny, suggesting that some strains have moved between different host species 
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(Koch et al., 2013). This would help to explain our observation that T6SS genes have 

been horizontally transferred between Gilliamella spp. from different Bombus hosts.  

While horizontal transfer of T6SS genes may occur between members of the same 

genus or closely related genera, it does not appear to occur between co-occurring 

members of different phyla. In contrast, many S. alvi and G. apicola isolates encode a 

shared set of Rhs toxin domains–and presumably their cognate toxins. Furthermore, G. 

apicola strains encode only orphan toxin domains from clusters that are found in multiple 

genera. Acquisition of orphaned toxin domains and immunity genes, may be a defensive 

strategy in G. apicola, similar to that used by Bacteriodales species in the human gut 

(Ross et al., 2019). Many S. alvi, Gilliamella spp., and F. perrara isolates encode a 

mixture of full-length Rhs proteins and orphaned C-terminal domains, indicating that Rhs 

diversification through C-terminal displacement occurs in multiple bee gut symbionts. As 

we have previously suggested (Steele et al., 2017), in species with full-length Rhs 

proteins, orphaned toxin domains may serve as a reservoir of toxin diversity, potentially 

becoming reattached to a secretion domain through homologous recombination in the 

future (Koskiniemi et al., 2014). Some T6SS effectors have toxin domains related to 

domains present in putative autotransporters, suggesting that other secretion systems may 

serve as an additional source of toxin diversity.  

Diverse sets of effector proteins may provide multiple advantages. In 

Pseudomonas aeruginosa, T6SS effectors work synergistically to kill target cells, but 

also have different optimal environmental conditions, allowing cells to remain 

competitive in a range of environments (LaCourse et al., 2018). For microbes in more 

constant (e.g., host) environments, acquisition of novel toxins provides a way to 

overcome the immunity of sister cells and any other community members that have 

acquired immunity genes. Toxin diversification may provide insight into community 
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structure, with the intensity of competitive interactions within the community driving 

acquisition and retention of novel toxins and their cognate immunity genes. Although S. 

alvi, Gilliamella spp., F. perrara, and Candidatus S. bombi started out with similar 

T6SSs, they have developed different strategies for toxin diversification. In S. alvi, 

effector diversification is independent of VgrG, and instead involves extensive 

diversification of Rhs toxins through C-terminal displacement (Steele et al., 2017). In 

Gilliamella spp., F. perrara, and Candidatus S. bombi, VgrG diversity appears to play a 

significant role, but different VgrG families have diversified in different lineages, leading 

us to speculate that separate events triggered VgrG diversification in different taxa. These 

species encode a mixture of full length VgrG proteins and smaller fragments, which 

could result from duplication of full-length proteins that became pseudogenized over 

time, or formation of orphaned C-terminal domains through a combination of 

homologous and illegitimate recombination, which plays an important role in toxin 

diversification in other species, including V. cholerae (Kirchberger et al., 2017). 

Horizontal transfer of effector and immunity genes between species suggests that 

T6SSs mediate interspecific competition, as well as intraspecific competition. This is 

supported by our finding that deletion of tssA1, a structural component of Sa-T6SS-1, in 

S. alvi wkB2 alters its ability to antagonize a wide range of targets, including strains of S. 

alvi, B. apis, and G. apis. Surprisingly, deletion of tssA1 resulted in increased killing of 

target strains. TssA is a structural component of the T6SS that is involved in 

polymerization of the Hcp needle and contractile sheath and is usually required for T6SS 

function (Ho, 2019; Planamente et al., 2016; Zoued et al., 2016). Different species 

encode different versions of TssA, all of which have an N-terminal ImpA domain paired 

with different C-terminal domains and different mechanisms of action (Zoued et al., 

2017). Based on a protein BLAST search, the S. alvi TssA1 protein is most similar to an 
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E. coli TssA, with 54% identity over 93% of its length. However, the S. alvi protein is 

missing the C-terminal domain and may function differently from previously 

characterized TssA proteins. Alternatively, deletion of tssA1 may have reduced Sa-T6SS-

1 activity but triggered increased activity of other antimicrobial pathways, such as Sa-

T6SS-2. Ongoing work with other S. alvi T6SS- mutants should clarify whether the 

hypercompetitive phenotype is caused by deletion of tssA1 specifically or by inactivation 

of Sa-T6SS-1 and may determine whether the phenotype is dependent on the activity of 

Sa-T6SS-2.  

CONCLUSION 

Honey bees are an established model system for studying host-associated 

microbial communities. Core gut taxa are present within honey bees and related social 

bee species and have codiversified with their hosts. As the microbiota is comprised of a 

small number of highly conserved species whose biology and evolutionary history are 

increasingly well understood, this system presents a unique opportunity to study the 

effects of T6SS-mediated antagonism within a natural community. Many bee gut 

symbionts encode highly conserved T6SSs, whose presence within the community 

predates the divergence of social bee species. Additionally, symbionts encode numerous 

effector proteins, with different species demonstrating different strategies for toxin 

diversification. Future work is likely to identify many ways in which T6SS-mediated 

antagonism has influenced the bee gut microbiota, including effects on strain diversity, 

speciation, spatial organization, and cooperation.  
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METHODS 

Bacterial strains, plasmids, and culture conditions 

Strains and plasmids used in this study are listed in Table 3.2. E. coli strains 

DH5a, EC100Dpir, and MFDpir were grown on solid LB plates at 37ºC or in liquid LB 

at 37ºC, 225rpm. Bee gut isolates were grown on heart infusion agar (HIA) supplemented 

with 5% sheep’s blood at 35ºC in 5% CO2. When necessary, media were supplemented 

with appropriate antibiotics (50µg/ml Kanamycin (Km), 60µg/ml Spectinomycin (Sp), 

100µg/ml Carbenicillin (Cb), 100µg/ml Rifampicin (Rif) 15µg/ml tetracycline (Tet), 

1µg/ml anhydrotetracycline (ATc)) or with 2,6-Diaminopimelic acid (DAP, 0.3mM).  

Construction of S. alvi ∆tssA1 

In frame deletions were made in core structural genes by replacing the target gene 

(tssA1) with an antibiotic resistance marker. Golden Gate assembly was used to assemble 

a plasmid with regions of homology to sequences on either side of the target gene 

flanking a kanamycin-resistance cassette, as described previously (Lee et al., 2015; 

Leonard et al., 2018) and using the pCS1 backbone. This backbone carries tse2-tetR from 

pAOJ15 (Armbruster et al., 2017) for tetracycline-inducible counterselection. 

Conjugation was used to transfer the plasmid to S. alvi wkB2. Briefly, the plasmid was 

transformed into the donor strain E. coli MFDpir, a DAP auxotroph, through 

electroporation. The donor was grown overnight in LB supplemented with DAP, Sp, and 

Km. The recipient strain, S. alvi wkB2, was grown for two days on blood HIA. Donor 

and recipient were washed three times with sterile PBS, mixed in a 1:10 ratio, and spotted 

on blood HIA plates supplemented with DAP. Conjugations were incubated at 35ºC in 

5% CO2, collected, washed three times with PBS, and then spread on blood HIA plates 

containing Km. Plates were incubated at 35ºC in 5% CO2 until colonies formed. Colonies 
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were streaked out on blood HIA plates containing Km, Tet, and ATc to select for 

excision of the plasmid backbone from the bacterial genome. PCR was used to verify 

replacement of the target gene with the antibiotic resistance gene using one primer that 

anneals within the antibiotic resistance gene and a second primer that anneals outside of 

the region of homology used to construct the homology cassette. Insertions were verified 

through Sanger sequencing.	

Competition assays 

Target strains (S. alvi wkB273, B. apis PEB0150, and G. apis PEB0183) and 

attacker strains (S. alvi wkB2 or S. alvi ∆tssA1) were grown on blood HIA supplemented 

with antibiotics (Rif or Km) for two days, then suspended in PBS. 100µl of OD 1 attacker 

cells (or PBS) was mixed with 100µl OD 0.1 target cells (or PBS). 10µl droplets were 

spotted in triplicate on nitrocellulose filters placed on blood HIA. After 1 day, 

nitrocellulose filters were retrieved and cells were suspended in 500µl PBS. 1:10 serial 

dilutions were prepared and 10µl of each dilution was spotted in triplicate on blood HIA 

with and without Rif. Colonies were counted after 2-3 days.  

TssB phylogeny 

TssB proteins, which have previously been used for inferring phylogenetic 

relationships of distantly related T6SS (Förster et al., 2014), were extracted from 

representative bee gut isolate genomes. The SecReT6 database (Jun Li et al., 2015) was 

used to identify representative T6SSs from each of the previously described T6SS 

clusters and the corresponding TssB protein sequences were downloaded from the NCBI 

RefSeq database. TssB proteins were aligned using Muscle 3.8.31 (Edgar, 2004) and 

protein phylogenies were generated using RAxML (Liu et al., 2011) with the 
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PROTGAMMAIWAG model and 1000 bootstraps. The phylogeny was visualized using 

FigTree (Rambaut, 2014).  

Genome phylogenies 

Genomes analyzed in this study are listed in Table 3.1. Snodgrassella alvi, 

Gilliamella spp., Bartonella apis, Parasaccharibacter apium, and Apibacter spp. protein 

and genomic nucleotide sequences were downloaded from the NCBI RefSeq database. 

OrthoFinder v2.3.7 (Emms & Kelly, 2015, 2019) was used to identify orthogroups for S. 

alvi, Gilliamella spp., and Apibacter spp. isolate genomes and to build species 

phylogenies for each from gene trees. Phylogeny visualizations were generated using the  

Interactive Tree of Life (iTOL) (Letunic & Bork, 2019). 

T6SS phylogenies 

Nucleotide sequences for representative T6SS loci were extracted from genomic 

sequences of S. alvi wkB2, Gilliamella apicola wkB1, Gilliamella sp. Choc5-1, 

Apibacter adventoris wkB180, Frischella perrara PEB0191, Candidatus 

Schmidhempelia bombi Bimp (Table 3.3). Proteins encoded by genes within each locus 

were identified by using tblastx to search the protein sequences for each genome and 

blastdbcmd was used to extract the corresponding protein sequences (Camacho et al., 

2009). 

A list of taxonomically diverse genomes encoding potential homologs to T6SS 

proteins from bee gut isolates was obtained by searching for homologous nucleotide 

sequences within the NCBI Representative Prokaryote Representative Genomes Database 

(283,128 sequences, last updated Oct 28, 2019). Genomes were included if they had 

matches (minimum 70% coverage and 40% identity) to at least three proteins from a 



 85 

single bee gut T6SS. NCBI Batch ENTREZ was used to locate RefSeq protein files for 

each genome assembly (Table 3.4). Bee gut isolate and outgroup proteins were converted 

into two BLAST databases. Blastp was used to identify possible homologs to the 

representative bee gut T6SS proteins with a minimum 20% coverage and 20% amino acid 

identity. Muscle 3.8.31 was used to make alignments for each set of homologs. 

Alignments were concatenated and manually curated in Geneious (Kearse et al., 2012). 

RAxML was used to identify the optimal amino acid replacement model for each 

alignment and to generate maximum likelihood phylogenies with 1000 bootstraps. 

Phylogenies were visualized using iToL.   

Effector clustering 

A database of protein sequences was prepared that included all of the annotated 

proteins from each bee gut isolate genome. HMMER 3.1 (Eddy, 2011) was used to 

identify proteins that matched either the TIGRFAM Hidden Markov Model (HMM) 

profile TIGR03696 or a HMM profile prepared from an alignment of previously 

identified Rhs core domains from S. alvi proteins. The TIGR01646 HMM profile was 

used to identify VgrG proteins. Protein sequences were extracted using blastdbdmd and 

aligned using Muscle 3.8.31. Rhs alignments were visually inspected in Geneious and the 

conserved DPxG motif, which is present at the end of the conserved core region of Rhs 

proteins (Jackson et al., 2009; Zhang et al., 2012), was used to identify C-terminal toxin 

domains. Protein sequences lacking this conserved region were removed from the 

alignment. C-terminal toxin domains were extracted from the alignment and exported for 

clustering. This was preferable to using the whole Rhs protein in analyses, as these genes 

are known to undergo recombination (Jackson et al., 2009).  
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VgrG proteins and Rhs C-terminal domains were clustered into protein families 

using CD-HIT v4.6.8 (Fu et al., 2012) with a 40% identity cutoff. Representative 

sequences for each 40% cluster were selected and assigned the names Rhs_tox_### and 

VgrG_##. Blastp was used to search bee gut isolate protein database for homologs to 

these representative sequences with a minimum 40% amino acid identity and 90 amino 

acid alignment length for Rhs toxin domains, 300 amino acids for VgrG proteins. A 

custom bash script was used to evaluate the abundance of each toxin domain and join this 

data to isolate metadata. All-versus-all protein blast searches were performed to generate 

homology networks. Networks were visualized in Cytoscape v3.3.0 (Su et al., 2014). 

