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Abstract 
Animal bacterial symbioses are pervasive and underlie the success of many 

groups. Here, I study ecological and evolutionary factors that shape interactions 

between a host and gut associates. In this dissertation, I interrogate interactions between 

the carpenter ant (Camponotus) and its associated gut microbiota to ask the following 

questions: What are the resident microbiota of the Camponotine gastrointestinal tract? 

How does persistent gut association affect rates of molecular evolution in gut 

symbionts? How are gut microbiota transmitted between social hosts? How does gut 

community composition and structure vary across host development? What 

evolutionary factors facilitate adaptation to the gut? How do the genomes of gut 

associates respond to selective pressures associated with persistent gut habitation? I use 

a combination of next generation sequencing, anaerobic isolate culturing, computational 

modeling, and comparative genomics to illustrate evolutionary consequences of 

persistent host association on the genomes of gut associates. In chapter one, I 

characterize the gut community of C. chromaiodes and describe two novel lineages in the 

Acetobacteraceae (AAB). I demonstrate rapid evolutionary rates, deleterious evolution 

at 16S rRNA, and deep divergence of a monophyletic clade of ant associated AAB. In 

chapter two, I design a novel molecular tool to prevent amplification of nontarget DNA 

in 16S based community screens. I then use this tool to characterize the gut microbiota of 
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C. chromaiodes across several developmental stages and incipient colonies. I argue that 

highly similar bacterial profiles between a colony queen and offspring are indicative of 

reliable vertical transmission of gut bacteria. In chapter three, I isolate and culture two 

strains of AAB gut associates from C. chromaiodes, as well as an associate in the 

Lactobacillaceae, and perform whole genome sequencing. I use comparative genomic 

analyses to delineate patterns of genomic erosion and rampant horizontal gene transfer 

on AAB gut isolates that lead to genomes with mosaic metabolic pathways.  

Taken together, this dissertation establishes a new model system for assessing 

evolutionary consequences of symbioses with gut bacteria. These results provide novel 

insights into the repercussions of bacterial adaptation to a host gut tract. They establish a 

foundation to interrogate questions unique to persistent extracellular gut symbionts. 

Finally, they delineate distinct forces shaping the functional capacity of symbiont 

genomes: gene loss through reductive evolution and gene acquisition via horizontal 

transfer from diverse community members.  
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Introduction to the document 
Symbiotic interactions have had profound effects on the success of all life on 

Earth. Symbioses vary in nature, from parasitic to commensal and mutualistic, and occur 

across all kingdoms of life. In this dissertation, I focus on various types of symbioses that 

occur between animals and bacteria. Animals and bacterial associates engage in a range 

of relationships that shape the ecological interactions and evolutionary trajectories of 

both parties [1]. These relationships range from facultative to obligate and span a 

diverse range of physiological and evolutionary repercussions [2-5]. Obligate symbioses 

are generally mutualistic in nature, function to benefit both parties, and are typically 

integral to the development and reproduction of both partners [4]. These mutualisms are 

typified by binary partnerships between a host and bacterial associate, whereby the 

symbiotic bacterium is restricted to an endogenous host niche, has adopted an 

intracellular lifestyle, and has evolved to be dependent on host mechanisms for 

transmission and other essential functions [4]. In contrast to obligate symbioses, 

facultative associations vary widely in nature and can include parasitic [6], commensal 

[7], and mutualistic [8] interactions, with the distribution and transmission of facultative 

associates being much more sporadic [4]. Facultative associations may occur in intra- or 

extracellular settings and, while the evolutionary consequences of such associations are 

diverse [4], facultative associates are typically self reliant for reproduction and 

transmission. In this dissertation, I examine the ecological factors and evolutionary 
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pressures driving animal-bacterial symbioses. In chapter 1, I characterize a novel group 

of gut associated AAB inhabiting ants. In chapter 2, I delineate ecological factors 

structuring the transmission and development of gut communities in a social insect host. 

In chapter 3, I characterize the genomic consequences of persistent habitation of the gut 

environment.  

Insects engage in a diverse repertoire of relationships with bacterial associates [4, 

5, 9-12]. Several insect orders engage in ancient partnerships with obligate bacterial 

endosymbionts [13]. These symbioses share millions of years of coevolutionary history 

[14, 15] and often result in metabolic interdependence [16] between host and symbiont. 

Typically, obligate endosymbionts live intracellularly in specialized host cells or organs 

and are transmitted vertically by specialized host mechanisms [17]. Aside from 

physiological shifts, the evolutionary consequences of such associations have profound 

effects on mutualist genomes [18]. Persistent hallmarks of adaptive evolution on the 

genomes of bacterial mutualists include global patterns of genomic erosion and gene 

loss [18], AT nucleotide bias [19, 20], and accelerated evolutionary rates at 16S rRNA [9] 

and protein coding genes [21]. Recently, the study of extracellular gut associates of 

insects has uncovered similar trends as those seen in intracellular mutualists. Across 

various hosts, several studies have delineated parallel patterns of genomic reduction 

[22], shifts in functional capacity [23], and co-cladogenesis with the host species [10].  
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Ants are a remarkably successful group of social insects that host an expansive 

range of symbiotic bacteria. Here, I focus on symbiotic interactions between the 

carpenter ant, Camponotus chromaiodes, and associated bacterial partners. In addition to 

the their ancient mutualism [14] with the intracellular endosymbiont, Blochmannia [13], 

Camponotine ants sporadically host the facultative endosymbiont, Wolbachia [24], and 

persistently associate with specific members of their gut consortium [9, 25-27]. Recently, 

social interactions have been implicated as mechanisms for the transmission of 

persistent gut associates [5, 23, 28, 29]. Socially transmitted gut microbiota serve as 

interesting models for investigating community-level dynamics and selective pressures 

associated with persistent host association, as members of these communities undergo 

evolutionary pressures associated with adaptation to an endogenous host niche, as 

above, but also enjoy ample opportunity to interact and exchange genetic material with 

myriad other bacteria.  

In this dissertation, I use marker gene sequencing, computational modeling, 

microbiological techniques, and comparative genomics to delineate the following 

questions: What are the characteristic taxa inhabiting the gut of C. chromaiodes? How do 

gut associated communities vary between hosts? What are the evolutionary 

repercussions of persistent host association on gut bacteria? How are gut associated 

bacterial communities transmitted between interacting hosts? How do these 
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communities respond to temporal variation across host development? What are the 

genomic consequences of adaptation to the gut tract? 

In chapter 1, I characterize the bacterial communities associated with an 

abundant ant species, C. chromaiodes. While many bacteria showed sporadic 

distributions, some taxa were abundant and persistent within and across ant colonies. 

Specially, two AAB operational taxonomic units (OTUs; referred to as AAB1 and AAB2) 

were abundant and widespread across host samples. I performed dissection experiments 

to confirm localization of AAB1 and AAB2 in the C. chromaiodes gut tract.  Further, I 

found that multiple Camponotus species across varied geographical regions possess close 

relatives of the Acetobacteraceae OTUs detected in C. chromaiodes. Phylogenetic analysis 

revealed that AAB1 and AAB2 join other ant associates in a monophyletic clade. This 

clade consists of AAB from three ant tribes, including a third, basal lineage associated 

with Attine ants. This ant-specific AAB clade exhibits a significant acceleration of 

substitution rates at the 16S rDNA gene and elevated AT content. Substitutions along 

16S rRNA in AAB1 and AAB2 resulted in ~10 % reduction in the predicted rRNA 

stability. 

In chapter 2, I investigate the fidelity of transfer associated with social 

interactions by surveying thirteen incipient colonies of C, chromaiodes, known to house 

intracellular mutualists and the persistent extracellular gut associates I outline in chapter 

1. I present evidence that extracellular gut associates of C. chromaiodes are likely 
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transmitted vertically from a mother colony to a young queen and, subsequently, to her 

offspring via social interactions. Using 16S rDNA sequencing and a de novo designed 

peptide nucleic acid (PNA) clamp to block amplification of intracellular Wolbachia, I 

deeply characterize bacterial communities of incipient queens and workers, as well as 

across several larval and pupal developmental stages, and delineate dynamic shifts in 

community complexity and composition that structure gut microbiota. These results 

demonstrate that similar compositional signals from queens to progeny are the primary 

factor shaping gut community profiles, while shifts in community complexity, via 

acquisition of environmental microbes during host development, drive bacterial 

community structure to a lesser degree. Cumulatively, these results demonstrate that 

social interactions likely facilitate reliable vertical transmission of extracellular bacterial 

associates, which is a significant driver of adaptation between animals and gut 

microbiota.    

In chapter 3, I culture and characterize the genomes of gut associated AAB and 

Lactobacillaceae (LAB) in C. chromaiodes. These results delineate significant genomic 

erosion and genomic divergence in AAB. I elucidate rampant horizontal gene transfer in 

these associates and analyze the functional and taxonomic profiles of horizontally 

transferred genes. These data suggest that horizontally acquired genes are 

predominantly gammaproteobacterial in origin, with approximately 30% of those 

originating in the Rhizobiales. Functionally, genes associated with energy production 
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and conversion were far more abundant than any other class. Taken together, these 

results demonstrate how rampant horizontal transfer of genetic material between gut 

associates and reductive evolution lead to mosaic metabolic pathways and genomes. I 

perform phylogenomic analyses on distinct isolates of the gut associate, AAB2, and 

report deep divergence and monophyly echoing trends from 16S rRNA analysis. Finally, 

I show significant elevation of lysine exporters in the genomes of both strains and 

propose that L-lysine supplementation by AAB2 isolates may serve as a potential 

functional benefit for the host. I also uncover surprisingly high genomic divergence in 

gut associated LAB of C. chromaiodes, which otherwise does not show characterics of gut 

association. Cumulatively, these results illustrate dynamic patterns of genetic 

acquisition and erosion in response to persistent habitation of the gastrointestinal tract.  
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1. Deep divergence and rapid evolutionary rates in gut-
associated Acetobacteraceae of ants 
1.1 Introduction  

Associations between gut bacteria and their hosts have had profound impacts on 

the evolutionary trajectories of both partners [1]. These interactions have facilitated the 

success of many animal groups by providing key benefits to the host, such as 

contributions to host nutrition in termites [30], immune defense in moths [31], kin 

recognition in Drosophila [32], and toxin production in the antlion [33]. While fitness 

benefits for bacterial mutualists remain less obvious, adaptation to the gut environment, 

in some cases of a particular host species, has significant impacts on the evolution of gut 

associates.  

Among bacteria, inhabiting an animal gut can have a range of genomic 

consequences. These can include general adaptations that favor colonization of the gut 

environment and long-term signatures of coevolution with a specific host.  In murine 

models, increased bacterial mutation rates have been demonstrated to facilitate 

colonization of the gut niche by expediting adaptation [34]. Likewise, the genomes of 

acetic acid bacteria, a family of known insect symbionts [35], encode cytochrome bo3 

ubiquinol oxidase, which may facilitate survival across both normoxic and micro-oxic 

conditions encountered in the gut ecosystem [36-38]. Genomic studies of bee associates 

have reported syntrophic networks among bacterial mutualists and the presence of 

many genes that may facilitate gut colonization and cell-cell interactions [23].  These 
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traits, as well as vertical transmission, may mediate host specificity [23].  Furthermore, 

genetic characteristics of persistent gut associates can include AT-biased nucleotide 

composition, long-term accelerated molecular evolution, and reduced genome size; 

these trajectories in certain gut associates are similar to, albeit less extreme than, patterns 

observed in many obligate intracellular symbionts of insects [4, 5, 10, 22]. 