RAxML was used to generate maximum likelihood phylogenies for individual effector 

clusters, which were visualized in iTOL. Conserved domains were identified using the 

NCBI Conserved Domains Database search tool (Marchler-Bauer et al., 2015). 
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TABLES 

Table 3.1. Bee gut isolate genomes analyzed in this study 
Assembly accession Strain Species Host species Location 
GCF_002964965.1 wkB180 Apibacter adventoris Apis dorsata Southeast Asia 
GCF_002964975.1 wkB301 Apibacter adventoris Apis dorsata Southeast Asia 
GCF_001418685.1 R-53146 Apibacter mensalis Bombus lapidarius Europe 
GCF_009827835.1 B2912 Apibacter sp. Apis cerana China 
GCF_009828155.1 B3239 Apibacter sp. Apis cerana China 
GCF_009827885.1 B3546 Apibacter sp. Apis cerana China 
GCF_009827845.1 B3813 Apibacter sp. Apis cerana China 
GCF_009827855.1 B3883 Apibacter sp. Apis cerana China 
GCF_009828165.1 B3887 Apibacter sp. Apis cerana China 
GCF_009827795.1 B3889 Apibacter sp. Apis cerana China 
GCF_009827805.1 B3912 Apibacter sp. Apis cerana China 
GCF_009827735.1 B3913 Apibacter sp. Apis cerana China 
GCF_009827755.1 B3918 Apibacter sp. Apis cerana China 
GCF_009827745.1 B3924 Apibacter sp. Apis cerana China 
GCF_009827705.1 B3935 Apibacter sp. Apis cerana China 
GCF_002964915.1 wkB309 Apibacter sp. Apis cerana Southeast Asia 
GCF_002007565.1 BBC0122 Bartonella apis Apis mellifera Europe 
GCF_002007485.1 BBC0178 Bartonella apis Apis mellifera Europe 
GCF_002007505.1 BBC0244 Bartonella apis Apis mellifera Europe 
GCF_001952075.1 PEB0122 Bartonella apis Apis mellifera North America 
GCF_001952065.1 PEB0149 Bartonella apis Apis mellifera North America 
GCF_001952045.1 PEB0150 Bartonella apis Apis mellifera North America 
GCF_000471645.3 Bimp Candidatus Schmidhempelia bombi Bombus impatiens North America 
GCF_003202705.1 ESL0167 Frischella perrara Apis mellifera Europe 
GCF_000807275.1 PEB0191 Frischella perrara Apis mellifera North America 
GCF_002141515.1 A-1-24 Gilliamella apicola Apis mellifera North America 
GCF_002141675.1 A-12-12 Gilliamella apicola Apis mellifera North America 
GCF_002141565.1 A-2-24 Gilliamella apicola Apis mellifera North America 
GCF_002141655.1 A-7-12 Gilliamella apicola Apis mellifera North America 
GCF_002141665.1 A-7-24 Gilliamella apicola Apis mellifera North America 
GCF_002141715.1 A-8-12 Gilliamella apicola Apis mellifera North America 
GCF_002141745.1 A-9-12 Gilliamella apicola Apis mellifera North America 
GCF_002141555.1 A8 Gilliamella apicola Apis mellifera North America 
GCF_002141735.1 A9 Gilliamella apicola Apis mellifera North America 
GCF_002141905.1 AM4 Gilliamella apicola Apis mellifera North America 
GCF_002141575.1 AM6 Gilliamella apicola Apis mellifera North America 
GCF_002141595.1 Aw-17 Gilliamella apicola Apis mellifera North America 
GCF_002141815.1 AW11 Gilliamella apicola Apis mellifera North America 
GCF_002141755.1 AW13 Gilliamella apicola Apis mellifera North America 
GCF_003202815.1 ESL0178 Gilliamella apicola Apis mellifera Europe 
GCF_002088825.1 N-12-12 Gilliamella apicola Apis mellifera Europe 
GCF_002088905.1 N-15-12 Gilliamella apicola Apis mellifera Europe 
GCF_002142285.1 N-22 Gilliamella apicola Apis mellifera Europe 
GCF_002142345.1 N-28 Gilliamella apicola Apis mellifera Europe 
GCF_002088895.1 N-9-4 Gilliamella apicola Apis mellifera Europe 
GCF_002142265.1 N-G5 Gilliamella apicola Apis mellifera Europe 
GCF_002141785.1 N10 Gilliamella apicola Apis mellifera Europe 
GCF_002141855.1 N2 Gilliamella apicola Apis mellifera Europe 
GCF_002141635.1 N4 Gilliamella apicola Apis mellifera Europe 
GCF_002141885.1 N6 Gilliamella apicola Apis mellifera Europe 
GCF_002088845.1 NO10 Gilliamella apicola Apis mellifera Europe 
GCF_002088855.1 NO5 Gilliamella apicola Apis mellifera Europe 
GCF_002088795.1 NO6 Gilliamella apicola Apis mellifera Europe 
GCF_002088815.1 NO8 Gilliamella apicola Apis mellifera Europe 
GCF_001690735.1 PEB0154 Gilliamella apicola Apis mellifera North America 
GCF_007559145.1 W8127 Gilliamella apicola Apis mellifera China 
GCF_007559165.1 W8131 Gilliamella apicola Apis mellifera China 
GCF_000599985.1 wkB1 Gilliamella apicola Apis mellifera North America 
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Table 3.1, continued 
Assembly accession Strain Species Host species Location 
GCF_001693435.1 wkB7 Gilliamella apicola Apis mellifera North America 
GCF_002141865.1 A-4-12 Gilliamella apis Apis mellifera North America 
GCF_002142035.1 A-TSA1 Gilliamella apis Apis mellifera North America 
GCF_002142055.1 A-TSA2 Gilliamella apis Apis mellifera North America 
GCF_002142065.1 A-TSA3 Gilliamella apis Apis mellifera North America 
GCF_002142135.1 A-TSA4 Gilliamella apis Apis mellifera North America 
GCF_002141825.1 AM1 Gilliamella apis Apis mellifera North America 
GCF_003202875.1 ESL0169 Gilliamella apis Apis mellifera Europe 
GCF_001690775.1 M1-2G Gilliamella apis Apis mellifera North America 
GCF_002142185.1 N-G1 Gilliamella apis Apis mellifera Europe 
GCF_002142225.1 N-G3 Gilliamella apis Apis mellifera Europe 
GCF_002142255.1 N-G4 Gilliamella apis Apis mellifera Europe 
GCF_002141945.1 NO1 Gilliamella apis Apis mellifera Europe 
GCF_002142085.1 NO12 Gilliamella apis Apis mellifera Europe 
GCF_002141975.1 NO13 Gilliamella apis Apis mellifera Europe 
GCF_002142115.1 NO14 Gilliamella apis Apis mellifera Europe 
GCF_002141935.1 NO15 Gilliamella apis Apis mellifera Europe 
GCF_002141985.1 NO16 Gilliamella apis Apis mellifera Europe 
GCF_002142155.1 NO3 Gilliamella apis Apis mellifera Europe 
GCF_002142165.1 NO4 Gilliamella apis Apis mellifera Europe 
GCF_001690755.1 PEB0162 Gilliamella apis Apis mellifera North America 
GCF_001690175.1 PEB0183 Gilliamella apis Apis mellifera North America 
GCF_900103255.1 G. bombi Gilliamella bombi Bombus sp. Europe 
GCF_900094945.1 R-53248 Gilliamella bombicola Bombus sp. Europe 
GCF_900094935.1 R-53144 Gilliamella intestini Bombus sp. Europe 
GCF_900103085.1 G. mensalis Gilliamella mensalis Bombus sp. Europe 
GCF_002142015.1 A7 Gilliamella sp. Apis mellifera North America 
GCF_001690255.1 App2-1 Gilliamella sp. Bombus appositus North America 
GCF_001690495.1 App4-10 Gilliamella sp. Bombus appositus North America 
GCF_001690525.1 App6-5 Gilliamella sp. Bombus appositus North America 
GCF_001690535.1 Bif1-4 Gilliamella sp. Bombus bifarius North America 
GCF_001690835.1 Bim1-2 Gilliamella sp. Bombus bimaculatus North America 
GCF_001690575.1 Bim3-2 Gilliamella sp. Bombus bimaculatus North America 
GCF_001690585.1 Choc3-5 Gilliamella sp. Bombus impatiens North America 
GCF_001690355.1 Choc4-2 Gilliamella sp. Bombus impatiens North America 
GCF_001690595.1 Choc5-1 Gilliamella sp. Bombus impatiens North America 
GCF_001690385.1 Choc6-1 Gilliamella sp. Bombus impatiens North America 
GCF_003202775.1 ESL0172 Gilliamella sp. Apis mellifera Europe 
GCF_003202915.1 ESL0177 Gilliamella sp. Apis mellifera Europe 
GCF_003202655.1 ESL0182 Gilliamella sp. Apis mellifera Europe 
GCF_001690825.1 Fer1-1 Gilliamella sp. Bombus fervidus North America 
GCF_001690305.1 Fer2-1 Gilliamella sp. Bombus fervidus North America 
GCF_001690515.1 Fer4-1 Gilliamella sp. Bombus fervidus North America 
GCF_001690815.1 GillExp13 Gilliamella sp. Bombus impatiens North America 
GCF_001690335.1 Gris1-4 Gilliamella sp. Bombus griseocollis North America 
GCF_001690345.1 Gris3-2 Gilliamella sp. Bombus griseocollis North America 
GCF_001690265.1 HK2 Gilliamella sp. Bombus pensylvanicus North America 
GCF_001690795.1 HK7 Gilliamella sp. Bombus pensylvanicus North America 
GCF_001690415.1 Imp1-1 Gilliamella sp. Bombus impatiens North America 
GCF_001690425.1 Imp1-6 Gilliamella sp. Bombus impatiens North America 
GCF_009795895.1 Lep-s21 Gilliamella sp. Bombus lepidus China 
GCF_009795845.1 Lep-s35 Gilliamella sp. Bombus lepidus China 
GCF_009795905.1 Lep-s5 Gilliamella sp. Bombus lepidus China 
GCF_002142215.1 N-G2 Gilliamella sp. Apis mellifera Europe 
GCF_002142275.1 N-W3 Gilliamella sp. Apis mellifera Europe 
GCF_001690435.1 Nev3-1 Gilliamella sp. Bombus nevadensis North America 
GCF_001690895.1 Nev5-1 Gilliamella sp. Bombus nevadensis North America 
GCF_001690605.1 Nev6-6 Gilliamella sp. Bombus nevadensis North America 
GCF_001690655.1 Occ3-1 Gilliamella sp. Bombus occientalis North America 
GCF_001690675.1 Occ4-3 Gilliamella sp. Bombus occientalis North America 
GCF_009795885.1 Pas-s25 Gilliamella sp. Bombus pascuorum China 
GCF_009795865.1 Pas-s27 Gilliamella sp. Bombus pascuorum China 
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Table 3.1, continued 
Assembly accession Strain Species Host species Location 
GCF_009795795.1 Pas-s95 Gilliamella sp. Bombus pascuorum China 
GCF_009795805.1 Pra-s52 Gilliamella sp. Bombus pratorum China 
GCF_009795785.1 Pra-s54 Gilliamella sp. Bombus pratorum China 
GCF_009795755.1 Pra-s60 Gilliamella sp. Bombus pratorum China 
GCF_009795745.1 Pra-s65 Gilliamella sp. Bombus pratorum China 
GCF_001690275.1 WF3-4 Gilliamella sp. Bombus pensylvanicus North America 
GCF_001690195.1 wkB108 Gilliamella sp. Apis dorsata Southeast Asia 
GCF_000733115.1 wkB11 Gilliamella sp. Bombus bimaculatus North America 
GCF_001690685.1 wkB112 Gilliamella sp. Apis dorsata Southeast Asia 
GCF_001693755.1 wkB171 Gilliamella sp. Apis adreniformis Southeast Asia 
GCF_001690705.1 wkB178 Gilliamella sp. Apis dorsata Southeast Asia 
GCF_001690875.1 wkB18 Gilliamella sp. Bombus vagans North America 
GCF_001690445.1 wkB195 Gilliamella sp. Apis cerana Southeast Asia 
GCF_001690235.1 wkB292 Gilliamella sp. Apis cerana Southeast Asia 
GCF_000695585.1 wkB30 Gilliamella sp. Bombus vagans North America 
GCF_001690185.1 wkB308 Gilliamella sp. Apis cerana Southeast Asia 
GCF_001693745.1 wkB72 Gilliamella sp. Apis cerana Southeast Asia 
GCF_002917995.1 A29 Parasaccharibacter apium Apis mellifera (larvae) North America 
GCF_002592045.1 AS1 Parasaccharibacter apium Apis mellifera (larvae) North America 
GCF_002917945.1 B8 Parasaccharibacter apium Apis mellifera (larvae) North America 
GCF_002917985.1 C6 Parasaccharibacter apium Apis mellifera (larvae) North America 
GCF_002079945.1 G7_7_3c Parasaccharibacter apium Apis mellifera (larvae) North America 
GCF_002088735.1 A-1-12 Snodgrassella alvi Apis mellifera North America 
GCF_002088405.1 A-10-12 Snodgrassella alvi Apis mellifera North America 
GCF_002088695.1 A-11-12 Snodgrassella alvi Apis mellifera North America 
GCF_002088585.1 A-2-12 Snodgrassella alvi Apis mellifera North America 
GCF_002088465.1 A-5-24 Snodgrassella alvi Apis mellifera North America 
GCF_002088515.1 A-9-24 Snodgrassella alvi Apis mellifera North America 
GCF_002089015.1 A11 Snodgrassella alvi Apis mellifera North America 
GCF_002088675.1 A12 Snodgrassella alvi Apis mellifera North America 
GCF_002088395.1 A2 Snodgrassella alvi Apis mellifera North America 
GCF_002088455.1 A3 Snodgrassella alvi Apis mellifera North America 
GCF_002088475.1 A5 Snodgrassella alvi Apis mellifera North America 
GCF_002777315.1 App2-2 Snodgrassella alvi Bombus appositus North America 
GCF_002777425.1 App4-8 Snodgrassella alvi Bombus appositus North America 
GCF_002777465.1 App6-4 Snodgrassella alvi Bombus appositus North America 
GCF_002088415.1 Aw-18 Snodgrassella alvi Apis mellifera North America 
GCF_002019415.1 Aw-20 Snodgrassella alvi Apis mellifera North America 
GCF_002406645.1 E1 Snodgrassella alvi Apis mellifera North America 
GCF_003202885.1 ESL0196 Snodgrassella alvi Apis mellifera Europe 
GCF_002777415.1 Fer1-2 Snodgrassella alvi Bombus fervidus North America 
GCF_002777485.1 Fer2-2 Snodgrassella alvi Bombus fervidus North America 
GCF_002777495.1 Fer4-2 Snodgrassella alvi Bombus fervidus North America 
GCF_002777525.1 Gris1-3 Snodgrassella alvi Bombus griseocollis North America 
GCF_002777615.1 Gris1-6 Snodgrassella alvi Bombus griseocollis North America 
GCF_002777335.1 Gris2-3-4 Snodgrassella alvi Bombus griseocollis North America 
GCF_002777595.1 Gris3-4 Snodgrassella alvi Bombus griseocollis North America 
GCF_002777705.1 HK3 Snodgrassella alvi Bombus pensylvanicus North America 
GCF_002777795.1 HK9x Snodgrassella alvi Bombus pensylvanicus North America 
GCF_002777925.1 MS1-3 Snodgrassella alvi Apis mellifera North America 
GCF_002088655.1 N-23 Snodgrassella alvi Apis mellifera Europe 
GCF_002088755.1 N-S1 Snodgrassella alvi Apis mellifera Europe 
GCF_002088595.1 N-S2 Snodgrassella alvi Apis mellifera Europe 
GCF_002088635.1 N-S3 Snodgrassella alvi Apis mellifera Europe 
GCF_002088665.1 N-S4 Snodgrassella alvi Apis mellifera Europe 
GCF_002088765.1 N-S5 Snodgrassella alvi Apis mellifera Europe 
GCF_002088525.1 N-W4 Snodgrassella alvi Apis mellifera Europe 
GCF_002088555.1 N-W7 Snodgrassella alvi Apis mellifera Europe 
GCF_002088575.1 N9 Snodgrassella alvi Apis mellifera Europe 
GCF_002777575.1 Nev3CBA3 Snodgrassella alvi Bombus nevadensis North America 
GCF_002777825.1 Nev4-2 Snodgrassella alvi Bombus nevadensis North America 
GCF_002777635.1 Occ4-2 Snodgrassella alvi Bombus occientalis North America 
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Table 3.1, continued 
Assembly accession Strain Species Host species Location 
GCF_002777865.1 PEB0171 Snodgrassella alvi Apis mellifera North America 
GCF_002777875.1 PEB0178 Snodgrassella alvi Apis mellifera North America 
GCF_002777325.1 Pens2-2-5 Snodgrassella alvi Bombus pensylvanicus North America 
GCF_900094895.1 R-53583 Snodgrassella alvi Bombus sp. Europe 
GCF_002777675.1 Ruf1-X Snodgrassella alvi Bombus rufocinctus North America 
GCF_002777345.1 Snod2-1-5 Snodgrassella alvi Bombus impatiens North America 
GCF_002777745.1 WF3-3 Snodgrassella alvi Bombus pensylvanicus North America 
GCF_000695565.1 wkB12 Snodgrassella alvi Bombus bimaculatus North America 
GCF_000600005.1 wkB2 Snodgrassella alvi Apis mellifera North America 
GCF_002777775.1 wkB237 Snodgrassella alvi Apis andreniformis Southeast Asia 
GCF_002777655.1 wkB273 Snodgrassella alvi Apis florea Southeast Asia 
GCF_000695545.1 wkB29 Snodgrassella alvi Bombus vagans North America 
GCF_002777855.1 wkB298 Snodgrassella alvi Apis cerana Southeast Asia 
GCF_002777695.1 wkB332 Snodgrassella alvi Apis mellifera Southeast Asia 
GCF_002777815.1 wkB339 Snodgrassella alvi Apis mellifera Southeast Asia 
GCF_002777735.1 wkB9 Snodgrassella alvi Apis mellifera North America 
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Table 3.2. Strains and plasmids used in this study 
Strains     
Escherichia coli DH5a Cloning host 