In light of the patterns above, gut-associated bacteria of insects represent 

intriguing candidates to explore genomic consequences of symbiotic transitions. Insect 

gut microbiota are less diverse than those found in vertebrate species with adaptive 

immune systems [4, 30, 39-42]. Within certain insect hosts, both individual bacterial taxa 

and whole communities have been reported to maintain a high level of host fidelity, 

resulting in relationships of remarkable stability over evolutionary timescales [10, 22, 23, 

39, 43-45]. Stable associations between insect hosts and extracellular gut associates have 

been described across several host orders and may offer valuable insights into genomic 

consequences of inhabiting the gut niche [5].  

These genomic consequences are profoundly influenced by transmission mode of 

a given symbiosis.  Broadly, extracellular gut associates of insects fall into three distinct 

transmission modes, which is a major determinant shaping symbiont genome evolution. 

These include environmental acquisition, social transmission, or specialized maternal 

transmission.  Examples of each transmission type, respectively, include 

environmentally acquired Burkholderia symbionts of bean bugs that localize to cavities 
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along the midgut (environmental acquisition) [11]; hindgut microbiota of bumblebees 

transmitted via trophallaxis and coprophagy (social transmission) [46]; midgut 

associates of stinkbugs transmitted via egg-smearing, symbiont capsules, or nutrient-

rich jelly secretions (specialized maternal transmission) [10, 22].  

Transmission mode may impact symbiont genome evolution for two main 

reasons.  First, while all gut associates likely have some requirement to survive outside 

of their host niche [5], the portion of the lifecycle spent outside of hosts may vary with 

transmission mode.  For instance, environmentally acquired symbionts may spend a 

considerable portion of their lifecycle outside of hosts; by contrast, strictly maternally 

transmitted microbiota are expected to spend nearly all of their lifecycle associated with 

hosts and thus become more specialized to the host niche, potentially leading to gene 

loss.  Socially transmitted microbiota may comprise an intermediate point along this 

spectrum, showing moderate levels of specialization to the host niche, though tempered 

by interactions with other bacteria or infrequent host switching.  

Second, distinct transmission modes are expected to generate varying levels of 

host-symbiont stability.  Environmentally acquired microbiota are expected to show 

least stability, maternally transmitted microbiota the most, and socially transmitted 

microbiota an intermediate level.  In agreement with this prediction, current studies 

suggest that host-symbiont phylogenetic congruence, while strongest under strict 

maternal transmission, is also significant under social transmission, suggesting that 
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sociality may promote vertical transmission [5, 44].  In this sense, socially transmitted 

microbiota may represent a transition between free-living existence and a stably 

inherited, host-reliant symbiotic lifestyle.   

Recent studies of gut microbiota suggest that distinct transmission modes indeed 

affect trajectories of symbiotic evolution.  Genome evolution under the most extreme 

symbiotic lifestyle of strict maternal transmission and obligate intracellularity provides a 

useful point of reference.  It is well known that hallmarks of long-term intracellularity 

include severe genome reduction, accelerated substitution rates, and (often) AT biased 

nucleotide composition [4]; these traits are likely explained by a combination of relaxed 

selective constraint, accelerated mutation rates, and strong genetic drift due to 

transmission-related bottlenecks in obligate endosymbionts [47]. Recent studies have 

demonstrated that extracellular, strictly maternally transmitted stinkbug symbionts 

show strikingly similar patterns of reductive genome evolution, suggesting that 

transmission mode -- rather than an intracellular existence per se -- is a major 

contributing factor [10, 22].  Such extreme reductive genome evolution may be 

constrained in most extracellular gut microbiota (albeit to varying degrees), due to 

metabolic requirements of free-living survival and occasional host-switching [5].  In 

agreement with that prediction, recent genomic studies have found that some gut 

microbiota show modest trends toward AT bias and genome reduction, especially 

among socially transmitted gut associates [5].  Additional studies of gut microbiota 
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across transmission modes are needed in order to understand how transmission affects 

bacterial lifecycles and resulting consequences on symbiont genome evolution. 

In this study, we survey the bacterial communities associated with an abundant 

eusocial insect, the red carpenter ant, Camponotus chromaiodes.  We characterize a novel 

group of Acetobacteraceae, or acetic acid bacteria (AAB), that dominate the C. 

chromaiodes gut community. We further demonstrate that these AAB occur in some 

additional Camponotus species screened here, and group phylogenetically with AABs 

detected in prior studies of other ants.  The ant-AAB association represents a useful 

model for assessing the evolutionary consequences of persistent host association on gut 

microbes. AAB are known to colonize gut-associated niches across numerous insect 

species [35, 48, 49], putatively aiding in a range of faculties from metabolite digestion to 

protection from pathogens. AAB often thrive in the slightly acidic (pH range of 4.5-6.5), 

micro-oxic gut environment, where they establish tight associations with the gut 

epithelium, provision various polysaccharides contributing to biofilm formation, and 

help to structure the gut community by decreasing pH and excluding pathogens [35].  

Through a broader phylogenetic analysis of these Camponotus AAB and other 

AAB lineages, we present the first evidence of a novel, monophyletic, and deeply 

divergent clade of ant-associated gut microbiota positioned in the Acetobacteraceae. We 

found that the 16S rDNA gene of these ant-associated AAB shows accelerated nucleotide 

substitution rates, elevated AT content, and decreased predicted stability of the rRNA 
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secondary structure.  These features resemble patterns found in coevolved, socially-

transmitted gut associates of bumblebees [29].  Such patterns have not been found in 

other well studied ant associates, such as Opitutales taxa often associated with Cephalotes 

hosts [45, 50, 51], as we demonstrate here. These results suggest that AAB may form a 

persistent association with ants, with significant impacts on the evolutionary trajectory 

of these bacteria.  

 

1.2 Results  

1.2.1 The gaster microbiota of C. chromaiodes is largely dominated 
by two Acetobacteraceae (AAB) OTUs 

To characterize the microbiota of Camponotus chromaiodes, sequencing of the V4 

and V5 regions of 16S rDNA was performed using the Ion PGM instrument.  We 

estimated the empirical error rate of PGM amplicon sequencing by including E. coli 

DH10B in library construction and Ion PGM sequencing.  Results supporting a low 

empirical error rate for length-filtered data are provided in Table 4 and Appendix A.  

Amplicon sequencing provided a snapshot of bacterial groups associated with C. 

chromaiodes.  Table 1 shows the number of reads and number of OTUs per sample, for 

those OTUs comprising > 1% of total reads. Samples included three replicates of 3-5 

pooled minor workers, from each of six ant colonies (Table 5). For four of these colonies, 

we included the colony queen.  
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All pyrosequencing datasets were dominated by the intracellular bacteria 

Blochmannia and Wolbachia, both known to associate with Camponotus [52, 53]. In a 

previous analysis of 16S rDNA amplicons, Blochmannia typically constituted 95-98% of 

reads, far outnumbering even Wolbachia (unpublished data).  In this study, an initial step 

of digesting amplicons with a Blochmannia-specific restriction enzyme (PacI) reduced the 

abundance of Blochmannia reads substantially, to 7.5%.  We suspect these remaining 

Blochmannia sequences were due to incomplete PacI digestion of Blochmannia 16S rDNA.  

Since the Wolbachia 16S rDNA sequence does not contain a PacI restriction site, it was 

not depleted by the digestion and remains the dominant OTU (92% of all reads). Neither 

of the intracellular symbionts are thought to be members of the extracellular gut 

microbiota: Wolbachia display weak tropism for the gut but do not inhabit the gut lumen 

[54, 55]; Blochmannia are housed in specialized host cells intercalated among the gut 

epithelium and ovaries [17]..  

Because the vast majority of sequence reads matched the endosymbionts 

Blochmannia or Wolbachia, our sampling of other bacterial groups had low coverage 

(median of 27 non-endosymbiont reads per sample; Table 1).  Even so, several striking 

patterns emerged when analyzing the non-endosymbiont OTUs.   At the level of ant 

colony, Proteobacteria and Actinobacteria were the only stable phyla, consistently 

present across one or more samples per colony. Accounting for most of the widespread 

distribution of Actinobacteria was a Nocardia sp. distributed across 35% of minor 



 

 14 

workers and all four queen samples; the total representation of Nocardia amounted to 

4.6% of non-endosymbiont reads.  Within the Proteobacteria, the class 

Alphaproteobacteria was dominant in most samples, comprising 75-100% of 

Proteobacteria in nearly all samples (Table 1).  This trend is largely explained by the 

high abundance of two distinct OTUs in the family Acetobacteraceae.  At least one of 

these OTUs was detected in 20/22 (91%) of samples.  They dominate the non-

endosymbiont OTUs detected, comprising 79.8% of that bacterial community (AAB1: 

52.8%, AAB2: 27%; Table 1). 
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Table 1: Abundance (read count) of Bacterial OTUs detected in Camponotus chromaiodes.  Read counts are based on 16S 
amplicon sequencing.  "-" indicates zero reads detected.  Endosymbiont reads (Blochmannia and Wolbachia) have been removed 
from the read counts shown.   Only OTUs comprising > 1% of total reads are shown. Each worker sample represents a pool of 3 - 
5 surface-sterilized whole gasters. Colonies are demarcated by a dashed line.  The total % contribution of each OTU (right-most 

column) reflects the total read count of that OTU, among the 1,557 non-Blochmannia, non-Wolbachia reads for all 22 ant samples, 
after excluding OTUs <1%. 
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1.2.2 AAB are localized to the Camponotus gut tract 

Because we chose to use whole gasters (rather than dissected gut tracts) to 

characterize the gut microbiota via pyrosequencing, we assessed the efficacy of our 

sterilization protocol (#1) and another standard protocol for removing exogenous 

bacterial cells or DNA that could adhere to the cuticle (#2).  We also assessed the relative 

bacterial load expected for unsterilized specimens. After extracting gDNA from 

dissected tergite pools (portions of the gaster cuticle), we screened for the presence of 

bacterial 16S rDNA via PCR with universal bacterial primers (9F and 1046R) [56]. 

Neither sterilization approach (#1 or #2; see Methods) yielded detectable amounts of 

gDNA via absorbance measurement at 260nm, though both samples yielded positive, 

albeit very weak, PCR amplification Conversely, unsterilized tergite segments yielded 

detectable levels of gDNA for both assays; detectable gDNA via absorbance at 260nm 

suggests much higher amounts of bacterial DNA in the unsterilized samples, suggesting 

that both sterilization techniques were effective in removing bacterial DNA. However, 

positive amplification of 16S rDNA from sterilized tergite samples suggests that the 

source of bacterial DNA was due to incomplete removal of bacterial cells or DNA 

during sterilization, or an artifact acquired during DNA extraction, as extraction kits are 

not sterile [57].  