 
EC100Dpir Cloning host for plasmids with R6K origin 

 
MFDpir Donor strain for conjugations 

Snodgrassella alvi wkB2 Wild-type strain 

 
∆tssA1 In-frame replacement of tssA1 gene with KmR 

 
wkB273 Spontaneous RifR mutant 

Gilliamella apis PEB0183 Spontaneous RifR mutant 
Bartonella apis PEB0150 Spontaneous RifR mutant 

   Plasmids     
pYTK001 Golden Gate part plasmid, entry vector, Addgene # 65108   
pBTK229 Golden Gate part plasmid, KmR, type 3 part 
pYTK002 Golden Gate part plasmid, type 1 part, Addgene # 65109 
pYTK072 Golden Gate part plasmid, type 5 part, Addgene # 65179 
pYTK095 Golden Gate part plasmid, type 6-8 part, Addgene # 65202 
pBTK599s Suicide vector with origin of transfer, GFP, SpR 
pAOJ15 Plasmid with tetracycline-inducible tse2 toxin gene, Addgene # 91567  
pCS1 tetR-tse2 from pAOJ15 cloned into pBTK599s backbone 
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Table 3.3. Representative T6SS loci used in analyses. 
T6SS cluster Species Sequence ID Length Range 
Sa_T6SS-1 Snodgrassella alvi wkB2 CP007446.1 20901 126500-147400 
Sa_T6SS-2a Snodgrassella alvi wkB2 CP007446.1 9400 1504101-1513500 
Sa_T6SS-2b Snodgrassella alvi wkB2 CP007446.1 13887 1008639-1022525 
Ga_T6SS-1 Gilliamella apicola wkB7 LZGG01000001.1 19908 2542845-2562752 
Ga_T6SS-2 Gilliamella sp. Choc5-1 LZHH01000029.1 25766 1-25766 
Fp_T6SS-1 Frischella perrara PEB0191 CP009056.1 29924 2199874-2229797 
Fp_T6SS-2a Frischella perrara PEB0191 CP009056.1 15486 1967039-1982524 
Fp_T6SS-2b Frischella perrara PEB0191 CP009056.1 25807 1982736-2008542 
Api_T6SS-1 Apibacter adventoris wkB180  PSZN01000014.1 15028 1-15028 
Sb_T6SS-1 Candidatus Schmidhempelia 

bombi str. Bimp 
AWGA01000063.1 19198 29252-48449 
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Table 3.4. Outgroup genomes used to construct T6SS phylogenies. 
Accession Strain 
GCF_000819865.1 Aeromonas eucrenophila 
GCF_000014805.1 Aeromonas hydrophila subsp. hydrophila ATCC 7966 
GCF_000196395.1 Aeromonas salmonicida subsp. salmonicida A449 
GCF_000820125.1 Aeromonas simiae 
GCF_001294205.1 Amantichitinum ursilacus 
GCF_000711875.1 Andreprevotia chitinilytica DSM 18519 
GCF_007845585.1 Apibacter muscae AL1 
GCF_007845595.1 Apibacter muscae CB23 
GCF_007845635.1 Apibacter muscae G8 
GCF_004023655.1 Apibacter sp.  HY039 
GCF_004014855.1 Apibacter sp.  HY041 
GCF_001515305.1 Aquitalea pelogenes 
GCF_000248015.1 Atlantibacter hermannii NBRC 105704 
GCF_900107625.1 Bizionia paragorgiae 
GCF_001049335.1 Brenneria goodwinii 
GCF_000427805.1 Budvicia aquatica DSM 5075 = ATCC 35567 
GCF_000011705.1 Burkholderia mallei ATCC 23344 
GCF_000011545.1 Burkholderia pseudomallei K96243 
GCF_000959245.1 Burkholderia ubonensis MSMB22 
GCF_001654915.1 Buttiauxella ferragutiae ATCC 51602 
GCF_000698595.1 Caballeronia glathei 
GCF_001544495.1 Caballeronia telluris 
GCF_000411115.1 Capnocytophaga granulosa ATCC 51502 
GCF_000757825.1 Cedecea neteri 
GCF_000186265.1 Cellulophaga algicola DSM 14237 
GCF_000468615.2 Cellulophaga baltica 18 
GCF_900110835.1 Chitinophaga arvensicola 
GCF_900102545.1 Chitinophaga filiformis 
GCF_000024005.1 Chitinophaga pinensis DSM 2588 
GCF_900109685.1 Chitinophaga rupis 
GCF_900119105.1 Chitinophaga sancti 
GCF_001420285.1 Chryseobacterium aquaticum 
GCF_000426465.1 Chryseobacterium caeni DSM 17710 
GCF_900100115.1 Chryseobacterium soldanellicola 
GCF_900103755.1 Chryseobacterium taihuense 
GCF_900111495.1 Chryseobacterium wanjuense 
GCF_000429845.1 Comamonas composti DSM 21721 
GCF_000982825.1 Cronobacter sakazakii 
GCF_000832305.1 Cupriavidus basilensis 
GCF_000196015.1 Cupriavidus metallidurans CH34 
GCF_000974605.1 Cupriavidus pauculus 
GCF_001644705.1 Dickeya solani IPO 2222 
GCF_000025065.1 Dickeya zeae Ech586 
GCF_000264765.2 Edwardsiella anguillarum ET080813 
GCF_000025565.1 Enterobacter cloacae subsp. cloacae ATCC 13047 
GCF_001729725.1 Enterobacter hormaechei subsp. steigerwaltii 
GCF_900185885.1 Enterobacter kobei 
GCF_000091565.1 Erwinia amylovora CFBP1430 
GCF_001267535.1 Erwinia iniecta 
GCF_000590885.1 Erwinia mallotivora 
GCF_001484765.1 Erwinia teleogrylli 
GCF_000404125.1 Erwinia tracheiphila PSU-1 
GCF_000299455.1 Escherichia coli O104:H4 str. 2011C-3493 
GCF_000008865.2 Escherichia coli O157:H7 str. Sakai 
GCF_000183345.1 Escherichia coli O83:H1 str. NRG 857C 
GCF_000382125.1 Eudoraea adriatica DSM 19308 
GCF_000240075.2 Flavobacterium columnare ATCC 49512 
GCF_001761465.1 Flavobacterium gilvum 
GCF_000737695.1 Flavobacterium hydatis 
GCF_000016645.1 Flavobacterium johnsoniae UW101 
GCF_900142035.1 Flavobacterium terrae 
GCF_000621185.1 Franconibacter pulveris DSM 19144 
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Table 3.4, continued 
Accession Strain 
GCF_900115045.1 Izhakiella capsodis 
GCF_000215745.1 Klebsiella aerogenes KCTC 2190 
GCF_001022195.1 Klebsiella oxytoca 
GCF_000240185.1 Klebsiella pneumoniae subsp. pneumoniae HS11286 
GCF_000300455.3 Kosakonia sacchari SP1 
GCF_001418015.1 Lacinutrix mariniflava 
GCF_000439085.1 Leminorella grimontii ATCC 33999 = DSM 5078 
GCF_000688655.1 Lonsdalea quercina subsp. quercina 
GCF_001655675.1 Mangrovibacter phragmitis 
GCF_001294465.1 Moellerella wisconsensis ATCC 35017 
GCF_001676155.1 Morganella psychrotolerans 
GCF_002108495.1 Neisseria canis 
GCF_002073715.2 Neisseria mucosa 
GCF_002108575.1 Neisseria zoodegmatis 
GCF_900130115.1 Nissabacter archeti 
GCF_001586165.1 Obesumbacterium proteus 
GCF_002101395.1 Pantoea alhagi 
GCF_000025405.2 Pantoea ananatis LMG 20103 
GCF_000465555.2 Pantoea dispersa EGD-AAK13 
GCF_002095575.1 Pantoea septica 
GCF_000684975.1 Paraburkholderia acidipaludis NBRC 101816 
GCF_900104845.1 Paraburkholderia caballeronis 
GCF_000739795.1 Paraburkholderia kururiensis subsp. thiooxydans NBRC 107107 
GCF_000020045.1 Paraburkholderia phymatum STM815 
GCF_900107685.1 Paraburkholderia sartisoli 
GCF_001865575.1 Paraburkholderia sprentiae WSM5005 
GCF_000013645.1 Paraburkholderia xenovorans LB400 
GCF_000023605.1 Pectobacterium carotovorum subsp. carotovorum PC1 
GCF_001010285.1 Photorhabdus thracensis 
GCF_900087055.1 Plesiomonas shigelloides 
GCF_000757785.1 Pluralibacter gergoviae 
GCF_001026985.1 Pragia fontium 
GCF_000069965.1 Proteus mirabilis HI4320 
GCF_000314875.2 Providencia alcalifaciens Dmel2 
GCF_900061445.1 Providencia heimbachae 
GCF_000314895.2 Providencia sneebia DSM 19967 
GCF_000259175.1 Providencia stuartii MRSN 2154 
GCF_001476815.1 Pseudacidovorax intermedius 
GCF_000759795.1 Pseudescherichia vulneris NBRC 102420 
GCF_900108595.1 Pseudomonas fuscovaginae 
GCF_000759445.1 Pseudomonas lutea 
GCF_001534745.1 Pseudomonas monteilii 
GCF_000800615.1 Pseudomonas putida 
GCF_000412695.1 Pseudomonas resinovorans NBRC 106553 
GCF_000255535.1 Rahnella aquatilis HX2 
GCF_900111105.1 Rosenbergiella nectarea 
GCF_000195995.1 Salmonella enterica subsp. enterica serovar Typhi str. CT18 
GCF_000006945.2 Salmonella enterica subsp. enterica serovar Typhimurium str. LT2 
GCF_001006005.1 Serratia fonticola 
GCF_000006925.2 Shigella flexneri 2a str. 301 
GCF_000262305.1 Shimwellia blattae DSM 4481 = NBRC 105725 
GCF_000463155.2 Siccibacter turicensis LMG 23730 
GCF_900119185.1 Sinomicrobium oceani 
GCF_001590725.1 Snodgrassella sp. CFCC 
GCF_900111395.1 Thorsellia anophelis DSM 18579 
GCF_001297765.1 Trabulsiella odontotermitis 
GCF_000373965.1 Uliginosibacterium gangwonense DSM 18521 
GCF_000184745.1 Variovorax paradoxus EPS 
GCF_000815185.1 Xanthomonas sacchari 
GCF_000027225.1 Xenorhabdus bovienii SS-2004 
GCF_000531755.1 Xenorhabdus cabanillasii JM26 
GCF_000968195.1 Xenorhabdus doucetiae 
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Table 3.4, continued 
Accession Strain 
GCF_001721185.1 Xenorhabdus hominickii 
GCF_900155355.1 Xenorhabdus innexi 
GCF_900115195.1 Xenorhabdus japonica 
GCF_900116635.1 Xenorhabdus koppenhoeferi 
GCF_000953355.1 Xenorhabdus nematophila AN6/1 
GCF_000009345.1 Yersinia enterocolitica subsp. enterocolitica 8081 
GCF_000009065.1 Yersinia pestis CO92 
GCF_000735455.1 Yokenella regensburgei ATCC 49455 
GCF_000973105.1 Zobellia galactanivorans 
GCF_000744555.1 Zobellia uliginosa 
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FIGURES 

Figure 3.1. Codiversification of species within the bee gut microbiota.   

Five species clusters (S. alvi, Gilliamella spp., Lactobacillus Firm-4, Lactobacillus Firm-

5, and Bifidobacterium asteroides) form a core community found in the guts of both 

honey bees (Apis spp.) and bumble bees (Bombus spp.) (Kwong & Moran, 2016). Two, 

co-occurring Gilliamella species, G. apicola and Gilliamella apis, are present in Western 

honey bees (Apis mellifera) (Ellegaard & Engel, 2019; Ludvigsen et al., 2018), while 

related species are found in Bombus hosts (Praet et al., 2017). Frishella perrara is related 

to Gilliamella spp. and infects many, but not all, honey bees (Engel, Kwong, et al., 2013), 

while ‘Candidatus Schmidhempelia bombi,’ is a relative of Gilliamella spp. found in 

Bombus spp. (Martinson et al., 2014). Alphaproteobacteria Bartonella apis, 

Parasaccharibacter apium, and a species cluster referred to as Alpha2.1 are present more 

sporadically in honey bees, at lower abundance, and are also present in the hive 

environment (Corby-Harris et al., 2014; Kešnerová et al., 2016). Apibacter spp. are found 

 



 97 

in both Apis and Bombus hosts, though only at low abundance in Apis mellifera (Kwong 

et al., 2018; Kwong, Medina, et al., 2017; Kwong & Moran, 2016).  
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Figure 3.2. A maximum likelihood phylogeny of the TssB protein shows distant 
relationships between T6SSs of bee gut symbionts.  