In order to determine the host tissue in which AAB reside, we performed PCR on 

various samples with AAB-specific primers.  We found that the tergite pools described 
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above, regardless of sterility, did not yield detectable amplification of either AAB1 or 

AAB2.  This rules out the possibility that AAB1 and AAB2 detected here reflect bacterial 

DNA on the cuticle or in the DNA extraction kit (as the kit was used to prepare tergite 

DNA).  Conversely, AAB1 and AAB2 were successfully amplified from dissected whole 

gut tracts (fore-, mid-, and hindgut combined) from individual worker ants, collected 

the same day and surface sterilized following approach #2. Sequences of resulting PCR 

products were identical to sequences detected through pyrosequencing. Thus, in our 

description of the C. chromaiodes microbiota below, we are confident that AAB1 and 

AAB2 can occur in the host gut.  However, the other OTUs detected through amplicon 

pyrosequencing (Table 1) could conceivably occur in the gut, elsewhere in the gaster, or 

on the cuticle.  Three lines of evidence argue against these OTUs being contaminants of 

the DNA extraction kit: (i) their presence varied across biological samples (all of which 

were extracted with the same kit; (ii) nearly all OTUs belong to genera that are not 

among the bacterial groups that are known kit contaminants [57]; (iii) related OTUs in 

many samples have been detected in the gut of other ant species (see Discussion). 

 

1.2.3 Strain-level variation occurs within AAB OTUs, and screens 
across host species and geographic regions. 

We analyzed the genetic diversity within each AAB OTU at the V4-V5 regions 

from data generated by Ion PGM sequencing. Within the AAB2 OTU,, we detected two 

nucleotide polymorphisms in the V4-V5 of AAB2 Each had an overall frequency of 
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3.95% in the read dataset, far above for the frequency expected for sequencing errors 

(average substitution error frequency of 0.34%; Table 4). Due to the relatively short 

length of the V4-V5 amplicon (~400 bp), we did not include the AAB2 variant in 

phylogenetic analyses of near full-length sequences. PCR-based screens of additional 

Camponotus species from distinct geographic locations were conducted to assess the 

prevalence of the ant-AAB relationship. Our screens, confirmed via Sanger sequencing, 

demonstrated that AAB1 was present in C. pennsylvanicus and C. castaneus from the 

northeastern US (Massachusetts) and C. castaneus from North Carolina (Table 6). AAB2 

was found only in C. chromaiodes from colonies that originated in North Carolina (Table 

6). 

For select samples in this cross-species screen, we amplified and (Sanger) 

sequenced a longer region of the 16S rDNA gene, using a combination of OTU-specific 

and general bacterial primers.  AAB1 from one isolate of Camponotus castaneus (854.4; 

Table 6) showed two polymorphisms in the V2 region, when compared to the AAB1 

sequence from C. chromaiodes.  One polymorphism reflected a clear nucleotide transition, 

and the second reflected a mixed base signal, indicating a G/A sequence polymorphism 

within the C. castaneus individual sampled.  At this position, chromatograms from both 

sequencing orientations showed a greater fluorescent intensity for G, as compared to A 

(the consensus base in the C. chromaiodes sequence).  This AAB1 variant from C. castaneus 

is included in the phylogeny presented (Figure 1). 
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1.2.4 Camponotus-associated AABs join other ant associates in a 
deep, well-supported clade 

 Phylogenetic analyses of 16S rDNA sequences showed that AAB1 and AAB2 

group together, along with other Acetobacteraceae OTUs sampled from ant hosts or ant 

nests.   This group of ant-associated Acetobacteraceae form a deeply divergent, 

monophyletic clade that is well supported based on Bayesian analysis (1.0 posterior 

probability; Figure 1) and maximum likelihood analysis (100% bootstrap support, Figure 

15 ).   

Based on current sequence data available from the Ribosomal Database Project 

(RDP), [58] this clade apparently lacks any non-ant associates.  That is, among the RDP 

16S rRNA database (>3 million sequences), including environmental isolates and plant 

and animal associates, we did not detect any non-ant associated sequences that were 

putative congeneric bacteria (>95% similar) with the ant AAB.  By comparing near full 

length 16S rDNA representative sequences to the entire RDP database, we found that 

Camponotus gut isolates were the only sequences with an aligned similarity score greater 

than 92.6% to AAB1, or greater than 94.4% for AAB1.  For the Attine AAB lineage, the 

closest non-ant relative had an aligned similarity score of 92%. To determine if any 

sequences in RDP would conflict with the monophyly of the ant-associated AAB clade, 

we chose 60 sequences that showed the highest sequence similarity to AAB1, AAB2, 

and/or the Attine-associated AAB via SeqMatch, as well as select sequences that we 

found to be close relatives in the Bayesian and ML analyses, here. We subjected these 
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sequences to alignment and simple distance-based tree reconstruction, within RDP.  

Only ant-associated bacteria grouped with each of the three sequences above.   The RDP 

tree supported the grouping of AAB1 and AAB2 together.  While the analysis could not 

resolve the position of Attine AAB, the RDP results do not conflict with the monophyly 

of the three lineages demonstrated by the more extensive Bayesian and ML analyses in 

this study.  

As expected of a single-gene phylogeny, some relationships in the Bayesian and 

ML analyses were not well resolved.  For instance, while this ant-associated AAB clade 

was extremely well supported, the identity of its sister clade was not well resolved. 

Albeit with weak support (posterior probability of 0.61), Bayesian analysis suggests the 

sister group includes Alpha-2.2 symbionts described across various bee taxa [59], as well 

as other bee associates (Figure 1).  ML analysis was unable to resolve this and other 

relationships (Figure 15).   

To ensure that we could accurately assess relative substitution rates (below), we 

used an alignment of fewer taxa to generate a robust maximum likelihood tree, as a 

guide for substitution rate analysis (Figure 2). Phylogenetic reconstruction was based on 

an alignment of 1,333 unambiguous nucleotide positions of 16S rDNA. Most nodes were 

well supported, and all relationships were identical between maximum likelihood 

(Figure 2) and Bayesian (Figure 16) approaches.  
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Figure 1: Bayesian phylogeny of Acetobacteraceae 16S rDNA.  Bayesian 
inference was based on the GTR + Γ + PInv model of nucleotide substitution and 

analyses run for 10,000,000 generations. Values at nodes reflect posterior probabilities 
after a 25% burn-in.  Taxa are colored based on lifestyle and host group: monophyletic 

ant-specific AAB clade (green); gut associates of various insects (orange); free-living 
taxa (black). The host name is listed after the taxon ID. 16S rDNA sequences of AAB1 
from C. chromaiodes and C. castaneus (both included in the tree shown) differ by two 

nucleotides.Sequences of AAB1 from C. chromaiodes and C. pennsylvancus were 
identical over the region sequenced (E. coli coordinates 828-1046). Roseomonas terrae 

is the outgroup. 
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Table 2: Comparison of molecular clock models and relative substitution rates 
of 16S rDNA. All likelihood values were calculated using PAML4.  The tree shown in 

Figure 2 was used to calculate relative rates and the likelihood scores for the global 
clock model and both local clock models. The null hypothesis of each comparison was 
a global clock (uniform rates) model. Clade IDs correspond to those listed in Figure 2.  

All rates are relative to the rest of the tree, without the inclusion of the outgroup 
taxon, Roseomonas terrae. Abbreviations: DF, degrees of freedom; LR, likelihood 

ratio. 

 

 

1.2.5 The ant-associated AAB clade evolves several-times faster than 
other Acetobacteraceae 

We tested several molecular clock scenarios to determine the likelihood of 

distinct rates across this phylogeny (Table 2). Allowing a distinct rate for the ant-

associated AAB clade (Clade B in Figure 2, Table 2) resulted in a significant 

improvement in likelihood score, when compared the null hypothesis of a global clock 

(uniform rate) (p<10-30).  The same analysis also estimated a 7.6-fold rate increase in 

Clade B, compared to the single rate inferred for all other lineages.  This clear result 

argues for a statistically significant, several-fold rate increase in the ant-associated AAB 

clade, compared to a single rate calculated for all other lineages.  

To explore rate variation within the ant-associated AAB clade, we compared an 

additional multi-rate model to the null of a global clock.  In this case, the local clock 

model defined three distinct rates: a distinct rate for both of Clades A and B (i.e., all 
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lineages within Clade B that are not part of subclade A), and a third rate for all other 

lineages (Figure 2, Table 2). This three-rate model was also significantly better than the 

uniform rate, and supports rate acceleration throughout the ant-associated clade.  

Specifically, under this model, Clade A was found to have a 8.9-fold rate increase, and 

(the remainder of) Clade B a 6.1-fold increase.  Despite increased resolution, this model 

is only marginally more likely than the simpler, two-rate model.  Because within-clade 

rate heterogeneity can bias inferences of local rate estimation  [60], we cannot say 

whether it is significantly better than the simpler two-rate model.  

 

1.2.6 Camponotus AABs show increased AT content and reduced 
RNA stability, comparable to known socially transmitted bacteria 

Normalized estimates of thermodynamic stability (Figure 3; Table 7) suggested 

that 16S ribosomal rRNA of both AAB OTUs were less stable than all free-living 

microbes analyzed.  The predicted stability of AAB1 and AAB2 is comparable to 

extracellular gut associates of other social insects, such as Snodgrassella alvi and 

Gilliamella apicola of bees (Figure 3; Table 7). These and other extracellular gut associates 

had higher stability than the intracellular or strictly maternally transmitted bacteria 

analyzed here. These values are based on the region of 16S rDNA corresponding to E. 

coli coordinates 16-1477. Notably, predicted stability of 16S rRNA molecules appears to 

be negatively correlated with AU content (Figure 3).  
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Figure 2: Maximum likelihood phylogeny of Acetobacteraceae 16S rDNA 
Alignment of 1,333 unambiguous nucleotide positions was performed with SSU-

align. The tree was reconstructed using a maximum likelihood approximation with a 
GTR + Γ + PInv model of nucleotide substitution. Node support was generated from 

1,000 bootstrap resamplings. Taxa are colored based on lifestyle and host group: 
monophyletic ant-specific AAB clade (green); gut symbionts of various insects 

(orange); free living taxa (black). Roseomonas terrae is the outgroup. Letters at select 
nodes correspond to nodes used for relative rate analysis, as listed in Table 2. 
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Figure 3: Relationship between AT content and normalized predicted free 
energy of 16S rRNA, showing the grouping of sequences by bacterial transmission 

mode. Free energy estimation was calculated using the Turner 2004 model. Analysis 
was based on the region corresponding to E. coli coordinates 16-1477. Colors indicate 
bacterial lifestyle.  Among extracellular gut associates, shapes indicate transmission 

mode (when known).  Note that bacterial associates group by transmission mode, 
rather than lifestyle. 
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1.3 Discussion  

Several lines of evidence support the hypothesis that Acetobacteraceae is a 

frequent gut associate in Camponotus species and perhaps other ant groups. First, 16S 

rDNA amplicon sequencing of local C. chromaiodes microbiota showed that at least one 

of two Acetobacteraceae OTUs (AAB1 or AAB2) occurred in most host samples analyzed 

and were present in both workers and mated queens. Second, although some of our 

samples were based on whole ant gasters, we confirmed through analysis of dissected 

samples that AAB1 and AAB2 indeed occur in the gut tract of C. chromaiodes.  Third, 

using AAB-specific PCR primers, we detected AAB1 in additional Camponotus species 

and regions: C. castaneus from North Carolina, and C. castaneus and C. pennsylvanicus 

from Massachusetts.  Fourth, our phylogenetic analysis documented that AAB1 and 

AAB2 belong to a deeply diverging, monophyletic clade that includes associates of 

diverse ant species (detailed below) and, based on current data, is restricted to ant 

associates (Figure 1; Clade B in Figure 2). This phylogenetic pattern suggests that the 

clade may be specialized for association with ants.  Fifth, at the 16S rDNA gene, 

molecular evolution of the ant-associated AAB clade exhibited trends that resemble 

stably inherited symbionts: significantly accelerated rates of evolution, AT-biased 

sequence composition, and (perhaps a result of AT bias) destabilization of predicted 

rRNA stability.  Combined, these data suggest the association of this AAB clade with 

ants may be specialized and quite old.  
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1.3.1 Monophyly of ant-associated AAB.  