Sequences from bee gut isolates fall within different, previously described T6SS clades 

(Adapted from Kwong, Steele, and Moran, 2018). 
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Figure 3.3.  All S. alvi strains isolated from Apis mellifera encode at least one T6SS.  

A genome phylogeny for 56 S. alvi strains was constructed from 719 gene trees using 

OrthoFinder and visualized using iTOL. Triangles at the end of each leaf indicate the 

presence of a complete set of gene encoding Sa-T6SS-1 (light blue) or Sa-T6SS-2 (dark 

blue). A white triangle indicates that a partial T6SS locus was detected due to incomplete 

genome assembly. The ring around the outer edge of the phylogeny indicates the host 

taxa from which each strain was isolated.  
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Figure 3.4. Sa-T6SS-1 is not closely related to other T6SSs found in the bee gut 
microbiota.  

A diagram of the Sa-T6SS-1 locus in S. alvi wkB2 is shown at the upper left.  Below is a 

maximum likelihood phylogeny for a concatenated alignment of T6SS protein homologs, 

which includes 6178 distinct alignment patterns. The phylogeny was constructed using 

RAxML and the LG likelihood model for amino acid replacement with 1000 bootstraps. 

S. alvi strains are highlighted in blue and nodes with support values >70% are marked 

with blue circles. 
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Figure 3.5. S. alvi T6SS-2 is distantly related to a T6SS found in Gilliamella spp., F. 
perrara, and Candidatus S. bombi.  

A diagram of the Sa-T6SS-2 locus in S. alvi wkB2 is shown at the upper left.  Below is a 

maximum likelihood phylogeny for a concatenated alignment of T6SS protein homologs, 

which includes 8996 distinct alignment patterns. The phylogeny was constructed using 

RAxML and the LG likelihood model for amino acid replacement with 1000 bootstraps. 

Color gradients highlight bee gut isolates from different genera and nodes with support 

values >70% are marked with blue circles. 
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Figure 3.6. Loss and retention of T6SSs varies between closely related Gilliamella 
species. 

G. apicola strains encode a highly conserved T6SS, which is absent from the closely 

related and co-occurring species G. apis. Gilliamella spp. isolates from Bombus hosts 

show greater variation in whether T6SS genes are retained or lost. A strain phylogeny for 

112 Gilliamella spp genomes was constructed from 927 gene trees using OrthoFinder and 

visualized with iTOL. Triangles at the end of each leaf indicate the presence of a 

complete set of genes encoding Ga-T6SS-1 (light green) or Ga-T6SS-2 (dark green). The 

ring around the phylogeny indicates the host taxa from which each strain was isolated. 

Dark green arrows indicate transfer of Ga-T6SS-1 genes between strains.  
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Figure 3.7. Gilliamella spp, F. perrara, and Candidatus S. bombi encode closely related 
T6SSs (Ga-T6SS-1), which is horizontally transferred between Gilliamella 
strains. 
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(A) Diagrams of T6SS loci from F. perrara PEB0191, Candidatus S. bombi Bimp, and 

G. apicola wkB7 are shown at the upper left, above a maximum likelihood phylogeny 

constructed from a concatenated alignment of homologous T6SS proteins (7980 distinct 

alignment patterns). The phylogeny was constructed using RAxML and the LG 

likelihood model for amino acid replacement with 1000 bootstraps. Nodes with support 

values >70% are marked with green circles. Color gradients highlight bee gut isolates 

belonging to different genera. (B) A flattened version of the Gilliamella genome 

phylogeny showing horizontal transfer of T6SS genes between different lineages.  Light 

and dark green triangles indicate the presence of the Ga-T6SS-1 and Ga-T6SS-2 loci. 

Black lines on the right edge connect strains with highly similar T6SSs and green arrows 

indicate where T6SS genes appear to have been transferred between lineages.  
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Figure 3.8. A T6SS that is found sporadically in bee gut symbionts (Ga-T6SS-2) has 
been transferred between Gilliamella spp. and F. perrara.  

Diagrams of T6SS loci from Gilliamella sp. Choc5-1 and F. perrara PEB0191 are shown 

above a maximum likelihood phylogeny for concatenated T6SS protein homologs with 

9757 distinct alignment patterns. The phylogeny was constructed using RAxML and the 

LG likelihood model for amino acid replacement with 1000 bootstraps. Nodes with 

support values >70% are marked with green circles. Color gradients highlight bee gut 

isolates belonging to different genera.  
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Figure 3.9. Apibacter spp. isolates from bees and related isolates from mammals encode 
similar T6SSs.   

A strain phylogeny for 21 Apibacter spp. genomes was constructed from 1279 gene trees 

using OrthoFinder and visualized using iTOL. Triangles at the end of each leaf indicate 

the presence of a complete set of gene encoding Api-T6SS-1. The ring around the outer 

edge of the phylogeny indicates the host taxa from which each strain was isolated. 
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Figure 3.10. A T6SS from Apibacter spp. (Api-T6SS-1) is present in mammal and bee 
gut isolates.  

The diagram at the upper left depicts the organization of the Api-T6SS-1 locus in 

Apibacter adventoris wkB180. Below is a maximum likelihood phylogeny constructed 

from a concatenated alignment of homologous proteins with 3447 distinct alignment 

patterns. The phylogeny was constructed using RAxML and the LG likelihood model for 

amino acid replacement with 1000 bootstraps. Purple circles indicate nodes with support 

values >70%. Bee gut isolates are highlighted in purple, while Apibacter strains isolated 

from mammals are highlighted in grey. 
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Figure 3.11. S. alvi wkB2 ∆tssA1 mutants are more competitive than wild type against a 
range of target strains.  

Rifampicin-resistant strains of bee gut isolates B. apis PEB0150 (A), G. apis PEB0183 

(B), or S. alvi wkB273 (C) were co-cultured with no competitor (PBS), S. alvi wkB2, or 

∆tssA1 for 24h with a 1:10 ratio. Target colony forming units (CFUs) were measured by 

counting colonies on rifampicin plates. One-way ANOVA with Tukey’s multiple 

comparisons test, p < 0.5.  
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Figure 3.12. Bee gut isolates encode diverse VgrG proteins, which cluster based on the 
T6SS with which they are associated.  

This network shows homology between 663 VgrG proteins encoded by bacteria isolated 

from the guts of social bees. Protein BLAST was used to identify homologous proteins. 

Each node represents a single protein sequence from a bee gut isolate, with color, shape, 

and size of the node indicating the isolate’s species, the host from which it was isolated, 

and the protein length. Edges represent ≥40% amino acid identity over ≥90% of the 

protein length. Boxes around clusters group proteins associated with particular T6SS loci.  
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Figure 3.13. VgrG proteins associated with Ga-T6SS-2 form two clades, one that is 
Gilliamella-specific and one that has been horizontally transferred between 
Gilliamella spp. and F. perrara.  

A maximum likelihood phylogeny was constructed from an alignment of VgrG proteins 

with 929 distinct alignment patterns. RAxML was used to construct the phylogeny using 

the LG likelihood model of amino acid replacement and 1000 bootstraps. Grey circles 

indicate nodes with >70% support. Proteins from bee gut isolates are highlighted in 

green. Black bars along the right edge mark different VgrG clusters. 
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Figure 3.14. VgrG proteins in Apibacter spp. have undergone repeated duplication 
events.  

A maximum likelihood phylogeny was constructed from an alignment of VgrG protein 

sequences with 1254 distinct alignment patterns. RAxML was used to construct the 

 



 112 

phylogeny with the VT likelihood model and 1000 bootstraps. Grey circles indicate 

nodes >70% support. Proteins from bee gut isolates are highlighted in purple, while black 

bars along the right edge mark different VgrG clusters.  
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Figure 3.15. The number of VgrG proteins encoded by a single bee gut isolate varies 
between genera.  

Colors of bars represent different VgrG clusters, with the total height of the bar indicating 

the total number of vgrG genes within a particular isolate (x-axis). Isolates are grouped 

by bacterial taxa. For taxa present in multiple hosts, black lines separate isolates from 

different host species, with the host species indicated in grey. Dashed lines separate 

isolates collected from the same host species on different continents. Aand, A. 

andreniformis; Acer, A. cerana; Ador, A. dorsata; Amel, A. mellifera; Bapp, B. 

appositus; Bbif, B. bifarius; Bbim, B. bimaculatus; Bfer, B. fervidus; Bgri, B. 

griseocollis; Bimp, B. impatiens; Blep, B. Lepidus; Bnev, B. nevadensis; Bocc, B. 

occientalis;  Bpas, B. pascuorum; Bpen, B. pensylvanicus; Bpra, B. pratorum; Bvag, B. 

vagans;  Bsp, unspecified Bombus sp. Strains with no vgrG genes are not shown. 	
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Figure 3.16. VgrG proteins within some clusters are highly conserved, while others vary 
dramatically in length and sequence. 

Points indicate the lengths (A) and sequence divergence (B) of individual VgrG proteins. 

VgrG proteins are split by cluster (upper x-axis) and across bacterial taxa, for clusters 

found in multiple species (lower x-axis).  Sequence divergence is visualized as the 

percent identity of each protein to the representative sequence for that cluster (≥300 

amino acid alignment length). Colors represent bacterial taxa, while the size of each point 

represents protein length. 
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Figure 3.17. Diverse Rhs toxin domains are found in the genomes of bee gut symbionts.  

This network depicts clusters of 1181 different proteins containing homologous toxin 

domains. Each node represents a single protein sequence from a bee gut isolate. Node 

color, shape, and size represent the isolate’s species, the host from which it was isolated, 

and the protein length, respectively. Clusters are arranged based on whether they are 

found in multiple bee gut symbionts, or restricted to one genus. Edges represent ≥40% 

amino acid identity over a minimum of 90 amino acids, as determined through all-versus-

all protein BLAST.  
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Figure 3.18. Bee gut microbes encode full-length Rhs toxins and orphaned C-terminal 
toxin domains.  

Each point represents a protein containing a toxin domain homologous (≥40% identity 

over ≥90 amino acids) to a representative sequence from one of 208 toxin clusters (x-

axis). The size and color of each point represent the length of the protein and the species 

in which it is present. Toxin domains are grouped by the species in which they are 

primarily found. The dashed line indicates a proposed cutoff between full-length Rhs 

proteins, which are approximately 1400 amino acids in length and often include secretion 

domains, and orphaned toxin domains.  
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Figure 3.19. Rhs toxin abundance varies between symbionts of different bee species.  

Each bar represents the number Rhs toxin domain copies for a specific isolate. Isolates 

are grouped by host species (boxes), while strain names (x-axis) are highlighted to 

indicate bacterial taxa. Triangle symbols indicate that strains also encode T6SS genes, 

while ‘X’ indicates strains with no T6SS. To show general trends in toxin distribution, 

barplot color groups correspond with the bacterial taxa in which each cluster is found: 

 

 



 118 

saturated colors are found in a single genus and desaturated colors are present in multiple 

genera. Rhs proteins from Apibacter spp. are plotted separately, as these proteins have 

conserved domains that differentiate them from Rhs toxins present in other bee gut taxa. 

“Unusual N-terminus” indicates that a toxin domain is sometimes associated with a 

protein that contains an N-terminal domain not seen in most Rhs proteins associated with 

T6SSs in bee gut bacteria. Aand, A. andreniformis; Acer, A. cerana; Ador, A. dorsata; 

Amel, A. mellifera; Bapp, B. appositus; Bbif, B. bifarius; Bbim, B. bimaculatus; Bfer, B. 

fervidus; Bgri, B. griseocollis; Bimp, B. impatiens; Blep, B. Lepidus; Bnev, B. 

nevadensis; Bocc, B. occientalis;  Bpas, B. pascuorum; Bpen, B. pensylvanicus; Bpra, B. 

pratorum; Bvag, B. vagans;  Bsp, unspecified Bombus sp. 
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Figure 3.20. Rhs core domains are associated with many toxin domains.  

Protein lengths are shown for all proteins containing regions of homology (≥40% identity 

over ≥500 amino acids) to representative core domains from 12 clusters (upper x-axis). 

Core domain clusters are ordered based on the species in which they are primarily found.  

The lower x-axis shows the toxin domain present within each protein. ‘None’ indicates 

that the protein had no hits with >40% identity to representative sequences from any of 

the 208 toxin domain clusters. The size and color of each point represent the protein 

length and the species in which it is present. 
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Figure 3.21. Toxin domains from cluster 164 have been transferred between species and 
between secretion systems.  

A maximum likelihood phylogeny was constructed for a protein alignment with 2381 

distinct alignment patterns using RAxML with the WAG likelihood model of amino acid 

replacement and 1000 bootstraps. Grey circles mark nodes with >70% bootstrap support. 

Strain names are colored by genus, triangle symbols along the right edge indicate 

different N-terminal domains, and white and grey squares mark strains from different 

host genera. Rhs core 07 and 09 domains were assigned based on homology to 

representative sequences of core domain clusters. Putative autotransporter domains were 

identified using the NCBI Conserved Domain Database.  
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Chapter 4: Pathogen T6SSs provide no defense against elimination by 
the gut microbiota 

ABSTRACT 

Commensal microbial communities often contribute to the exclusion of 

opportunistic bacterial pathogens from the guts of animals. In honey bees, perturbation of 

the gut microbiota has been shown to increase host mortality upon challenge with the 

opportunistic pathogen Serratia marcescens, suggesting an antagonistic interaction 

between S. marcescens and one or more members of the bee gut microbiota. S. 

marcescens Db11 is known to use a type VI secretion system (T6SS) to kill bacterial 

competitors in laboratory conditions, but little is known about the importance of T6SSs 

for interacting with host-associated microbes during infection. This study tested the 

hypothesis that S. marcescens kz11, a pathogenic isolate from bees, uses a T6SS to 

antagonize the microbiota during infection of the bee gut. We performed infection assays 

with microbiota-free, conventionalized, mono-inoculated, and antibiotic-treated bees to 

determine the effect of the microbiota on the abundance and persistence of S. marcescens 

in the gut. We constructed T6SS-deficient S. marcescens strains and used in vitro 

competition assays to look for T6SS-dependent killing of gut isolates and in vivo 

infection assays to compare colonization and persistence of T6SS-deficient and wild type 

(WT) strains. We visualized co-localization of S. marcescens with specific community 

members using Fluorescence in situ Hybridization microscopy. We found that S. 

marcescens is rapidly eliminated from the bee gut in the presence of the gut microbiota, 

but persists in the guts of microbiota-free bees. Composition of the gut microbiota affects 

the efficiency of elimination, and protection is reduced in mono-colonized and antibiotic-

treated bees compared to bees with intact microbiota. Additionally, bee symbiont 

Snodgrassella alvi may act as a barrier between S. marcescens and the gut epithelium. S. 
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marcescens uses a T6SS to antagonize bee gut symbiont Gilliamella apicola in vitro, but 

does not affect the abundance of G. apicola in vivo. Furthermore, we found no difference 

between WT and T6SS-deficient S. marcescens strains in abundance or persistence in the 

bee gut. We describe a scenario in which a common opportunistic pathogen is rapidly 

eliminated in the presence of a host-associated microbial community and find that T6SSs 

do not contribute to its fitness during competition with the gut microbiota. Our findings 

suggest that the utility of T6SSs, which are found in many Gram-negative bacteria, may 

be restricted to specific ecological contexts, which may not always include invasion of an 

established community by an opportunistic pathogen.  

INTRODUCTION 

Serratia marcescens is an environmental bacterium that frequently acts as an 

opportunistic pathogen of insects (Grimont et al., 1979; Grimont & Grimont, 1978) and 

as a nosocomial pathogen of humans (Iguchi et al., 2014). Typically, S. marcescens is 

lethal in insects only when injected into the hemolymph. However, in some insects, 

including locusts (Dillon et al., 2005), fruit flies (Flyg et al., 1980), and bees (Raymann et 

al., 2018), S. marcescens can infect through an oral route that ultimately leads to escape 

from the gut into the hemolymph and death of the host. In these cases, it seems likely that 

S. marcescens interacts with the native microbiota as it passes through the gut. For 

example, in locusts the presence of the gut microbiota correlates with a reduction in the 

abundance of pathogenic S. marcescens in the gut and increased host survival (Dillon et 

al., 2005). Furthermore, the ability to antagonize the native gut flora could contribute to 

the ability of S. marcescens to proliferate within the gut, enter the hemolymph, and 

ultimately kill the host.  
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Several strains of S. marcescens were recently identified as opportunistic 

pathogens of honey bees (Raymann et al., 2018). These strains are capable of causing 

lethal infections when introduced orally and are more lethal in bees whose gut microbiota 

has been perturbed by exposure to antibiotics or agrochemicals (Motta et al., 2018; 

Raymann et al., 2017). Honey bees have a simple gut community in which 10 core taxa 

comprise >95% of gut bacteria in adult bees worldwide (Kwong & Moran, 2016; 

Martinson et al., 2011; Moran et al., 2012; Sabree et al., 2012). The bee gut microbiota 

may contribute to host health by promoting weight gain (Zheng et al., 2017) and assisting 

in breakdown of otherwise indigestible carbohydrates (Engel & Moran, 2013; Zheng et 

al., 2016, 2019), but there is also evidence that the gut community may contribute to 

colonization resistance against certain pathogens (R. S. Schwarz et al., 2016). Symbiont 

biofilms, which line some regions of the gut (Martinson et al., 2012), may repel 

pathogens by acting as a barrier between the gut contents and the host epithelium. 

However, many bee gut bacteria also encode type VI secretion systems (T6SSs) (Steele et 

al., 2017) which may be used to kill potential competitors, including pathogens.  

T6SSs are increasingly recognized as important mediators of antagonism between 

Gram-negative bacteria. T6SSs are membrane-embedded protein complexes with a 

contractile mechanism that is used to drive a needle-like structure through the membranes 

of adjacent cells (Bingle et al., 2008; Cianfanelli, Monlezun, et al., 2016; Coulthurst, 

2019). This structure serves as a delivery mechanism for a wide variety of toxins 

(Alcoforado Diniz et al., 2015; Zhang et al., 2012). T6SS genes have been identified in 

25% of sequenced Gram-negative bacterial genomes (Bingle et al., 2008) and T6SS-

mediated killing of bacterial competitors has been demonstrated in vitro in species from a 

multitude of environments (Hood et al., 2010; Murdoch et al., 2011; Russell et al., 2014; 

S. Schwarz et al., 2010; Unterweger et al., 2014). In particular, S. marcescens Db11, a 
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close relative of the strains isolated from honey bees, uses a T6SS to secrete multiple 

protein toxins that impair the growth of bacterial competitors (Cianfanelli, Alcoforado 

Diniz, et al., 2016; English et al., 2012; Murdoch et al., 2011). T6SSs have been shown to 

mediate interactions between commensal bacteria and pathogens in the guts of mice (M. 

C. Anderson et al., 2017; Hecht et al., 2016; Sana et al., 2016), but the importance of 

T6SSs for S. marcescens within a host is not known.  

Previous studies have shown increased mortality of bees with a perturbed 

microbiota upon exposure to S. marcescens (Motta et al., 2018; Raymann et al., 2017). 

We hypothesized that there is an antagonistic relationship between the gut microbiota and 

S. marcescens and that the T6SSs of S. marcescens kz11, a pathogenic isolate from bees 

(Raymann et al., 2018), would provide an advantage during infection of the honey bee 

gut. We observed rapid elimination of S. marcescens from the bee gut in the presence of 

the natural microbiota, with smaller reductions in bees mono-colonized by single gut 

taxa. We determined that S. marcescens uses a T6SS to antagonize bee gut symbiont 

Gilliamella apicola but identified no correlation between the abundance of S. marcescens 

and Gilliamella spp. in the bee gut. Using Fluorescence in situ Hybridization microscopy, 

we found evidence that bee gut symbiont Snodgrassella alvi forms a physical barrier 

between S. marcescens and the host epithelium. However, we see no difference in the 

abundance or rate of elimination for wild type and T6SS-deficient S. marcescens strains. 

We find that T6SSs provide no discernible benefit S. marcescens during infection of the 

bee gut under any of the conditions tested. The bee gut microbiota therefore provides an 

illustrative example of the limitations of T6SS-mediated antagonism, as well as the 

importance of identifying the true ecological relevance of these widespread secretion 

systems.  



 125 

RESULTS 

S. marcescens kz11 is eliminated from the bee gut in the presence of the microbiota 

Previous work has shown that bees with a perturbed gut microbiota have reduced 

survival after challenge with S. marcescens compared to bees with a healthy gut 

microbiota (Motta et al., 2018; Raymann et al., 2017), but the mechanism by which the 

gut microbiota contributes to host survival is unknown. To determine whether S. 

marcescens abundance is reduced in the presence of the gut microbiota, we obtained 

newly emerged bees from a single hive and split them into three treatment groups. The 

first was inoculated with a conventional gut community (CV) by feeding newly emerged 

bees nurse gut homogenate, the second was inoculated with a conventional community 

and later treated with tetracycline (Tet), while the third was kept microbiota-free (MF). 

Treatment with tetracycline was included to account for previously reported differences 

in metabolism, weight gain, and immune development between MF and CV bees 

(Kwong, Mancenido, et al., 2017; Zheng et al., 2017). Bees from all three treatment 

groups were exposed to S. marcescens kz11 in sugar solution for 1 day and total 

abundance within the gut was measured 1 day after the end of exposure. We observed a 

dramatic difference in the abundance of S. marcescens between MF and CV bees. All MF 

bees were infected, with an average of 1.85x105 S. marcescens cells per gut. In contrast, 

83.3% (15 of 18) of CV bees contained no living S. marcescens cells 1 day after the end 

of exposure (Fig. 4.1). Bees in the Tet treatment group exhibited an intermediate and 

highly variable phenotype, with 4.10x106 S. marcescens cells per gut on average and 

elimination of S. marcescens in 27.8% of bees. The loss of the CV phenotype in 

tetracycline-treated bees suggests that the gut microbiota may directly contribute to 

exclusion of S. marcescens from the gut, rather than acting through an indirect 
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mechanism, such as priming the host immune system. Furthermore, guts of CV, Tet, MF, 

and MF Tet bees (MF bees treated with tetracycline) contained similar numbers of S. 

marcescens cells immediately after the end of exposure (Fig. 4.1B), with the difference 

between CV bees and the other treatment groups developing over the next 24 hours (Fig. 

4.1CD). MF bees have reduced appetite and sucrose response relative to CV bees (Zheng 

et al., 2017), but our data indicate that differences in feeding behaviors between MF and 

CV bees do not affect the amount of S. marcescens in the gut after bees have been 

exposed to bacteria in sucrose solution. Because honey bees do not defecate in captivity, 

we can assume that reduced abundance is a result of S. marcescens cells being killed, 

rather than removed from the system. 

These results provide evidence that the gut microbiota antagonizes S. marcescens 

and show that S. marcescens survival is increased when the gut microbiota is perturbed 

by antibiotic treatment. Thus, the ability to antagonize the gut microbiota, should such an 

ability exist, is expected to increase the survival–and potentially pathogenicity–of S. 

marcescens.  

S. marcescens kz11 encodes two T6SSs 

S. marcescens kz11 encodes two complete sets of genes encoding the 13 required 

structural components of T6SSs, which are grouped into two loci (Fig. 4.2A). These 

T6SS loci share high nucleotide identity and gene synteny with T6SS loci present in other 

S. marcescens strains. Within 670 published Serratia genomes, we identified 189 

sequences aligning to the T6SS-1 locus with ≥70% coverage and ≥90% identity and 492 

sequences aligning to the T6SS-2 locus using NCBI nucleotide BLAST. Both T6SSs are 

widespread within the genus, but T6SS-2, which is also present in S. marcescens Db11, is 

more common among sequenced genomes. We constructed strains with in-frame 
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replacements of genes encoding required structural components of the two T6SSs (tssE1, 

tssH1, tssE2, tssH2), as well as double replacements (tssE1tssE2 and tssH1tssH2). Strains 

lacking structural components of T6SS-2 (tssE2 and tssH2) had reduced ability to 

antagonize E. coli K12 during in vitro competition assays, with deletion of tssE2 having a 

greater effect (Fig. 4.2B). In contrast, deletion of T6SS-1 genes had no effect on T6SS-

mediated killing, suggesting that T6SS-1 is not active under the tested conditions or is not 

used to target E. coli.  

S. marcescens T6SSs do not affect fitness in the bee gut 

To determine whether either, or both, of the two T6SSs encoded by S. marcescens 

kz11 contribute to its fitness during colonization of the bee gut, we exposed MF and CV 

bees to WT or T6SS-deficient S. marcescens (∆tssE1∆tssE2) for 1 day, then measured 

the number of infected bees and the abundance of S. marcescens in these bees over 4 

days. In MF bees, CFUs per gut increase after exposure and persist at high abundance 

over four days for both WT and ∆tssE1∆tssE2, indicating that neither T6SS is required to 

colonize or persist in the gut in the absence of the microbiota (Fig. 4.3AB). As expected, 

both the fraction of CV bees that are infected and the abundance of S. marcescens in the 

guts of infected bees decrease over time (Fig. 4.3CD). However, there is no significant 

difference in the abundance of WT and ∆tssE1∆tssE2 in the guts of CV bees. In a similar 

experiment, we also observed no difference in fitness between WT, ∆tssE1, ∆tssE2, 

∆tssE1∆tssE2 in both MF bees and CV bees (Fig. 4.3EFG).  

A possible explanation for the lack of an observable fitness decrease in T6SS-

deficient strains in CV bees is that the ability of the microbiota to antagonize S. 

marcescens is so great that either strain will be eliminated, regardless of competitive 

ability. With this in mind, we might expect T6SSs to provide a competitive advantage in 
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bees with a perturbed gut microbiota. However, a T6SS-deficient strain (∆tssC1∆tssH1 in 

this experiment) does not appear to be less fit than WT in bees previously treated with 

tetracycline (Fig. 4.3H).  

Elimination of S. marcescens depends on microbiota composition 

We found no evidence that T6SSs contribute to S. marcescens fitness in the gut as 

measured by total abundance, but this left the possibility that interbacterial antagonism 

may play a role in localized interactions with specific bee gut commensals, which are not 

evenly distributed throughout the gut. Furthermore, the increased persistence of S. 

marcescens in tetracycline treated bees suggests that the structure of the commensal 

community is important for eliminating S. marcescens from the gut. To determine 

whether individual bee gut symbionts are capable of suppressing S. marcescens, we 

inoculated MF bees with representative isolates of the four most abundant core gut taxa: 

Lactobacillus Firm-4 (strains DSM 26254 and DSM 26255), Lactobacillus Firm-5 

(strains wkB8 and wkB10), Snodgrassella alvi (strain wkB2), or Gilliamella spp. (strains 

wkB1, PEB0154, PEB0162, and PEB0183). We also inoculated bees with all of these 

isolates in combination or with homogenized hindgut from a hive bee. After 5 days, these 

bees were exposed to S. marcescens in sucrose solution for 1 day and S. marcescens 

abundance was quantified 1 day after exposure. The abundance of WT S. marcescens was 

reduced in the guts of bees inoculated with representative strains of any of the core gut 

taxa relative to microbiota-free bees, though not to the same extent as in CV bees (Fig. 

4.4A). All of the sampled MF bees were infected with S. marcescens, with an average 

2.46x106 CFUs per gut. The number of S. marcescens cells was significantly lower in 

bees inoculated with Firm-4 and Firm-5, with 6.12x103 and 1.10x105 CFUs on average. 

Guts of S. alvi-inoculated bees contained an average 9.14x104 S. marcescens CFUs, while 
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bees inoculated with Gilliamella were infected with an average 3.25x104 CFUs per gut. 

Interestingly, the cumulative effect of these four taxa, which are typically the most 

abundant taxa in the bee gut, is similar to what is seen in bees inoculated with gut 

homogenate. 40% of bees inoculated with all four taxa or with gut homogenate were still 

infected, with an average 1.51x103 and 9.03x102 S. marcescens CFUs per gut, 

respectively. S. marcescens abundance in MF bees was greater than that in bees 

inoculated with any of the tested bee gut taxa (p < 0.005, one-way ANOVA with Tukey’s 

multiple comparisons test). Therefore, antagonism of S. marcescens by the bee gut 

microbiota cannot be attributed to any single member of the gut community, but is 

instead likely to be a cumulative effect of multiple species. Similarly, the abundance of 

∆tssE1∆tssE2 was lower in bees inoculated with any of the tested gut taxa or gut 

homogenate when compared to MF bees, though this difference was not statistically 

significant for all treatment groups (Fig. 4.4B). There was no significant difference in the 

abundance of WT and ∆tssE1∆tssE2 S. marcescens per bee gut for any treatment group.  