In more depth, the ant-associated AAB clade contains two lineages that include 

OTUs (AAB1 and AAB2) that we amplified from C. chromaiodes and (in the case of 

AAB1) from C. castaneus and C. pennsylvanicus samples.  The detection of these two 

lineages in association with ants is not new.  Previous studies have identified ant 

associates that are closely related to AAB1, including a gut associate of C. japonicus [61] 

and a bacterial associate of Formica exsecta detected in a transcriptome analysis [26]. 

Previous work has also detected bacteria that are closely related to AAB2, including a 

dominant taxon in the crop of lab-reared Camponotus fragilis [25], a gut associate of C. 

japonicus [GenBank: KM974908.1], and another F. exsecta associate [26]. In addition, 

unpublished sequences from gut tissue of adult Cataglyphis bicolor [GenBank:KF419351] 

and Cataglyphis fortis [GenBank:KF419347] group robustly (posterior probability =1.0, 

unpublished data) with AAB2. These two sequences were not included in the final 

trees presented here, due to their relatively short sequence lengths.  In sum, while 

several studies have documented AABs in association with ants, often verifying their 

location in the gut tract, to our knowledge this is the first demonstration that various ant 

associated AABs form a monophyletic group and may represent a specific association 

with ants.  In light of these diverse associations with various ant groups, and the known 

role of Acetobacteraceae as gut symbionts in other insects [12, 35, 49], we propose that 
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these two AAB lineages may be beneficial gut-associated symbionts of Camponotus, and 

potentially of the subfamily Formicinae more generally.   

 Within the ant-specific AAB clade, a third, basal lineage consists of 

bacteria associated with Attine ants.  These samples include bacteria found 

within microbial assemblages of refuse dumps of Panamanian attine ants [62], 

and a related OTU from an unidentified source of Brazilian Atta laevigata 

[GenBank: KF248847]. In addition, this group includes an associate of the ant 

Megalomyrmex staudingeri, a social parasite of several Attine genera [63] (posterior 

probability = 1.0, unpublished data). (Sequence was not included in the tree 

presented, due to relatively short length.)  While further sampling is needed, the 

intriguing position of this third group as a basal lineage to known Formicinae 

associates above (AAB1, AAB2, and relatives) raises the possibility that an 

association between this clade and ants is ancient.  

Detection of a related AAB in attine refuse dumps is consistent with this bacteria 

being part of the gut microbiota, as dumps contain the bodies of dead workers [64] and 

are likely to reflect a mixed composition of microbial communities from various sources. 

While the context of the Atta-AAB association is unclear at this time, our combined 

analyses of AAB1 and AAB2 are consistent with trends observed in persistent gut 

associates rather than incidentally acquired from the environment, e.g., via forage fed 
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upon by ants.  Moreover, AAB1 or AAB2 have not been detected in previous screens of 

ant gardens or soil chambers [65]. Further arguing against incidental environmental 

acquisition, we found that among the numerous 16S rRNA sequences available in the 

RDP database, including those most similar to the ant-associated AAB, no non-ant 

associated bacteria disrupt the monophyly of the clade described above. If members of 

this AAB group exists among environmental isolates, in association with non-ant 

animals, or in association with plants, they have not yet been discovered to our 

knowledge. 

As expected of a single-gene phylogeny, many relationships in the 

Acetobacteraceae tree were difficult to resolve, including the sister lineage to the ant-

specific clade. Bayesian inference supports (albeit weakly) that the sister lineage includes 

the Alpha-2.2 bee associates [12, 59], as well as associates of other Hymenoptera (the 

carpenter bee, Xylocopa californica, and the ant Formica occulta). Certainly, further 

phylogenetic analyses that include additional genes are needed in order to better resolve 

this relationship.  If evidence for a close relationship between bee and ant associates is 

verified, it is possible that this bacterial lineage shares pre-adaptive traits fostering 

colonization of hymenopteran guts [37]. 

Interestingly, associations between Acetobacteraceae and ants apparently have 

occurred multiple times independently.   That is, the ant-specific AAB clade detailed 

above does not contain all AAB detected in ants.  A comprehensive survey of ant 
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microbiota [66] identified Asaia bogorensis and an unspecified OTU that were associated 

with Tetraponera and Formica ants, respectively (Figure 1). Whether these associates 

represent transient interactions or stable interactions is unclear. Phylogenetic 

independence among bacterial associations is not limited to ants. Consistent interactions 

between Drosophila and phylogenetically distinct gut bacteria within the 

Acetobacteraceae (Acetobacter pomorum and Gluconobacter morbifer) [67] have been 

implicated in specific interactions with host health and disease states [49]. Interestingly, 

both of these associates occur on relatively long branches, but show a predicted rRNA 

stability comparable to that of E. coli, and the rates of molecular evolution at 16S rDNA 

is similar to that of free living bacteria (Figure 3, Table 7). In the case of these and other 

taxa on long branches, additional sampling of related OTUs will help to elucidate 

whether the long branches are due to shifts in patterns of molecular evolution or an 

artifact of incomplete sampling. 

 

1.3.2 Rapid evolution and destabilization at 16S rDNA.  

In light of the above evidence that the ant-specific AAB clade may represent a 

long-term association with ants, we tested whether patterns of molecular evolution at 

the 16S rDNA gene resemble those found in stably inherited bacterial symbionts.  We 

found that patterns of sequence evolution in this group resemble known socially or 

maternally transmitted gut associates, moreso than environmentally acquired associates 
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or free-living bacteria. These patterns include accelerated rates of substitution, AT bias, 

and reduced stability of 16S rRNA secondary structure, detailed below. The magnitude 

of rate acceleration surprisingly resembled those detected for some intracellular 

symbionts. 

Significant acceleration in rates of sequence evolution is well established among 

the most extremely stable symbionts: long-term, maternally transmitted, intracellular 

mutualists of insects [4]. Numerical estimates of the extent of this acceleration may 

depend on the gene analyzed and taxa compared, but studies consistently support 

several-fold rate increases.  For example, estimates of the absolute fold-change in 

substitution rate at 16S rDNA include a ~1.5 to 2.6-fold acceleration in Buchnera [68], and 

up to a 15 to 29-fold acceleration in Blochmannia [14].  Likewise, a significant, ~6.5-fold 

rate acceleration was detected in gut bacteria of stinkbugs, an extracellular associate that 

shows extremely high fidelity of maternal transmission and patterns of reductive 

genome evolution that resemble those of long-term intracellular associates [10].  This 

observed rate acceleration may reflect a combination of processes that differentially 

affect stably transmitted symbionts, such as relaxed selection, increased mutation rate 

(e.g., if DNA repair genes are lost), and reduced efficacy of purifying selection due to a 

reduction in Ne.  These evolutionary mechanisms have been distinguished in some 

symbiont groups through analyses of several genes [47]; however, they are impossible to 

distinguish based on 16S rDNA data alone.  
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Our results indicate that the clade containing AAB1 and AAB2 may experience 

an acceleration of sequence evolution that is comparable to the examples above.  At 16S 

rDNA, the ant-specific clade is evolving at a significantly faster rate than other 

Acetobacteraceae included in the analysis.  That is, a model allowing a faster rate for this 

clade represents a significant improvement over the null model of uniform rates across 

the tree.  While the fold-increase in rate depends on the taxa included, we estimate that 

16S rDNA gene is experiencing ~7.6-fold acceleration in substitution rates, as compared 

to free living and other insect-associated AAB included (Figure 2; Table 2).  

In addition, AT bias characterizes most long-term intracellular associates, and 

more recently has been documented in extracellular gut associates with maternal and 

social transmission [10, 69].  Like rate acceleration and often coupled with it, increased 

AT bias may reflect a combination of increased mutational pressure, or a reduction in 

the strength or efficacy of purifying selection against GC->AT changes.   We detected 

atypically high AU content of 16S rRNA for AAB1 and AAB2 (~47% AU), compared to 

other host-associated and environmental bacteria (Figure 3; Table 7).  

Similar to reports on obligate endosymbionts of insects [70], we found a notable 

decrease in 16S rRNA stability for AAB1 and AAB2 (Figure 3).  Normalized folding free 

energy of 16S rRNA (spanning E. coli coordinates 14-1445) is ~9-11% lower in both AAB 

OTUs than those of free-living AAB.  By contrast, across the same region, various species 

of the obligate endosymbiont, Blochmannia, are ~12-19% less stable than E. coli.  Unlike 
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previous studies [70], we did not distinguish whether base substitutions are 

phylogenetically independent; nor can we rule out the possibility that the reduced 

stability simply reflects the observed increase in AU content of this molecule.   

Interestingly, the stability difference between AAB1 and AAB2 is large (~6% less stable 

in AAB1), despite a modest shift in AT content (0.1%).  This shift in stability across 

similar AT content suggests factors other than base composition contribute to 

destabilization. Comparative genomic data could shed light on the mechanisms driving 

the overall destabilization of AAB1 and AAB2, and the notable difference between them. 

The AT content of 16S rDNA from Attine-associated AAB was slightly elevated, but its 

structural stability was comparable to free-living bacteria or environmentally acquired 

symbionts.   

Although evidence based on one gene is limited, this combined pattern of rate 

acceleration, increased AT content, and reduced rRNA stability in ant-specific AAB1 and 

AAB2 suggests that their molecular evolution may resemble known socially and 

maternally transmitted symbionts.  A similar, though more extreme trajectory typifies 

symbionts with strict maternal transmission, including most obligate endosymbionts.  

These parallels suggest that socially transmitted bacteria may experience some of the 

evolutionary forces that shape long-term endosymbionts, albeit to a lesser degree.  Such 

forces may include intensified mutation rates via relaxed selection (though constrained 

by the requirement for survival outside of hosts [5]) and possibly fixation of deleterious 
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changes by genetic drift (though mitigated by host-switching and potential 

recombination with other members of the microbiota [23]).  Further studies will shed 

light on the extent to which transmission mode contributes to this evolutionary 

trajectory and the underlying mechanisms involved.   

Within each AAB OTU, we detected polymorphisms at 16S rDNA.  Variation 

within a gut associated OTU has been demonstrated in extracellular gut associates of 

bees [71], and may predict strain-level variation in gene content and ecological role.  

Specifically, within AAB2, we detected two polymorphic alleles in the V4-V5 region.  

Likewise, within AAB1, we detected polymorphisms across host species, although our 

limited sample does not allow us to assess host specificity of these variants.  Further 

studies are needed to explore whether this strain-level variation arises from niche 

specialization or reflects neutral changes, e.g., under an elevated substitution rate. 

 

1.3.3 Potential transmission routes and caste variation.   

Although clarifying the transmission routes of AAB1 and AAB2 will require 

experimental data, the patterns above suggest the possibility of social transmission via 

nutritional or other interactions among ant nestmates. As a eusocial host, intimate 

contact within colonies creates opportunities for transfer of gut microbiota among kin 

(e.g., between queen and her offspring, and among workers) via trophallaxis.  Such 

nutritional exchanges may transfer gut microbes and promote stability of the gut 
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community [44, 72, 73]. Anal trophyllaxis (i.e. feeding on anal secretions) likely fosters 

microbiota transmission in the few ant groups that perform this behavior (e.g., 

Cephalotes) [45, 66] and may contribute to the phylogenetic stability of the microbiota in 

Cephalotes [45].  In most ants, including the tribe Camponotini trophallaxis is mouth-to-

mouth (stomodeal trophyllaxis), involving the regurgitation of crop contents. This social 

feeding transmits important nutritional resources, and might also transmit key gut 

microbes.  

 On a community scale, the microbiota of C. chromaiodes had low 

taxonomic diversity, and many taxa occurred sporadically. However, some taxa 

were identified in several samples, and relatives have been documented in 

additional ant species. The two AABs were, by far, the most abundant within 

most samples and widespread across samples.  In addition, a Nocardia sp. was 

detected repeatedly, within and across host colonies. Interestingly, two OTUs 

with 100% and 98% sequence identity to the Nocardia sp. have also been detected 

in the guts of C. japonicus [74] and the camponotine Polyrhachis robsoni [75], 

respectively, though the broader prevalence of this relationship is unknown.  

Microbial communities from colony queens were similar to those of workers; 

with one exception (799.Q; Table 1), queens possessed one AAB OTU or the other, but 

not both. The AAB OTU detected in the colony queen was not necessarily the 

http://en.wikipedia.org/wiki/Stomodeum
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numerically dominant AAB in workers from the same colony. The Nocardia OTU 

described above was also consistently recovered across colony queens.  The processes 

generating differences between queen and worker microbiota are uncertain, but may 

include transfer of gut bacteria among workers from different nests, distinct ecological 

roles of queens and workers within the colony, and shifts in the gut community as 

queens age.  The colonies samples were large, well-established nests, meaning that 

resident queens could be several years old.   

Exploration of transmission routes and caste variation will benefit from a deeper 

sampling of the gut community.  While our efforts to deplete the abundance of 16S 

rDNA amplicons from Blochmannia were successful, Wolbachia contributed significantly 

to our sequencing effort. In the context of gut community surveys, the alimentary tract is 

relatively large among the Formicidae, and likely amenable to microdissection of 

luminal contents for targeted characterization of those communities, as has been 

performed for the characterization of termite luminal microbiota [30]. A combined 

approach utilizing these and other [76] methods will facilitate deeper exploration of gut 

communities among insects that also house abundant endosymbionts near the gut. 

In sum, insect hosts continue to offer fertile ground to explore evolutionary 

processes shaping host-microbe interactions, including gut-associated symbioses. 

Exploration of diverse host systems will help to uncover fundamental principles shaping 

these relationships, including the influence of transmission mode on symbiont 
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evolution.  While our results point to distinct patterns of sequence evolution in the ant-

specific Acetobacteraceae clade, additional studies are needed to clarify the evolutionary 

mechanisms driving these observed patterns and to explore potential genome-wide 

impacts.  In addition, experimental work is required to test the hypothesis of social 

transmission and to understand the potential functions and host fitness effects of this 

bacterial group. The data presented here suggest that Acetobacteraceae symbionts 

represent abundant and dominant members of the gut community of Camponotus 

chromaiodes. The two most abundant members, AAB1 and AAB2, belong to a novel and 

deeply divergent, monophyletic clade of ant-associated bacteria. Relatives of these taxa 

were recovered from two additional Camponotus species, and are known from prior 

studies to occur in additional ant groups.  Members of this ant-specific AAB clade 

display patterns of molecular evolution at the 16S rDNA gene that resemble patterns 

found in socially transmitted gut symbionts of bees and, in a more extreme form, 

cospeciating, maternally transmitted gut associates of stinkbugs. Specifically, these 

features include elevated AT content, a ~7.6-fold increase in substitution rates at 16S 

rDNA, and a notable decrease in the predicted stability of 16S rRNA. Cumulatively, 

these results are consistent with the hypothesis that this AAB clade may represent a 

long-term gut associate of ants. 
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1.4 Methods  

1.4.1 Ant collection 

Ants were collected for two purposes: to characterize the microbiota of local C. 

chromaiodes colonies, and to screen Camponotus of various species and geographic 

regions for AABs detected.  For the microbiota characterization, we sampled several 

minor workers and, when available, the mated colony queen from each of six local C. 

chromaiodes colonies. All specimens were immediately placed in 100% ethanol and 

transported to Duke University upon collection. Collection information is available in 

Table 5.  For the targeted AAB screen across Camponotus species and geographic regions, 

we used ants that were collected from 2008-15.  This collection information is available 

in Table 6.  For all samples, vouchers are available upon request.  

 

1.4.2 Sample preparation for microbiota characterization: surface 
sterilization, genomic DNA (gDNA) extraction, and Blochmannia 
depletion  

Microbiota characterization of local C. chromaiodes was based on surface-

sterilized gasters. All samples were surface-sterilized in 100% ethanol and washed 4-6 

times in sterile 50mL vials filled with DEPC water. Surface sterility was confirmed by 

negative PCR on the final wash bath.   We call this protocol surface sterilization 

approach #1. 
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gDNA was extracted from 3-5 pooled, surface-sterilized worker gasters per 

sample, or the single gaster of the colony queen, using the Qiagen (Hilden, Germany) 

DNEasy kit according to a standard protocol (Table 5). We chose to use whole, surface-

sterilized gaster samples rather than dissected gut tissue, as dissection may increase 

contamination.  Because surface-sterilized gasters were used, we cannot conclude that 

all bacterial taxa detected were gut-associated (our later use of dissected gut samples, 

described below, confirmed that the AAB detected in this characterization resided in the 

gut). 

Blochmannia, the long-term intracellular endosymbiont of Camponotus and related 

genera, far outnumbers extracellular gut associates. Thus, in order to deplete 

Blochmannia 16S rDNA abundance, 500ng of gDNA per sample were treated with NEB 

(Ipswich, Massachusetts, USA) PacI enzyme according to the manufacturer’s protocol. 

The Blochmannia chromaiodes 16S rDNA gene contains a unique PacI site from 

coordinates 124-131.  The site is rare in other bacteria, occurring in just 0.38% 

(sporadically distributed) of sequences in the RDP 16S database. This rarity makes it 

extremely unlikely that 16S rDNA of other gut-associated taxa would contain this 

restriction site. To ensure the specificity of our approach, we amplified 16S rDNA with 

universal Bacterial primers from undigested ant gDNA, digested the resulting PCR 

product with PacI, and visualized the digested products on an Agilent Bioanalyzer.  The 

products of digestion included two bands corresponding to the expected fragment sizes 



 

 40 

for Blochmannia. We then gel-purified and sequenced the digested amplicon using an 

ABI 3730xl (Life Technologies, Carlsbad, CA, USA). The sequences of these digested 

fragments showed clean Blochmannia sequences, indicating that 16S rDNA of other 

bacterial species were not digested by PacI. In order to reduce the contribution of 

Blochmannia to 16S rDNA amplicon pools, PacI-digested gDNA was used as template in 

the initial PCR for library preparation, below. 

 

1.4.3 16S rDNA amplicon pyrosequencing using Ion PGM   

Selection of region: We targeted the V4-V5 region of 16S rDNA (E. coli coordinates 

515-926) to maximize the strengths of Ion PGM (Life Technologies, Carlsbad, CA, USA) 

sequencing.  First, the V4-V5 regions are flanked by conserved sequences that have been 

validated as universal PCR primer sites across Bacteria [77, 78] (5’ primer coordinates 

515 and 926; Table 8). Second, the length of this region is well suited for the Sequencing 

400 kit (410bp empirical modal read length). Third, by sequencing both the V4 and V5 

hypervariable regions, we were able to achieve robust taxonomic resolution at the genus 

level. 

Initial PCR reaction: In order to minimize barcode-induced amplification bias 

during library preparation, we performed a two-step PCR approach [79]. From each 

PacI-digested gDNA sample, we first amplified a ~918 bp region of 16S rDNA that spans 

the PacI restriction site in Blochmannia. PCR reactions were performed in triplicate and 



 

 41 

contained 5.05uL nuclease-free water, 1uL 10x High Fidelity buffer (Life Technologies), 

0.25uL 10mM dNTP mix, 0.5uL 50mM MgCl2, 0.8uL forward primer 9F, 0.8uL reverse 

primer mix 926R, 0.1uL Platinum Taq DNA Polymerase High Fidelity (Life 

Technologies), and 1.5uL of PacI-digested gDNA. Reactions were held at 95°C for 2 min 

to denature the DNA, with 25 cycles of amplification proceeding at 95°C for 20s, 50°C 

for 30s, and 72°C for 30s, we added a final extension phase at 72°C for 5 min, then cooled 

at 4°C. Resulting amplicons were then pooled, cleaned using the Qiagen PCR 

Purification kit following the manufacturer’s instructions, and digested with PacI 

following the same protocol as above (for gDNA), to further deplete any undigested 16S 

copies from Blochmannia. All samples were cleaned and run on a 1% E-gel (Life 

Technologies) for 13 minutes. The target (undigested) bands were excised, cleaned, and 

used as template for Ion PGM libraries below.  

Ion PGM library construction and sequencing: 10-cycle PCRs were set up similarly 

to above but using barcoded fusion primers to amplify the V4 and V5 hypervariable 

regions from the 25 cycle amplicons described above. All primers used are detailed in 

Table 8. All libraries were quantified using a Qubit 2.0 Fluorometer (Life Technologies), 

then pooled in equimolar concentrations before being sequenced with an Ion 314 Chip 

Kit v2, using the Sequencing 400 Kit on the Ion PGM. Sequencing was performed by the 

Genome Sequencing and Analysis Core Resource at Duke University according to the 

manufacturer’s protocol for Ion Amplicon Sequencing. This approach generated 658,420 
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raw reads, of which 337,364 passed our quality and length filters and were used in 

downstream analyses.  

 

1.4.4 Microbial community analysis 

Raw sequencing reads were processed using QIIME 1.8 [80] and UPARSE [81]. 