While all worker honey bees contain the same gut taxa, the total abundance of 

bacteria, the proportion of each taxa, and the strains of each species may vary within 

individuals over time, between individuals within a hive, and between hives. If 

elimination of S. marcescens from the gut is partially dependent on the composition of 

the gut microbiota, resistance to S. marcescens may also vary over time, between 

individuals, and between hives. To determine whether honey bees colonized by different 

natural gut communities differ in ability to eliminate S. marcescens, bees collected as 

pupae at the same time from a single hive were inoculated with gut homogenate from 

individual nurse bees from two different hives. These bees were then exposed to WT or 

T6SS-deficient S. marcescens. The fraction of bees infected and the abundance of S. 

marcescens in the gut were measured 10 days after exposure. 
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We found that elimination of S. marcescens from the gut differs between honey 

bees colonized by different natural gut communities (Fig. 4.5). Bees inoculated with gut 

community 1 showed unusually poor ability to eliminate S. marcescens from the gut, 

with most bees (67% and 75%) still infected 10 days after exposure. The average 

abundance of S. marcescens in bees colonized by community 1 was 3.27x106 and 

1.32x107 CFUs per gut, while the abundance in bees colonized by community 2 was 

6.04x103 and 1.40x104 CFUs. S. marcescens was eliminated from 80% of bees inoculated 

with community 2. Additionally, we observed that elimination of S. marcescens from the 

guts of CV bees took longer in bees collected later in the season, with elimination 

occurring within 24 hours of exposure in summer (July-September) experiments and over 

four or more days in the late fall (October-November), indicating that seasonal 

differences in host biology may significantly affect this process.  

T6SSs of S. marcescens kz11 have a limited target range 

To determine whether S. marcescens kz11 uses its T6SSs to kill bee gut 

symbionts or other S. marcescens strains, we set up pairwise competitions of WT and 

T6SS-deficient S. marcescens strains against gut commensals and other S. marcescens 

strains. We recovered more G. apicola wkB7 CFUs after coculture with S. marcescens 

∆tssE1∆tssE2 (5.08x103) relative to coculture with WT S. marcescens (7.50x102) (Fig. 

4.6). However, we found no significant difference in the number of S. alvi wkB2, G. 

apicola wkB1, G. apicola PEB0154, G. apis PEB0162, and G. apis PEB0183 CFUs 

recovered, indicating that S. marcescens uses a T6SS to antagonize G. apicola wkB7, but 

not other bee gut isolates. To determine whether S. marcescens has an antagonistic 

relationship with G. apicola in vivo, CV bees were infected with WT or ∆tssE1∆tssE2 S. 

marcescens and sampled one or two days after the end of exposure. Abundance of S. 
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marcescens was quantified by CFU counting, while quantitative PCR was used to 

measure the abundance of bee gut symbionts S. alvi and Gilliamella spp. We found no 

difference in Gilliamella or S. alvi 16S rDNA copies between bees infected with WT S. 

marcescens and ∆tssE1∆tssE2. We also did not identify a difference in copy number 

when comparing bees in which the S. marcescens infection had been eliminated and bees 

in which the infection persisted (Fig. 4.6).  

S. marcescens kz11 does use a T6SS to antagonize other S. marcescens strains 

(Fig. 4.7). In competitions with S. marcescens Db11 as the target and either WT kz11 or 

∆tssE1 as the attacker, recovered CFUs were more than 99.9% attacker (0.072 and 

0.069% Db11, respectively), while the ratio of target to attacker recovered from 

competitions with ∆tssE2 or ∆tssE1∆tssE2 was similar to the starting ratio (9.76 and 

10.1% Db11). When S. marcescens kz19, which was also isolated from honey bees 

(Raymann et al., 2017), was used as the target, recovered CFUs were 0.82 and 0.46% 

kz19 on average after competition with WT or ∆tssE1, and 7.06 and 6.26% kz19 after 

competition with ∆tssE2 or ∆tssE1∆tssE2. For both target strains, there is little to no 

difference in the ratio of target to attacker CFUs recovered after competitions with the 

∆tssE1 mutant compared to WT, indicating that T6SS-1 is not used to inhibit the growth 

of S. marcescens under the tested conditions. For both target strains, there is a significant 

difference in CFUs recovered after competition with WT compared to competitions with 

either ∆tssE2 and ∆tssE1∆tssE2 as the attacker. We therefore conclude that S. 

marcescens kz11 utilizes T6SS-2 to antagonize other S. marcescens strains. Additionally, 

S. marcescens strains vary in susceptibility to T6SS-2, with Db11, an isolate from fruit 

flies, being more susceptible than kz19, an isolate from honey bees, to antagonism by 

kz11. 
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Bee gut microbes may physically exclude S. marcescens from regions of the gut 

Beyond direct antagonism, the bee gut microbiota may reduce the pathogenicity 

of S. marcescens by acting as a physical barrier between the pathogen and the host 

epithelium. The thin layer of epithelial cells that forms the wall of the ileum might be a 

relatively easy barrier for S. marcescens to penetrate before reaching the hemolymph, 

where it will ultimately kill the host. We used Fluorescence in situ Hybridization (FISH) 

microscopy to visualize the location of WT and ∆tssE1∆tssE2 S. marcescens within the 

ileums of bees colonized by S. alvi, Gilliamella spp., or a conventional gut community. 

The ileum is comprised of multiple folds of the epithelial layer, creating narrow spaces 

that are usually filled with gut bacteria. When S. alvi fills these spaces, S. marcescens is 

present only as small clusters of cells (Fig. 4.8ABC), which are frequently separated from 

the host epithelium by a layer of commensal bacteria. However, where S. alvi does not 

fully occupy the ileum, S. marcescens is able to fill in the available space (Fig. 4.8D). 

In CV bees, commensal bacteria form a dense layer that lines the host epithelium 

(Fig. 4.9A). One day after exposure, isolated S. marcescens cells are found scattered 

throughout this biofilm. Although S. marcescens is present, it does not seem to form large 

aggregates as it does in regions of the ileums of mono-colonized bees. It is possible that a 

more diverse gut community is capable of more fully exploiting spaces within the gut, 

allowing for greater exclusion of S. marcescens. In contrast, bees inoculated with 

Gilliamella spp., show no exclusion of S. marcescens from the bacterial biofilm within 

the ileum (Fig. 4.9B). 

DISCUSSION 

S. marcescens is a bacterial pathogen of honey bees, as well as many other 

animals, and is frequently found in honey bee hives at low levels (El Sanousi et al., 1987; 
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Grimont & Grimont, 1978; Raymann et al., 2017). Though deadly when introduced 

directly into the hemolymph by Varroa mites, many S. marcescens strains are not lethal 

when ingested (Gliński & Jarosz, 1992; Grimont & Grimont, 1978). However, S. 

marcescens has been detected in the hemolymph of bees that died after oral exposure, 

suggesting that some strains may travel from the gut to the hemolymph, though the 

mechanism through which this occurs is currently unknown (Raymann et al., 2018). 

Furthermore, these strains are significantly more pathogenic in bees whose native gut 

flora has been perturbed by exposure to antibiotics (Raymann et al., 2017, 2018) or 

agrochemicals (Motta et al., 2018). It therefore seems likely that gut microbiota improves 

host survival by directly antagonizing S. marcescens or by acting as a physical barrier 

that reduces access to host tissues.  

In this study, S. marcescens kz11, a pathogenic isolate from bees, persisted in the 

guts of MF bees and bees with a perturbed gut community, but was rapidly eliminated 

from the guts CV bees, indicating that the gut microbiota substantially contributes to 

elimination of this pathogen. It is possible that part of this effect is due to stimulation of 

the host immune system by the commensal community. Kwong et al. found that the 

antimicrobial peptides (AMPs) apidaecin and hymenoptaecin are upregulated in CV bees 

relative to MF bees, but Raymann et al. found no difference in expression of these AMPs 

between CV bees and CV bees exposed to S. marcescens, suggesting that this pathway is 

not part of a host response to S. marcescens in the gut (Kwong, Mancenido, et al., 2017; 

Raymann et al., 2018). We found that S. marcescens abundance was decreased in bees 

colonized by single gut taxa, but not to the extent seen in CV bees, indicating that 

colonization resistance is synergistic and requires the participation of multiple 

community members.   
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It is likely that elimination of S. marcescens from the guts of CV bees is due 

largely to direct effects of the microbiota. The compartments that comprise the honey bee 

gut are colonized by different gut taxa and present different challenges to a potential 

pathogen. The midgut is likely to present a physical obstacle to pathogen colonization via 

shedding of the peritrophic matrix. The ileum may be more vulnerable, but is occupied by 

Gram-negative bee gut bacteria, S. alvi and Gilliamella spp. (Martinson et al., 2012). We 

used FISH microscopy to visualize the distribution of S. marcescens in the ileums of bees 

colonized by S. alvi, Gilliamella spp., or a conventional gut microbiota. In these images, 

we see that S. alvi forms a biofilm that may physically block access to the host epithelium 

and constrain the expansion of S. marcescens. In our experiments, establishment of 

Gilliamella spp. alone was not sufficient to compete for space with S. marcescens. S. alvi 

and G. apicola also encode T6SSs (Steele et al., 2017) that they may use to directly 

antagonize S. marcescens, but this has not yet been tested. The gut microbiota may also 

limit S. marcescens abundance by competing for nutrients or changing the chemical 

environment of the gut. For instance, the presence of the microbiota reduces oxygen 

availability, pH, and redox potential within the bee gut (Zheng et al., 2017). Additionally, 

Lactobacillus spp. are highly abundant in the honey bee rectum (Martinson et al., 2012) 

and are likely to produce antimicrobial molecules. Though this trait is not well 

characterized in species associated with honey bees, Lactobacillus species are common 

probiotics for treatment of Clostridium difficile infections in humans (Auclair et al., 2015; 

Goldstein et al., 2017; McFarland et al., 2018). It is also not unusual for gut microbes to 

have a synergistic effect on colonization resistance. In locusts, reduced colonization by S. 

marcescens was observed in hosts inoculated with two or three locust gut isolates 

compared to MF hosts or hosts inoculated with one isolate (Dillon et al., 2005). This may 

happen because gut microbes contribute to colonization resistance through different 
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mechanisms. However, the spatial organization of bee gut microbiota may also help to 

explain why no single species can recapitulate the ability of the natural community to 

exclude S. marcescens.  

As the microbiota provides a substantial obstacle to colonization of the bee gut by 

S. marcescens, we hypothesized that the ability to antagonize gut commensals might be 

important for colonization and pathogenicity. T6SSs have been shown to facilitate 

antagonism of a commensal community by opportunistic pathogens in mice (M. C. 

Anderson et al., 2017; Sana et al., 2016). However, in this study, we show that Serratia 

marcescens kz11, an opportunistic pathogen of insects, has two T6SSs that do not make a 

detectable difference in its ability to proliferate or persist in the honey bee gut in the 

presence of the gut microbiota. The T6SS-1 locus is present in a large proportion of 

sequenced Serratia genomes, but is likely not expressed under the conditions we tested, 

as we do not see any difference between WT and ∆tssE1 in ability to colonize the bee gut 

or to antagonize bee gut isolates, E. coli, or other S. marcescens strains. Our results 

indicate that T6SS-2 is not important for colonizing the bee gut, but is used to antagonize 

E. coli and other S. marcescens strains. The antibacterial properties of T6SS-2, which is 

similar to the T6SS of S. marcescens Db11, are consistent with previous studies of T6SS 

structure and function in this strain (Murdoch et al., 2011). Gerc et al. determined that 

Db11 cells fire a T6SS multiple times per hour and that firing is not dependent upon cell 

contact (Gerc et al., 2015). Therefore, it seems unlikely that the lack of T6SS-mediated 

killing in competitions of S. marcescens kz11 with S. alvi and Gilliamella strains is due 

to a lack of T6SS activity. Potential competitors are sometimes protected from T6SS-

mediated killing by immunity genes, which confer resistance to their cognate toxins. 

Horizontal transfer of T6SS-associated toxin and immunity genes may be common 

among coevolved members of a host-associated community. Indeed, such events have 
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been observed between human gut microbes (Ross et al., 2019; Verster et al., 2017) and 

within the bee gut microbiota (Kwong et al., 2014; Steele et al., 2017). However, it is also 

possible that some or all of the toxins secreted by S. marcescens have limited target 

ranges and are not effective against bee gut symbionts. For example, a subset of toxins 

secreted by S. marcescens Db11 contain disulfide bonds and are dependent upon a DsbA 

protein encoded by the target cell for proper folding (Mariano et al., 2018). Such toxins 

are likely to affect other S. marcescens strains, but may not be functional within more 

distantly related organisms. Ultimately, the factors that constrain the utility of T6SSs are 

still not fully understood. 

CONCLUSION 

Antagonistic interactions between pathogens and commensal microbial 

communities are likely to significantly affect severity of infection within many host 

systems. There is widespread interest in the role of T6SSs in mediating antagonistic 

interactions between bacteria and, in a few cases, pathogen T6SSs have been shown to be 

important for competing with commensals during infection. In this study, we show that 

the opportunistic pathogen S. marcescens is rapidly eliminated from the honey bee gut 

when the bee gut microbiota is present. Though S. marcescens possesses a well 

characterized, anti-bacterial T6SS, it is unable to use its T6SSs to antagonize Gram-

negative members of the bee gut microbiota. This limitation may be part of the reason 

why S. marcescens is an opportunistic pathogen that rarely infects insect hosts through an 

oral route. Instead, it seems likely that these T6SSs are adapted for competition with 

other S. marcescens strains outside of a host environment. This is an important 

consideration for understanding the ecology of S. marcescens and other opportunistic 

pathogens, which may often lack strategies for handling host-associated bacteria.  



 137 

METHODS 

Bacterial strains, plasmids, and culture conditions 

Strains and plasmids used in this study are listed in Table 4.1. E. coli strains 

DH5a, EC100Dpir, and MFDpir and S. marcescens strains kz11, Db11, and kz19 were 

grown on solid LB plates at 37ºC or in liquid LB at 37ºC, 225rpm. Snodgrassella alvi 

wkB2, Gilliamella apicola wkB7 and PEB0154, and Gilliamella apis PEB0162 and 

PEB0183 were grown on heart infusion agar supplemented with 5% sheep’s blood at 

35ºC in 5% CO2. Lactobacillus Firm-4 DSM 26254 and DSM 26255 and Lactobacillus 

Firm-5 wkB8 and wkB10 were grown in MRS broth at 35ºC in 5% CO2. When 

necessary, media were supplemented with appropriate antibiotics: 50µg/ml Kanamycin 

(Km), 20µg/ml Chloramphenicol (Cm), 60µg/ml Spectinomycin (Sp), 100µg/ml 

Carbenicillin (Cb), 12.5µg/ml Gentamycin (Gm), 100µg/ml Rifampicin (Rif), 15µg/ml 

Tetracycline (Tet), 1µg/ml Anhydrotetracycline (ATc)) or with 2,6-Diaminopimelic acid 

(DAP, 0.3mM).  