All reads were trimmed of sequencing adaptors, barcodes, and forward and reverse 

primers. Based on our estimates of empirical error rates from an E. coli DH10B control 

library, found that length-based thresholds (universal trimming of reads to 360 bp, and 

discarding any reads <360 bp) followed by run-specific expected error filtering [81]) 

proved to be the most effective way to reduce sequencing errors (Table 4). Expected 

error filtering parameters were based upon retaining as many reads as possible while 

still successfully calling a single OTU for the E. coli control dataset. The UPARSE 

pipeline [81] was used to group operational taxonomic units (OTUs) at a 97% similarity 

threshold and to remove chimeric sequences. Taxonomy was assigned to UPARSE-

identified OTUs using the RDP Classifier against Greengenes database 13.8 [58, 82]. 

Relative abundance estimates were generated during data analysis with QIIME. 

 

1.4.5 Within-OTU polymorphism 

To calculate the genetic diversity within an OTU, we used an approach similar to 

that for error calculation (Table 4). As there is no reference sequence for either OTU, we 
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used the representative sequence for that OTU, which was the most abundant sequence. 

Using the OTU representative sequence as the reference, we aligned all Ion PGM reads 

to the reference sequence and performed variant calculations as described above. 

Because indel errors rates can vary widely with pyrosequencing data, we were only able 

to assess polymorphism frequency for nucleotide substitutions. We characterized a 

polymorphism as genuine only if its frequency deviated from the empirical substitution 

error rate by an order of magnitude. Thus, our estimates of OTU heterogeneity are likely 

conservative. 

 

1.4.6 Assessment of surface sterilization techniques 

To assess the efficacy of the surface sterilization of ant gasters, we sterilized 

pooled samples of tergites and analyzed samples by PCR to test exogenous bacterial 

cells or bacterial DNA that could adhere to the cuticle.  From each of five minor workers, 

two to three tergites were dissected under microscope and pooled. We generated three 

such samples of 13-15 tergites each.  Each pool was processed exactly as the 

experimental samples, but then treated with one of two sterilization regimes.  Under 

sterilization approach #1 (identical to that used above to prepare samples for Ion Torrent 

sequencing), tergites were vortexed and incubated for >5 minutes in 100% ethanol, then 

washed in sterile water until the final wash bath did not yield a positive signal from 

PCR with universal bacterial primers (as above).  Under approach #2, tergites were 
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dipped into 95% ethanol, soaked for one min in 5% bleach, and then rinsed in sterilized 

water.  We also included a sterilization-free sample for comparison. This sample was 

simply rinsed with sterile PBS. After treating each sample accordingly, we performed 

gDNA extractions on the tergites exactly as we did for the experimental samples.  We 

quantified the amount of resulting gDNA using a Nanodrop ND-1000 (Thermo Fisher 

Scientific, MA, USA). To screen for the presence of bacterial DNA specifically, we 

performed PCR on gDNA extractions using universal Bacterial primers.  These PCR 

reactions contained 4.2uL nuclease-free water, 4uL 5PRIME HotMaster mix (Hilden, 

Germany), 0.5uL 25mM MgCl2, 0.2uL forward primer 9F, 0.2uL reverse primer 1046R, 

and 1uL of gDNA extraction product. Reactions were held at 94°C for 2 min to denature 

the DNA, with 30 cycles of amplification proceeding at 94°C for 20s, 50°C for 30s, and 

72°C for 30s, we added a final extension phase at 72°C for 5 min, then cooled at 4°C. 

Resulting amplicons were visualized on a 1% agarose gel.  

 

1.4.7 Localization of AABs to the C. chromaiodes gut using 
diagnostic PCR 

We developed a specific PCR screen for the presence of each AAB OTU that was 

detected through the microbiota characterization above.  For this screen, we designed 

primers specific to each AAB OTU (AAB1 and AAB2). The 5’ primer coordinate for 

AAB1 corresponds to E. coli 16S position 828 (5’ TGGATGTCGGAGATTATGTCTTC 3’), 

which falls within hypervariable region 5. The corresponding 5’ coordinate for the AAB2 
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probe lies at position 628 (5’ GAAACTGCATTCAAGACGTGTAG 3’) and falls within 

hypervariable region 4. PCR reactions contained 10uL nuclease-free water, 10uL 

5PRIME HotMaster mix (Hilden, Germany), 1uL DMSO, 1uL 25mM MgCl2, 0.5uL of the 

AAB-specific forward primer, 0.5uL reverse primer 1046R, and 2uL of gDNA extraction 

product. Reaction conditions were as described above, but with a 54’C annealing 

temperature for 828F and 58’C for 628F.  

We used this PCR screen to verify that AABs of local C. chromaiodes samples are 

located in the gut tract.  After applying surface sterilization approach #2 (below) to 

whole ants, we dissected the entire gut tract (fore-, mid-, and hindgut tissue combined) 

of minor workers from multiple local colonies of C. chromaiodes under sterile 

conditions, extracted gDNA using the manufacturer’s protocol, and screened those 

samples as well as the tergite samples (described above) for the presence of each AAB 

OTU.  

 

1.4.8 Surface sterilization, dissection, and gDNA extraction for PCR 
screen of AABs 

Building on the microbiota characterization above, we screened dissected guts of 

additional Camponotus samples.  Ants were surface sterilized by rinsing in 95% ethanol, 

soaked for one minute in 5% bleach, and given a final rinse in sterilized water (approach 

#2 above).  The entire gut system was dissected out under sterile dissection conditions 

and gDNA extracted from the dissected gut sample.  
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1.4.9 Screening of additional Camponotus species and geographic 
regions 

We used the described AAB primers to screen Camponotus ants of different 

species and various locations in the eastern and southwestern United States (Table 6). 

Samples were of two types: vouchers that were preserved in 70% EtOH for up to seven 

years, and newly collected samples.  For preserved voucher specimen, we used whole 

gasters that were surface sterilized under approach #2 (ethanol, bleach, and water 

rinses).  For newly collected samples, within the same day of field collection, we surface 

sterilized whole ants using approach #2 and dissected the entire gut tract under sterile 

conditions.  For both sample types, only one ant was used per sample. gDNA was 

prepared using the Qiagen (Hilden, Germany) DNEasy kit.  PCR was performed as 

described above for the AAB-specific primers. All samples that yielded positive 

amplification with the specific primers described above were sequenced in both 

directions on an ABI 3730 xl DNA Analyzer (Thermo Fisher Scientific, MA, USA) by the 

Duke Genomic and Computational Biology Shared Resource. Sequence assembly was 

performed with Phrap [83]. Called bases were only accepted if they had a Q score > 20 

(99.9% correct base call). 

 

1.4.10 Phylogenetic analysis of AAB 16S rDNA sequences 

Generation of near full length 16S rDNA sequences: We generated near full length 

16S rDNA sequences (spanning E. coli coordinates 9-1507) for each AAB OTU using a 
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combination of AAB-specific primers (above) and flanking universal primers. For AAB1, 

16S sequences were generated for Camponotus chromaiodes (ID:793.2) and Camponotus 

castaneus (ID:854). For AAB2, 16S sequences were generated from Camponotus 

chromaiodes (799.2). To selectively amplify AAB1, we used forward primer 16S 828F (5’ 

TGGATGTCGGAGATTATGTCTTC ‘3) and universal reverse primer 16S 1507R (5’ 

TACCTTGTTACGACTTCACCCCAG ‘3). To amplify AAB2, we used 16S 628F (5’ 

GAAACTGCATTCAAGACGTGTAG ‘3) and the same reverse primer, 16S 1507R. In 

order to generate the remainder of the 16S rDNA sequence, we used universal forward 

primer 16S 9F (5’ GAGTTTGATCCTGGCTCA ‘3) and the reverse complement of the 

specific primers listed above. All products were sequenced on an ABI 3730xl (Life 

Technologies, Carlsbad, CA, USA).  

Alignments: Bacterial 16S sequences were chosen from genera within the 

Acetobacteraceae that have host-associated species, as annotated by RDP [58]. Sequence 

alignment was performed using SSU-ALIGN [84], a secondary structure-aware program 

based on the INFERNAL aligner [85]. Prior to phylogenetic analysis, all sequences were 

trimmed to a uniform length and regions were masked if the posterior probability of the 

nucleotide alignment fell below 0.95. Additionally, we masked all unaligned columns 

and removed any columns where more than 50% of the sequences contained gaps. The 

final alignment spanned 1,248 positions of 16S rDNA across 53 taxa.  This alignment was 

used to infer the broader tree of relationships (Figure 1).  Sequence divergences 
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calculated from this alignment are likely conservative estimates of divergence, due to 

the trimming parameters described above.  

Because relative rate analysis requires a well resolved tree, we generated a 

second Acetobacteraceae 16S rDNA alignment with fewer (36) taxa.  Due to the 

decreased number of taxa, more alignment positions were unambiguous and thus could 

be included. This 36-taxa alignment includes 1,333 nucleotides, was generated with the 

same alignment parameters as described above.   This alignment was used to generate 

the rate analysis guide tree (Figure 2), as detailed below. 

Phylogenetic inference:  For both alignments above, maximum likelihood and 

Bayesian approaches were used for phylogenetic inference.  Maximum likelihood based 

inference employed RAxML [86], using a General Time Reversible (GTR) model with a 

Gamma (Γ) distribution of rate heterogeneity [87] and proportion of invariant site 

estimation (PInv). This model was chosen because jModelTest 2 [88] returned a nearly 

identical Bayesian information criterion (BIC) score to the top-scoring (Tamura-Nei) 

model and GTR models generally yield slightly better likelihood scores [89]. Bootstrap 

values were determined from 1000 replications.  

MrBayes [90] was used for Bayesian phylogenetic inference, using a GTR + Γ + 

PInv model of nucleotide substitution, 10,000,000 generations, 4 chains, 1,000 generation 

sampling interval, and a 0.25 burn-in fraction.. Genbank accession numbers for all taxa 

used in phylogenetic analyses are listed in Table 9.  
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Search of Ribosomal Database Project: Near full length sequences from isolates of 

AAB1 and AAB2 (E.coli coordinates 9-1507) were aligned using RDP’s secondary-

structure aware INFERNAL aligner.  Using the RDP SeqMatch tool, aligned sequences 

were queried against the entire database of 16S rRNA sequences, regardless of length, 

strain, or isolation source (3,224,600 sequences). The naïve Bayesian classifier was used 

for taxonomic assignment and trained on the latest training set (RDP Release 11, Update 

4; training set 14). The latest search was performed on 15 March 2016.  The RDP 

TreeBuilder tool was used to confirm that the most similar non-ant associated bacteria 

did not break up the monophyly of ant-associated AAB. 

 

1.4.11 Nucleotide substitution rate estimation 

We used the baseml package within PAML4 [91] to estimate the nucleotide 

substitution rate of each AAB OTU at 16S rDNA. We used a GTR + Γ model of 

nucleotide substitution, as determined by jModelTest 2, based on the Bayesian 

information criterion [88]. The maximum likelihood tree of the 1,333 bp alignment 

(Figure 2) was used as the guide in rate estimation.  We chose to use this tree because it 

included enough taxa (n=36) to robustly analyze rates across major lineages, and was 

well resolved (bootstrap value > 70) at most nodes.  