Identification of T6SS genes in bee gut S. marcescens isolates 

Many of the genes encoding core structural components of the T6SSs were 

identified through RAST (Aziz et al., 2008) and NCBI automated genome annotation 

pipelines. Other genes were identified based on proximity to annotated genes and synteny 

with annotated T6SS loci from other S. marcescens strains. BLAST 2.6.0 (Camacho et 

al., 2009) was used to identify strains with similar T6SS loci. Geneious 10.1.3 (Kearse et 

al., 2012) was used to visualize T6SS loci.  
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Construction of T6SS-deficient mutants 

To create isogenic strains of S. marcescens kz11 with inactive T6SSs, in frame 

deletions were made in core structural genes by replacing the target gene (tssE1, tssH1, 

tssE2, or tssH2) with an antibiotic resistance marker. A similar method was used to insert 

an antibiotic resistance marker downstream of T6SS-1 to generate a kanamycin-resistant 

strain with a wild type phenotype. Plasmids carrying sequences for allelic exchange were 

constructed through Golden Gate assembly, as previously described (Lee et al., 2015; 

Leonard et al., 2018). Approximately 1kb regions upstream and downstream of the target 

gene were amplified by PCR with Phusion polymerase. A six-part golden gate assembly 

with NEB BsaI-HFv2 and Promega T4 DNA Ligase was used to assemble PCR products 

into homology cassettes, with the upstream and downstream regions flanking an 

antibiotic resistance gene (either KmR from pBTK229 or CmR from pYTK001-CmR), 

which were in turn flanked by BsmBI sites from pYTK002 and pYTK072, in a ColE1-

AmpR backbone (pYTK095). Assembly products were used to transform E. coli DH5a 

and Sanger sequencing was performed to verify assemblies. 

An allelic exchange vector with a marker for counterselection (pCS1) was 

constructed by cloning tse2 and tetR genes, for tetracycline-inducible expression of the 

toxin Tse2, from pAOJ15 (Armbruster et al., 2017) into suicide vector pBTK599s. 

Golden Gate assembly with NEB BsmBI and Promega T4 DNA ligase was used to 

transfer the homology cassette into pCS1. Golden Gate assembly products were 

transformed into E. coli EC100Dpir. Plasmid DNA was purified from clonal cultures, 

assembly was verified by PCR and Sanger sequencing, and plasmids were transformed 

into the donor strain E. coli MFDpir, a DAP auxotroph, through electroporation.  

Allelic exchange plasmids were transferred into the recipient strain through 

conjugation. Donor strains were grown overnight in LB with DAP, Sp, and either Km or 
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Cm. The recipient strain was grown in LB without antibiotics. Both donor and recipient 

washed three times with phosphate buffered saline (PBS), then mixed in a 1:10 ratio and 

spotted on LB DAP plates. Conjugations were incubated at 37ºC for 6 hours, at which 

point cells were collected, washed three times with PBS, and spread on LB with Km or 

Cm. After overnight incubation at 37ºC, colonies were collected and streaked out on LB 

plates containing Tet, ATc, and either Km or Cm to select for cells in which a second 

recombination event had excised the plasmid backbone from the bacterial genome. PCR 

was used to verify replacement of the target gene using one primer that anneals within the 

antibiotic resistance gene and a second primer that anneals outside of the region of 

homology used to construct the homology cassette.  

Site-specific integration of gentamycin resistance cassette 

The mini-Tn7 system was used to insert a gentamycin resistance cassette into the 

genomes of E. coli K12 and G. apicola wkB7. Triparental conjugations were performed 

as previously described (Choi & Schweizer, 2006) using the pTNS2 helper plasmid and 

E. coli MFDpir (Ferrières et al., 2010) as the donor strain.  

In vitro competition assays 

S. marcescens strains were grown overnight on LB plates supplemented with 

antibiotics. For competitions with E. coli as a target strain, E. coli K12-Tn7-GmR was 

grown overnight in liquid LB. Cells were suspended to an OD of 0.5 in LB, 100µl 

attacker was mixed with 25µl target, and 25µl of the mixture was spotted on LB in 

triplicate. Cells were collected after 4 hours and suspended in 500µl PBS. 1:10 serial 

dilutions were prepared and 10µl of each dilution was spotted on LB and LB 

supplemented with Gm. 
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 For competitions with bee gut microbes, bee gut isolates were grown on blood 

HIA for 2 days, then colonies were scraped from the surface of the plate and collected in 

PBS. Cell suspensions were diluted to an OD of 1 and target and attacker were mixed 

with a 1:1 ratio. 20µl droplets were spotted onto sterile nitrocellulose filters placed on 

blood HIA and incubated at 35C in 5% CO2. After 6 hours, nitrocellulose filters were 

collected from plates, placed in tubes with 500µl PBS, and vortexed to suspend cells. 

Serial dilutions were prepared and then spotted in triplicate on either blood HIA or LB 

plates containing appropriate antibiotics.  

For intraspecific competition assays, S. marcescens strains Db11, kz11, and kz19 

were domesticated on LB Rif plates. Two colonies were picked and RifR mutants were 

grown overnight at 37ºC. S. marcescens kz11 WT, ∆tssE1, ∆tssE2, and ∆tssE1∆tssE2 

were grown overnight on LB plates supplemented with antibiotics, then suspended in 

liquid LB. Cells were washed three times in PBS to remove antibiotics. Target and 

attacker ODs were adjusted to 1 and 10, respectively, and 100µl volumes of target and 

attacker cells were mixed. 25µl droplets were spotted on LB media. After 6 hours, cells 

were collected from plates and suspended in 500µl PBS. Serial dilutions were prepared 

and 10µl droplets of each dilution were spotted in triplicate on LB Rif. Data visualization 

and statistical analyses were performed with Prism 7. 

Honey bee experiments 

Microbiota-free bees were obtained by removing pupae, which naturally lack gut 

symbionts, from hives maintained by the lab, as previously (Powell et al., 2014). Bees 

were kept in sterile containers at 35ºC and supplied with filter-sterilized 1:1 sucrose 

solution and gamma-irradiated sterile pollen and exposed to gut bacteria within 48 hours 

of emergence. Conventionalized bees were obtained by collecting guts of nurse bees from 
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the original hive, homogenizing the guts in 600µl sucrose-PBS (25% sucrose, 50% PBS), 

and soaking sterile pollen in the gut homogenate solution. Bees were colonized with 

single strains or defined communities by growing bacterial cultures on blood HIA for two 

days, collecting cells in PBS, suspending 8x108 cells in sucrose-PBS, and adding this 

mixture to sterile pollen. Bees in the microbiota-free treatment group were provided with 

pollen soaked in sterile sucrose-PBS.  

S. marcescens strains were grown overnight on selective media, collected into 

sterile PBS, and suspended to an OD of 0.5 in 1:1 sucrose. Bees were immobilized by 

chilling and then split between sterile cages. Each cage was provided with 1ml of OD 0.5 

S. marcescens in 1:1 sucrose, while control cages were provided with sterile sucrose. 

After 24 hours, bees were immobilized, feeding tubes containing sucrose with S. 

marcescens were replaced with fresh tubes containing only sterile sucrose, and two bees 

were sampled from each cage. Bees were then sampled at 24 hour intervals, and sucrose 

was replenished as necessary. Preliminary experiments indicated that exposing bees to S. 

marcescens in sucrose solution over 24 hours did not result in greater variability in S. 

marcescens abundance in guts of individual bees than did hand-feeding a defined number 

of cells to each bee. 

To quantify S. marcescens abundance in bees, whole hindguts were dissected out 

of bees immobilized by chilling and homogenized in 200µl sterile PBS. 1:10 serial 

dilutions were prepared, and 10µl of each dilution was spotted in triplicate on LB 

supplemented with antibiotics. The resulting distribution of colonies was used to estimate 

the number of S. marcescens CFUs in the gut.  
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Quantification of bee gut symbionts  

For quantitative PCR (qPCR) measurements, DNA was extracted from gut 

homogenate using the CTAB method, as described previously (Powell et al., 2014). 

qPCR was used for absolute quantification of Gilliamella spp. and S. alvi, as previously 

described (Martinson et al., 2012) using primers Gamma1-459-qtF 

(GTATCTAATAGGTGCATCAATT) and Gamma1-648-qtR (TCCTCTACAATACTCTAGTT) 

and iTaq Universal SYBR Green Supermix (Bio-Rad Inc.) on an Eppendorf 

Mastercycler ep realplex. Quantification was performed in triplicate for each biological 

replicate.  

Fluorescence in situ Hybridization (FISH) microscopy 

Newly emerged honey bees were inoculated with S. alvi wkB2 (Sa), a mixture of 

G. apicola wkB1 and PEB0154 and G. apis PEB0162 and PEB0183 (Ga), nurse gut 

homogenate (CV), or sterile sucrose-PBS (MF) in pollen. After 5 days, bees were 

exposed to OD 0.5 S. marcescens kz11 or ∆tssE1∆tssE2 in sucrose solution for 24 hours. 

Bees were dissected 1 and 3 days after the end of exposure and guts were stored in 100% 

ethanol at -20C. Preserved ileums were fixed in Carnoy’s solution (60% ethanol, 30% 

chloroform, 10% glacial acetic acid) overnight at room temperature, washed three times 

in absolute ethanol, then xylene. Ileums were embedded in Tissue Prep paraffin 

formulation (FisherScientific) and cut into 7µm-thick sections using a Leica RM2245 

rotary microtome. Sections were mounted on FisherBrand SelectFrost Adhesion 

microscope slides. Slides were washed three times in xylene to remove paraffin, then 

rinsed three times with absolute ethanol and once with molecular grade water. 

Fluorescent probes specific to 16S rDNA sequences of S. alvi (beta-572-AlexaFluor 647, 

TTAACCGTCTGCGCTCGCTT, (Martinson et al., 2012)) and S. marcescens (sm420-
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AlexaFluor594, CCACCTTCCTCCTCGCT (this study)) were hybridized to sections 

overnight (20mM Tris-HCl, 0.9M NaCl, 0.01% SDS, 30% Formamide, 100µM each 

probe), as described previously (Engel, James, Rosalind R., et al., 2013). Sytox blue 

(50mM) or green (0.5mM) dyes were included in the hybridization buffer to label host 

and microbial DNA. Slides were washed in PBSTx (1X PBS, 0.3% Triton-X), SlowFade 

reagent (Invitrogen) was added, and a coverslip attached. Images were acquired using a 

Zeiss 710 confocal microscope and processed using ImageJ (Rueden et al., 2017; 

Schindelin et al., 2012).    
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TABLES 

Table 4.1. Bacterial strains and plasmids used in this study. 

Strains 
Escherichia coli DH5a Cloning host 
 EC100Dpir Cloning host for plasmids with R6K origin 
 MFDpir Donor strain for conjugations 
 K12  
 K12-Tn7-GmR Target strain for competition assays 
Snodgrassella alvi wkB2 Wild-type strain 
 wkB2-mariner-GmR Wild-type strain, neutral insertion of mariner 

transposon carrying GmR 
Gilliamella apicola wkB1 Wild-type strain 
 wkB7-Tn7-GmR Wild-type strain, site-specific insertion of Tn7 

transposon carrying GmR 
 PEB0154 Wild-type strain 
Gilliamella apis PEB0162 Wild-type strain 
 PEB0183 Wild-type strain 
Lactobacillus Firm-4 DSM 26254 Wild-type strain 
 DSM 26255 Wild-type strain 
Lactobacillus Firm-5 wkB8 Wild-type strain 
 wkB10 Wild-type strain 
Serratia marcescens kz11 Wild-type strain, prodigisin producing strain 
 SmN Insertion of KmR outside of T6SS loci 
 SmE1 ∆tssE1, KmR 
 SmH1 ∆tssH1, KmR 
 SmE2 ∆tssE2 , CmR 
 SmH2 ∆tssH2, CmR 
 SmC1 ∆tssC1, KmR 
 SmE1SmE2 ∆tssE1∆tssE2, KmR, CmR 
 SmH1SmH2 ∆tssH1∆tssH2 KmR, CmR 
 Db11 Spontaneous RifR mutant 
 kz19 Spontaneous RifR mutant 
   
Plasmids 
pUC18T-mini-Tn7T-Gm mini-Tn7 transposon carrying GmR 
pTNS2 Tn7 transposase  
pYTK001 Golden gate part plasmid, entry vector  
pBTK229 Golden gate part plasmid, KmR, type 3 part 
PYTK001-CmR Golden gate part plasmid, CmR, type 3 part plasmid 
pYTK002 Golden gate part plasmid, type 1 part 
pYTK072 Golden gate part plasmid, type 5 part 
pYTK095 Golden gate part plasmid, type 6-8 part 
pBTK599s Suicide vector with origin of transfer, GFP, SpR 
pAOJ15 Backbone for counter selectable plasmids, tetracycline-inducible tse2 

toxin gene  
pCS1 tetR-tse2 from pAOJ15 cloned into pBTK599s backbone 
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FIGURES 

Figure 4.1. S. marcescens is rapidly eliminated from guts of CV bees.  

Total S. marcescens kz11 abundance in the midgut and hindgut of bees with a 

conventional gut microbiota (CV), bees with a conventional gut microbiota that have 

been treated with tetracycline (Tet), microbiota-free bees (MF), or microbiota-free bees 

treated with tetracycline (MF Tet) after oral exposure to S. marcescens. Bees were either 

exposed to 4x108 S. marcescens cells ml-1 in sugar syrup for 1 day (ABC) or were hand-

fed approximately 4x106 cells (D). Individual bees were sampled immediately (B) or 1 

day after exposure (ACD). Abundance was quantified by counting CFUs. Box and 

whisker plot showing the minimum, first quartile, median, third quartile, and maximum.  

ANOVA – no significant difference between means of samples. 
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Figure 4.2. S. marcescens kz11 encodes two T6SSs, which differ in function. 

(A) Diagram of the T6SS loci in S. marcescens kz11 with structural genes in dark purple, 

auxiliary genes (such as adapters and effectors) in medium purple, genes for post-

transcriptional regulation in light purple, and hypothetical genes encoding proteins of 

unknown function in white. (B) Recovery of E. coli K12 Tn7-GmR CFUs after 4 h co-

culture with indicated S. marcescens strains or after growth without S. marcescens. 

Competitions began with approximately 107 E. coli cells and a 1:4 ratio of E. coli to S. 

marcescens. Ordinary one-way ANOVA with Holm-Sidak’s multiple comparisons test, p 

< 0.05. 
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Figure 4.3. T6SS-deficient S. marcescens strains do not differ from WT in fitness 
within the bee gut. 