We assessed the likelihood of various clock models under the GTR substitution 

model described above. To evaluate each clock scenario, we used PAML4 to calculate 
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the likelihood score for that scenario (two or three distinct substitution rates) and used 

the likelihood ratio test (LRT) to calculate the p-value of that test.  A more complex 

model (increased number of substitution rates) was accepted if it offered a significant 

improvement over the null hypothesis (a uniform rate). 

   

1.4.12 Ribosomal RNA folding energy estimation 

We predicted the secondary structure and associated free energy estimation for 

each lineage listed in Table 7 using RNAfold [92]. We analyzed the near full length 16S 

rRNA sequence (E. coli coordinates 16-1477) of each OTU and constrained the alignment 

to the secondary structure of the 16S rRNA molecule. Due to expansion/deletion of 

various regions of 16S rRNA, direct comparisons of absolute free energy calculations 

were impossible. Therefore, we length-normalized free energy calculations to allow for 

cross-phyla comparisons. We used the Turner 2004 model [93] to determine RNA 

folding energies. This algorithm calculates both the partition function and base pairing 

probability matrix, in addition to the minimum free energy structure. We allowed 

dangling end energies on both sides of a helix to stabilize. All free energy calculations 

were assumed at a temperature of 37°C.  
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2. Social interactions foster reliable bacterial 
transmission in Camponotine ants 
2.1 Introduction 

Evolutionary transitions in mutualisms are shaped by myriad host and microbial 

factors. Often, these are mediated by differential drivers that aim to maximize fitness 

benefits at both the host and bacterial level [94, 95]. On the host side, these can include 

bacterial niche partitioning [96], resource manipulation [97-99], and control of 

transmission [43, 100]. Mechanisms of bacterial transmission, in particular, have recently 

been shown to correlate tightly with evolutionary shifts in bacterial genomes and 

lifestyles [5, 9], with specialized, high-fidelity modalities acting as conduits for long-

term, coevolved mutualists [4, 10, 101]. This is somewhat intuitive, as adaptation to any 

niche, host-associated or otherwise, is dependent upon persistent interactions over 

evolutionary timescales [4, 23, 102].  

Mechanisms facilitating bacterial transmission can vary in both specificity and 

capacity across hosts. Insects and associated bacterial mutualists represent the most 

studied of such systems and utilize a diverse range of mechanisms to transmit a wide 

variety of associates [4, 5, 43]. These include the relatively well studied cases of ancient 

mutualisms with long-term intracellular bacteria, typified by binary host-microbe 

partnerships utilizing high-fidelity, specialized transmission modalities [4]. At the other 

end of the spectrum, insects also host far more promiscuous relationships with a variety 
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of extracellular gut associates from various environmental sources [103, 104]. Distinct 

examples include horizontal transmission and acquisition of environmental Burkholderia 

isolates from soil communities by the bean bug, Riptortus pedestris [105], and vertical 

transmission of coevolved isolates via specialized symbiont capsules [101] or jelly-like 

secretions [22] in the Pentatomidae. Aside from these extremes, recent studies have 

suggested that social behavior – intimate interactions between social nest mates – may 

foster vertical transmission of heterogeneous gut consortia from a mother colony to 

incipient queens and her progeny [23, 44, 45]. Further sources of bacterial exchange 

likely include horizontal sharing of bacteria between unrelated hosts, stochastic 

interactions with environmental microbes, and mixed modalities combining several of 

the previously mentioned interactions. 

Social behavior fosters ample opportunities for reliable bacterial over 

evolutionary timescales. Due to their intimate nature, social interactions such as 

trophallaxis, the transfer of food, bacteria, and other excretions via the mouth 

(stomodeal) or anus (proctodeal), have been hypothesized as conduits for beneficial 

extracellular gut associates [5, 43, 45, 106, 107]. This is supported by evidence from social 

bees and certain ant tribes, which possess simple yet specialized communities [12, 45] in 

their alimentary tracts thought to be transmitted via social interactions [28]. Indeed, two 

dominant operational taxonomic units (OTUs) within bee gut communities, Snodgrassella 
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and Gilliamella, are highly specialized to their host species and share a long 

coevolutionary history [23, 29]. Additionally, microbiota of turtle ants are largely 

dominated by ant-specific OTUs within the Opitutales, which have likely codiversified 

with their associated host species [45, 51]. Furthermore, the gut microbiota of 

camponotine ants have been studied in both lab-raised [25] and field-collected contexts 

[9, 61, 66], with select OTUs present across broad geographic scales and settings. 

Specifically, two OTUs within the Acetobacteraceae (AAB1 and AAB2) have been 

demonstrated to display hallmarks of adaptation to the host and potentially transmitted 

via social interactions.  

To assess how sociality affects transmission of gut microbiota in natural settings, 

we surveyed the bacterial communities of incipient queens and associated workers and 

brood of the carpenter ant, Camponotus chromaiodes, across thirteen field-collected 

incipient colonies spanning several developmental stages. We selected C. chromaiodes for 

myriad reasons. First, camponotine queens are typically monogynous (one queen per 

colony) and, upon leaving a mother colony, found and nurse the first generation of 

worker offspring until workers can assume husbandry duties. This mechanism of 

foundation and establishment of an incipient colony by a monogynous queen provides a 

singular and reliable conduit for bacterial transmission. Second, several species of 

Camponotus maintain persistent relationships with select members of their gut 
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community. These are the previously described OTUs, AAB1 and AAB2, members of a 

deeply divergent, monophyletic clade of Acetobacteraceae bacteria that display distinct 

signatures of stable host association [9], including elevated evolutionary rates, AT 

nucleotide bias, and significant destabilization of the 16S rRNA. Remarkably distinct, in 

this regard, from environmental isolates, both AAB1 and AAB2 show similar 

characteristics to coevolved gut associates of social bees [23] and likely represent an 

interesting midpoint in the evolutionary transition of bacteria from free-living to 

obligately intracellular lifestyles. Third, colonies of camponotine ants share a ‘social 

stomach’, or the communal reservoir of nutrients, antimicrobial peptides, and bacteria 

that are shared among colony members via stomodeal (as opposed to proctodeal) 

trophallaxis [108, 109]. Cumulatively, these factors implicate, but do not elucidate, the 

utility of social interactions in fostering vertical transmission of gut associates. 

While social interactions have been hypothesized as facilitators of host-microbe 

coadaptation [23, 28], several confounding factors still abound. Here, we measure the 

following variables to infer transmission modality of C. chromaiodes gut microbiota, with 

predictions to follow. These are: (i) the fidelity of bacterial transmission, as measured via 

the extent of shared OTUs between a colony queen and progeny, (ii) contributions from 

environmental sources shape the profile of resident communities acquired via social 

transmission (iii) resilience of these communities are to temporal and physiological 
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variations during host development and, finally, (iv) to what extent communities of 

adult workers resemble those of founding queens and may persist in light of natural 

temporal variation.   

Structuring of bacterial communities often occurs via two distinct yet 

intertwining mechanisms: shifts in community composition and shifts in community 

complexity, along with mixed combinatorial effects.  Accordingly, we shape our 

predictions and inference of transmission modality as follows: In scenarios where 

vertical transmission of bacterial associates occurs between a colony queen and progeny, 

we expect that (i) bacterial community dissimilarity between individuals within a host 

colony is less than dissimilarity between individuals from distinct colonies, (ii) 

compositional differences drive dissimilarity between colonies, rather than shifts in 

complexity, and (iii) shifts in bacterial community complexity between host colonies is 

minor. These predictions are based on the precedent that, in scenarios where vertical 

transmission of bacterial associates represents the main conduit for bacterial acquisition 

and exchange, we expect a compositional signal from a founding queen to override 

random shifts in complexity between colonies, which should be minimal.  

If a shared microbiota is vertically inherited from a colony queen, intra-colony 

distance should be significantly lower than inter-colony distance and community 

complexity should be relatively static across colonies. A relatively high proportion of 
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shared unique OTUs within a colony should generate a strong, distinct compositional 

signal that should override minor stochastic shifts in complexity from environmental 

acquisition. We note that, because camponotine ants maintain persistent associations 

with select members of their gut community [9, 25, 61], shared OTUs between colonies 

may persist at a moderate level, though significantly lower than the level of shared 

OTUs within a colony. In any social host, as environmental acquisition of microbes 

accumulates over development, we expect that a shared microbiota should develop due 

to common acquisition of soil or environmental taxa. In Camponotine ants, this 

accumulation of shared environmental OTUs should be highest during the P1 pupal 

phase [110], the developmental stage just prior to the shedding of the meconium and 

luminal bacterial associates. After shedding of the meconium and reinoculation by the 

colony queen via trophallaxis, P2 pupae should possess a gut community more similar 

to that of the colony queen than P1 pupae, and these communities should be readily 

distinguishable via shifts in community complexity.  

In scenarios where horizontal transmission from environmental sources 

represents the dominant form of bacterial exchange, stochastic shifts in intra-community 

diversity should override any compositional signal. In such scenarios, we would expect 

inter- and intra- colony distance to be similar, and complexity across colonies to be 

dynamic and structured via stochastic acquisition of environmental bacteria. The 
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proportion of OTUs shared within a colony should be approximately equal to those 

shared between colonies. Furthermore, shifts in community complexity, from taxa 

acquired over development, should override any colony-specific signals and 

developmental stage should represent the strongest correlate with inter-community 

distance.  

Our results delineate the capacity of social interactions to facilitate transmission 

of extracellular gut associates in C. chromaiodes. We characterize the effects of temporal 

variation and host development on socially transmitted bacterial consortia, and 

demonstrate how these forces shape the taxonomic profile of associated bacterial 

communities. We illustrate how shifts in the complexity of these communities varies 

across host development, from early larval stages through pupal eclosion and 

development into nanitic workers. We propose a model of vertical transmission of gut 

bacteria from founding queens to offspring. We delineate how social interactions 

contribute to the transmission of essential gut bacteria, despite significant contributions 

from environmental sources and physiological factors. Our results demonstrate that 

social interactions represent stable conduits for bacterial transmission and must shape 

predictions of evolutionary consequences on the genomes of bacterial gut associates.  
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2.2 Results 

2.2.1 Endosymbiont depletion and sequencing depth of gut 
associated community 

After quality and length filtering, we retained 8,894,175 sequence reads 

associated with 109 samples (Table 10) from 15 C. chromaiodes colonies (per sample 

mean: 78453; median: 76681), though these numbers shifted after removing control 

samples and filtering out endosymbiont taxa (eg. Blochmannia and Wolbachia; per sample 

mean: 17677; median: 8841). Previously, restriction endonuclease digestion of bacterial 

community gDNA has been shown to be effective in reducing representation of 

Blochmannia in 16S profiles [9], resulting in increased sequencing depth of Wolbachia and 

gut associates. Our use of PNA clamps was effective in preventing amplification of 

Wolbachia 16S rDNA and further increasing sequencing depth of gut associated taxa. 

Without the use of Wolbachia-specific PNA clamps, Wolbachia reads represent up to 99% 

of 16S profiles, though in our dataset, PNA clamping reduced Wolbachia abundance to 

below 10% in any given sample.  