(A-D) Fraction of bees infected with S. marcescens (top) and the abundance of S. 

marcescens in the midgut and hindgut (bottom) 1-4 days after exposure. Microbiota-free 

(MF) bees were exposed to (A) wild type S. marcescens (WT Sm) or to (B) S. marcescens 

∆tssE1∆tssE2 (T6SS- Sm). Conventionalized (CV) bees were exposed to (C) WT Sm or to 
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(D) T6SS- Sm. Abundance of S. marcescens mutants in (E) sucrose syrup fed to bees, (F) 

microbiota-free and conventionalized bees immediately after exposure, and (G) MF and 

CV bees 4 days after exposure. (H) Total abundance of S. marcescens mutants in the 

midgut and hindgut of CV bees, CV bees that have been treated with tetracycline (CV 

Tet), or microbiota-free bees (MF). Bees were hand fed approximately 4x106 cells of WT 

S. marcescens or S. marcescens ∆tssC1∆tssH2. Abundance was quantified by counting 

CFUs per bee. Box and whisker plot showing range, first and third quartiles, and median. 
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Figure 4.4. Persistence of S. marcescens in the guts of bees colonized by core gut taxa. 

Microbiota-free honey bees were inoculated with representative strains of core gut taxa 

(Lactobacillus sp. Firm-4 strains DSM 26254 and DSM 26255; Lactobacillus sp. Firm-5 

strains wkB8 and wkB10, S. alvi strain wkB2, G. apicola strains wkB1 and PEB0154 and 

G. apis strains PEB0162 and PEB0183), all isolates in combination, or homogenized gut 

of a bee collected from the hive. Bees were exposed to 4x108 S. marcescens cells ml-1 in 

sugar syrup 5 days after inoculation with gut bacteria. The abundance of (A) WT S. 

marcescens and (B) ∆tssE1∆tssE2 S. marcescens per bee was quantified 1 day after 

exposure by counting CFUs. Ordinary one-way ANOVA with Tukey’s multiple 

comparisons test. 
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Figure 4.5. “Conventional” communities differ in ability to confer resistance to S. 
marcescens. 

Age-controlled, microbiota-free honey bees from a single hive (hive 6) were inoculated 

with gut homogenate from a nurse bee from hive 1 (CV community 1) or hive 4 (CV 

community 2). After five days, bees were exposed to WT or ∆tssE1∆tssE2 S. 
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marcescens. The fraction of bees infected and the abundance of S. marcescens in the 

midgut and hindgut were measured 10 days after exposure. 
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Figure 4.6. S. marcescens kz11 uses a T6SS to antagonize G. apicola wkB7 in vitro, but 
not S. alvi wkB2.  

(A) G. apicola wkB7 and (B) S. alvi wkB2 CFUs recovered after co-culture with WT or 

∆tssE1∆tssE2 S. marcescens. Target CFUs were measured through plate counts on 

selective media. Letters indicate significant differences between treatment groups. 

Unpaired t-test with Welch’s correction, p < 0.05. (C) Gilliamella spp. and (D) S. alvi 

16S rDNA copies within guts of CV bees infected with WT or ∆tssE1∆tssE2 S. 
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marcescens. All bees were initially infected with S. marcescens. White circles and 

squares, no S. marcescens CFUs detected at sampling time. Black circles and squares, S. 

marcescens CFUs present.  
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Figure 4.7. S. marcescens kz11 uses a T6SS to antagonize other S. marcescens strains.  

Target CFUs were measured through plate counts on selective media. Letters indicate 

significant differences between treatment groups. One-way ANOVA with Holm-Sidak’s 

multiple comparisons test, p < 0.005. 
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Figure 4.8. S. marcescens interacts with S. alvi during infection of the bee gut.  

Microbiota-free bees were inoculated with S. alvi wkB2 and exposed to S. marcescens 

after 5 days. Bees were sampled 3 days after the end of exposure. S. alvi and S. 

marcescens were visualized using fluorescent probes that hybridize to 16S rRNA. (A) 

Cross-section of ileum from honey bee colonized by S. alvi (white) and WT S. 

marcescens (red). (B) Lower magnification image showing distribution of S. marcescens 
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throughout the ileum. (C and D) Cross-section of ileum from bee colonized by S. alvi and 

∆tssE1∆tssE2 S. marcescens (red). Nucleic acids stained with Sytox green show the 

locations of nuclei in host cells. 
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Figure 4.9. S. marcescens interacts with the microbiota during infection of the bee gut.  

(A) Cross-section of ileum of bee inoculated with gut homogenate (CV) and then 

exposed to WT S. marcescens (red). Sytox blue stain indicates the presence of host nuclei 

and bacterial cells, S. marcescens was visualized using a fluorescent probe that hybridizes 

to 16S rRNA. Bees were sampled 1 day after the end of exposure. (B) Cross-section from 

bee inoculated with Gilliamella apicola strains wkB1 and PEB0154, G. apis strains 

PEB0164 and PEB0183, and WT S. marcescens (red). Sytox green stain indicates the 

presence of host nuclei and bacterial cells. 
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Conclusion and future directions 

The research described in this thesis examined the role of type VI secretion 

systems (T6SSs) within the honey bee gut microbiota. Previous studies have shown that 

T6SS-mediated antagonism results in different outcomes in different bacterial 

communities. T6SSs sometimes allow one strain to dominate a niche within a host 

(Speare et al., 2018), but in other environments, multiple species encoding T6SSs are 

able to coexist (Ross et al., 2019; Wexler et al., 2016). The honey bee gut microbiota may 

represent both scenarios, with strains of the same species competing to dominate niches 

within the guts of individual bees (Ellegaard & Engel, 2019), while potentially 

antagonistic species co-colonize the gut and have coexisted within bees for millions of 

years (Kwong, Medina, et al., 2017; Martinson et al., 2012).  

As shown in chapter 3, T6SSs are found in all Gram-negative genera associated 

with the honey bee gut, except for low-abundance Alphaproteobacteria. Among Western 

honey bee (Apis mellifera) symbionts, T6SSs are typically vertically inherited and well 

conserved. The one exception to this occurs within Gilliamella, which diverged into two 

species in honey bees (Ludvigsen et al., 2018), one of which (G. apis) has lost its T6SS. 

Other social bee species, such as bumble bees (Bombus spp.), harbor gut symbionts 

closely related to those found in honey bees. Unlike most honey bee isolates, some strains 

isolated from bumble bees have lost ancestral T6SS genes, suggesting that differences in 

host biology or behavior may influence the retention of symbiont T6SSs. One 

explanation for this difference is that new honey bee colonies are formed when a hive 

splits and consist of many individuals, maintaining the microbial diversity of the hive, 

while bumble bee colonies are founded by a single queen, with only the symbiont strains 

present in her gut. Lower symbiont diversity within bumble bee colonies may reduce the 
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need to maintain costly T6SSs, while honey bee symbionts are likely subject to continual 

pressure to maintain competitive machinery.  

The mechanism by which multiple species with T6SSs are able to stably coexist is 

an important question for understanding the function of T6SSs in microbial communities. 

One possibility is that these species are protected against the effects of one another’s 

T6SSs through horizontal acquisition of immunity genes, but spatial organization of co-

occurring species may also reduce the effects of contact-dependent inhibition. Future 

work in the honey bee system might utilize T6SS-deficient mutants to determine whether 

bee gut microbes use T6SSs to kill or inhibit the growth of other symbionts. Comparison 

of elimination of target strains in vitro and in the bee gut could shed light on whether 

spatial organization within the gut reduces the effects of T6SS-mediated antagonism. It 

would be interesting to determine whether certain combinations of T6SS effectors 

influence which strains become dominant within the guts of individual bees. With T6SS-

deficient mutants, it would also be possible to test whether T6SSs affect the ability of one 

strain to displace another, which could also affect the frequency of host switching. 

Another interesting question is whether loss of T6SS genes contributed to speciation of 

G. apis by enforcing separation from other Gilliamella species and thereby reducing the 

rate of homologous recombination, or if the T6SS was lost after adaptation to a new 

niche. While it is not possible to differentiate between G. apis and G. apicola using 

probes that hybridize to the 16S subunit of the ribosome, other targets may allow for 

visualization of these species in situ and reveal whether these species occupy different 

spaces within the gut.  

As shown in chapters 2 and 3, bee gut symbionts encode many Rhs toxins, the 

majority of which are orphaned toxin domains. Most of these genes are clustered into loci 

with a gene encoding a full-length Rhs toxin at the 5’ end, followed by a cognate 
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immunity gene, then a series of orphaned toxin domains and immunity genes. This 

arrangement is characteristic of diversification through C-terminal displacement. Results 

presented in chapter 2 indicate that orphaned toxin genes in S. alvi are expressed and 

have anti-bacterial properties, despite the absence of a secretion domain that would allow 

the toxins to associate with the T6SS. It is possible that these orphaned toxin genes 

sometimes recombine with a gene containing a secretion domain, as has been observed in 

Salmonella enterica (Koskiniemi et al., 2014). Future work using experimental evolution 

of symbiont strains could provide greater insight into this aspect of toxin diversification. 

Furthermore, comparison of proteins secreted by WT and T6SS-deficient S. alvi strains 

(i.e., secretome analysis) could determine whether these truncated toxins are secreted 

through the T6SS, despite the absence of a conventional secretion domain. As described 

in chapter 3, Gilliamella spp. from bumble bees often encode full-length Rhs toxins, as 

well as orphaned toxin domains. In contrast, G. apicola strains encode only orphaned 

toxin domains, all of which are also found in S. alvi. This suggests that some Gilliamella 

isolates from bumble bees use Rhs toxins offensively as T6SS effectors, while closely 

related G. apicola strains acquire orphaned toxin domains, along with their cognate 

immunity genes, defensively from other symbiont species. Further experimental work is 

necessary to determine whether these orphan toxin domain/immunity gene pairs 

contribute to fitness in the bee gut. Both the distribution of toxin genes and phylogenies 

for these proteins suggest that Rhs toxins have been horizontally transferred between S. 

alvi and G. apicola, but the mechanism for this transfer and the frequency at which it 

occurs are not known.  

Another finding presented in chapter 3 is that Gilliamella species, as well as other 

Gammaproteobacteria associated with the bee gut, encode many vgrG genes, which 

appear to have arisen through duplication. As VgrG proteins often have specific 
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interactions with particular effectors, this diversity is likely to reflect an equal diversity of 

toxins. Different symbionts employ different strategies for toxin diversification, though it 

is not clear whether these differences are adaptive or if chance events directed each 

species down a different path towards toxin diversity. Mysteriously, some G. apis strains, 

which lack T6SS genes, encode Rhs and VgrG proteins that are distinct from proteins 

encoded by other bee gut symbionts. The origin and function of these proteins are not 

known. Most Apibacter isolates encode T6SS and rhs genes, but almost all of these rhs 

genes appear to be associated with a type IX secretion system (T9SS). Interestingly, some 

of the rhs genes in Apibacter spp. are found upstream of displaced C-terminal domains 

and small open reading frames that may be immunity genes, suggesting that Rhs proteins 

in Apibacter spp. are T9SS effectors that function as polymorphic toxins. Future work is 

likely to identify novel T6SS effectors in Apibacter spp. and reveal whether the T9SS has 

an antibacterial function.   

In many animals, commensal microbial communities prevent invasion by foreign 

bacteria, a trait referred to as ‘colonization resistance’ (Buffie & Pamer, 2013; García-

Bayona & Comstock, 2018). In honey bees, the presence of the gut microbiota reduces 

the pathogenicity of the opportunistic pathogen S. marcescens (Motta et al., 2018; 

Raymann et al., 2017). Furthermore, as shown in chapter 4, S. marcescens persists at high 

abundance within the guts of microbiota-free bees, but is rapidly eliminated from the guts 

of bees with a conventional gut microbiota. Colonization by individual gut taxa reduces 

the abundance of S. marcescens in the gut, but not to the same extent as the natural gut 

community. This may be partially due to spatial organization of the bee gut microbiota: 

since taxa occupy different niches, no one taxa can fully recapitulate the protective effect 

of the whole community. The mechanisms by which the gut microbiota excludes S. 

marcescens have not been identified. It is likely that competition for space or nutrients 
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plays a role, but direct interference (e.g., by symbiont T6SSs) may also contribute. 

Competition assays with T6SS-deficient symbiont strains would help to determine 

whether T6SS-mediated antagonism is important for elimination of S. marcescens from 

the bee gut.  

Previous studies have shown that some opportunistic pathogens are able to utilize 

a T6SS to perturb the gut microbiota and successfully infect a host (M. C. Anderson et 

al., 2017; Sana et al., 2016). S. marcescens kz11, a pathogenic isolate from honey bees, 

encodes two T6SSs. However, as shown in chapter 4, inactivating these T6SSs had no 

detectable effect on the abundance or persistence of S. marcescens in bees. It is not clear 

why T6SS-mediated antagonism of the native microbiota is a useful strategy for some 

opportunistic pathogens, but not for others. One possibility is that pathogen success is 

dependent upon the composition or structure of the commensal community, but 

differences in the diversity or enzymatic functions of toxins secreted by different 

pathogens may also help to explain this variability. Furthermore, it is not known why 

some bee gut species are resistant to the antibacterial effects of the S. marcescens T6SS. 

Possibly, these species have acquired cognate immunity genes for toxins secreted by S. 

marcescens through horizontal gene transfer, which may be more likely to occur if hives 

are frequently infected by S. marcescens strains with the same set of toxins. Comparison 

of immunity genes encoded by S. marcescens and bee gut symbionts would help to 

identify instances of horizontal transfer, while broader analysis of toxin and immunity 

genes from S. marcescens strains isolated from bees may provide insight into how 

frequently the gut microbiota encounters particular pathogen toxins. Another possibility 

is that bee gut symbionts have intrinsic resistance to some S. marcescens toxins, such as 

those that require DsbA encoded by the target cell in order to fold correctly (Mariano et 

al., 2018).  
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In conclusion, the honey bee gut microbiota presents a unique opportunity to 

study interbacterial antagonism within a simple and highly co-diversified bacterial 

community. The work presented in this dissertation identifies many potential avenues for 

future research. Future work on T6SSs of bee symbionts is likely to expand our 

understanding of the mechanisms by which the gut microbiota benefits host health. For 

example, symbiont T6SSs may help to enforce community stability, which would reduce 

the risk of loss of metabolic functions performed by certain strains and species, and may 

exclude foreign–potentially pathogenic–bacteria from the gut. Research on this topic also 

complements study of T6SS function in the murine gut, as well as other model systems, 

as it seems likely that T6SS-mediated antagonism is a convergent property of 

taxonomically dissimilar communities associated with very different hosts.  
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