2.2.2 Bacterial taxonomic profiles of incipient colonies 

Taxonomic profiles generated from sequencing the V4-5 hypervariable regions of 

16S rDNA varied across queens and workers, colonies, and developmental stages, but 

were consistently represented by members of Acidobacteria, Proteobacteria, and 

Planctomycetes (Figure 4). Though this is the first study to survey the bacterial 
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communities of camponotine ants across host developmental stages and among 

incipient colonies, we detected OTUs that have previously been associated with the guts 

of minor workers of various camponotine ant species [9, 25, 61, 66, 74]. We detected the 

persistently abundant AAB2 OTU described in Brown and Wernegreen [9] across few 

samples (n=7), though we did not detect the AAB1 OTU described in said study.  

 

Figure 4: Relative abundance of phylogenetic classes distributed across 
colonies and developmental stages. Numbers at the top of taxonomic profiles indicate 

colony identity. Gaps indicate missing data for that stage/caste in that colony. 
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2.2.3 Inter-community distance is strongly shaped by colony identity 
and developmental stage  

C. chromaiodes colony mates housed gut communities significantly more similar 

to each other than conspecifics from separate colonies (Figure 5). Within a host colony, 

the mean Jaccard dissimilarity was 0.62, as compared to 0.77 between colonies (Wilcox 

P<0.001; Figure 7C). This indicates that, across the dataset, 38% of OTUs detected within 

a host colony were shared among all members of that colony, whereas distinct colonies 

shared just 23% of the OTU dataset. These values are similar, yet represent a slightly 

larger shared proportion of taxa, to those described in cephalotine ants [45]. Unifrac 

distance, which incorporates phylogenetic distance across a designated tree, showed 

similar trends (Within colony: 0.57; Between colony: 0.63; P<0.001; Figure 7D).  
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Figure 5: OTUs and inter-community distance from a colony queen tracked 
across the dataset. Individual OTUs associated with the queen from colony 812 are 

plotted against all samples and colored by phylum. Unifrac distance between queen 
812 and the indicated sample is drawn with a dashed black line and Jaccard 

dissimilarity is plotted with a solid black line. Vertical dotted lines demarcate 
colonies are simply drawn as a visual aid. 
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informed and traditional distance metrics, within-colony dissimilarity was significantly 

less than between colony distance, across all colonies (Figure 7A & Figure 7B). Host 

developmental stage had a significant effect on inter-community distance as well, 

though to a lesser degree than colony identity (Jaccard: PERMANOVA P <0.001, 

PERMDISP P=0.06; Unifrac: PERMANOVA P <0.001, PERMDISP P=0.02).  

To determine how strongly these two factors shaped inter-community distance, 

we performed several Constrained Analyses of Principle Coordinates (CAP) [111] on our 

dataset. CAP ordination is conceptually similar to Redundancy Analysis (RDA) [112], 

though it is valid on a variety of distance measures. We performed CAP on various 

distance metrics to determine the contribution of colony identity and host development 

in shaping bacterial community structure between samples. CAP on Unifrac distance 

demonstrated that ~10% of variation in β-diversity across the dataset (Figure 18) was 

shaped by host colony identity, with the inclusion of host developmental stage 

increasing the described variation to 16.5% (Figure 7B). A likelihood ratio test (LRT) 

between these two models determined a significant improvement in explanatory power 

with the inclusion of both factors (P<0.001, F=5.1). We also performed CAP using Jensen-

Shannon distance (JSD), a non-phylogenetically informed, finite metric useful for 

comparing community composition [113]. Similarly, host colony identity accounted for 

12.9% of variation in inter-community distance, when using JSD (Figure 19). Though the 
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inclusion of host developmental stage only increased the total variation explained to 

13.9% (Figure 7A), the effect was significant (LRT P<0.001, F= 5.1053). This is not 

surprising, as Unifrac distance weights longer branches in a phylogeny more heavily 

and would accordingly weight the addition of unique taxa acquired during 

development more heavily than a non-phylogenetic metric. Additionally, we performed 

unconstrained hierarchical clustering analysis with average mean (UPGMA), which 

supported colony identity as the driving force shaping β-diversity trends .  

 

Figure 6: Alpha diversity estimates and proportion of shared OTUs between 
developmental stages and castes. A. Faith’s PD across each caste or developmental 

stage measured, across all colonies. B. Proportion of shared OTUs between the 
indicated developmental stage or caste and the associated queen of the same colony. 

 

A B
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2.2.4 Community complexity varies significantly across host 
development, but not across host colonies 

Our results depict bacterial communities of dynamic nature and complexity 

across host development. Median alpha diversity indices were both highly similarly low 

for incipient queen gut communities and L1 larvae (median Faith’s PD: 14.05173, 

queens; 14.41128, L1; Wilcox P= 0.51). Community complexity increased for L2 larvae, 

though not significantly from queen gut community diversity (median Faith’s PD: 18.56; 

Wilcox P=0.08). P1 pupae consistently displayed the highest community complexity 

among castes, and this elevation in diversity was significantly higher than queen gut 

communities (median Faith’s PD: 34.76; Wilcox P<0.001). After shedding of the 

meconium between the P1 and P2 phase, P2 pupae housed communities of significantly 

decrease complexity, compared to P1 pupae (median Faith’s PD: 27.12; Wilcox P=0.0053), 

though this value was still significantly elevated over queen gut communities (Wilcox 

P<0.001). Complexity of early stage minor workers was similar to values for queen gut 

communities and L1 larvae (median Faith’s PD: 14.7, P=0.97) and was not significantly 

more diverse (Figure 6A). Our diversity estimates for minor workers were consistent 

with values previously described for camponotine and cephalotine ants [9, 25, 45, 61, 

74]. We also calculated the percentage of shared OTUs between each developmental 

stage and the incipient queen of the associated colony (Figure 6B). In accordance with 

our alpha diversity measurements, the percentage of OTUs shared between a founding 
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queen and associated castes decreases across host development through the larval stages 

and P1 pupae. However, the shedding of the meconium prior to the P2 phase did not 

affect the proportion of OTUs shared with colony queen (P1 median 0.152; P2 median 

0.149; Wilcox P=0.99) between P1 and P2 pupae. Nanitic workers, who feed the queen 

once they eclose from the pupal casing, accordingly share a higher proportion of OTUs 

that pupal stages and are on par with L1 larvae. 

Community complexity across colonies was highly consistent, suggesting that 

compositional drive inter-community distance. Pairwise comparisons of alpha diversity 

across all colonies yielded only 3-5 significantly different means across multiples indices 

and raw OTUs counts. (Figure 17). Significant shifts in mean values were only detected 

between the least complex colony (836), and the 2-3 most diverse colonies (821, 831, 848; 

Figure 17). These results indicate that differences in bacterial community composition, 

rather than shifts in bacterial community complexity, were responsible for driving the 

differences detected between host colonies. Conversely, changes in bacterial community 

complexity are, at least, partially responsible for any differences detected in between 

bacterial communities between host castes.   
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Figure 7: A. Constrained analysis of Principle Coordinates (CAP) ordination on 
Unifrac distance, constrained by host colony identity and caste/ developmental stage. 
B. CAP ordination on Jensen-Shannon distance (JSD), constrained as in subfigure A. 
C. Jaccard dissimilarity measured between colonies and castes/developmental stages. 

D. Unifrac distance measured between colonies and castes/developmental stages. 
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2.2.5 The microbiota of P1 pupae displays increased consistency 
across colonies and contains several environmental microbes 

Across all colonies, samples within a caste or developmental stage shared few 

common OTUs (mean = 3.2). However, across the dataset, the microbiota of P1 pupae 

displayed an increased level of convergence, compared to other castes or developmental 

stages. P1 pupae possessed approximately four fold more shared OTUs with each other 

than any other stage or caste (n=16). Spanning several phyla, these taxa were consistent 

with OTUs from microbiomes of forest soils and wetlands, suggesting that 

environmental contributions during ontogeny accumulate largely from soil sources 

(Table 11) and reach their apex during P1. Upon shedding of the pupal meconium and 

reinoculation by the colony queen, shared OTUs among all samples of P2 pupae were 

reduced and consistent with levels of other stages or castes. 

 

2.3 Discussion 

The evolution of sociality has had profound impacts on animal behavior and 

development [107, 114, 115] and governs all aspects of an animal’s interactions, to 

include those with bacterial associates [28, 116-118]. Intimate interactions between social 

colony mates potentially represent a highly reliable conduit for transmission of 

foodstuffs, immune factors, and bacterial associates over evolutionary timescales [45, 
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119]. Based on the criteria we outlined previously, our results suggest that social 

interactions foster vertical transmission of bacterial associates of camponotine ants. 

 

2.3.1 Bacterial communities shared between queens and progeny are 
consistent with vertical inheritance 

At higher taxonomic ranks, the profiles of C. chromaiodes gut communities were 

moderately consistent across colonies (Figure 4), including sporadic representation of 

the potentially coevolved mutualist, AAB2, described in previous studies [9, 25, 26]. At 

the individual OTU level, our data suggest that taxa present in a queen gut community 

are significantly more abundant in associated colony mates than individuals from other 

colonies (Figure 5 & Figure 23). These data are consistent with trends observed in 

Cephalotes ants, which have coevolved with multiple members of their gut consortia [45]. 

That community complexity was highly static across host colonies indicates that 

compositional shifts, rather than shifts in complexity, were driving correlations between 

β-diversity and host colony. However, we also appreciate that significant differences in 

bacterial community composition between host colonies may reflect shifts in the 

bacterial profiles of the colony environment. Thus, we cannot eliminate the physical 

colony microbiome as a source of results described herein, though we note that such 

dynamic shifts between colony environments have not been previously reported, nor 

resemble gut communities [65, 120]. 
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2.3.2 Contributions from environmental sources cause shifts in 
community complexity 

We also observed a significant effect of developmental stage on trends between 

and within communities (Figure 6 & 7). Our results indicate dynamic shifts in 

community complexity as C. chromaiodes progresses through development and across 

castes.  The gut communities of colony founding queens displayed consistent 

complexity and a high proportion of shared OTUs with associated L1 larvae, supporting 

direct transmission of bacterial communities across groups with minimal environmental 

contribution. Community complexity continued to increase during development with an 

apex in diversity occurring during the P1 phase. This correlates with shifts in host 

biology, as, between the P1 and P2 pupal stage, the insect gut goes through a 

metamorphosis and the gut epithelium is shed [72], and Blochmannia densities increase. 

Following this shift, we report a reduction in gut community complexity and decreased 

community dissimilarity between queens and associated P2 pupae, relative to the P1 

stage. These shifts suggest that reinoculation from the colony queen (or minor workers, 

if available) is likely driving these changes. After eclosion from the pupal casing, 

complexity of gut consortia of minor workers resembles that of incipient queen gut 

communities.  
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Trends in β-diversity were also significantly affected by developmental stage, 

though less strongly than the colony effect. Clusters in β-diversity ordinations associated 

with developmental stage were significant, though much more diffuse than those 

associated with colony identity (Figure 18 & 19). This corresponds with the dynamic 

trends observed in in α-diversity described above (Figure 6a), as the reduced cluster 

density is likely due to increased complexity accumulated from environmental sources 

during development.  

 

2.3.3 How do developmental stage and colony identity shape 
bacterial communities? 

That both host colony identity and developmental stage significantly correlate 

with trends in bacterial β-diversity belies how distinctly these forces structure bacterial 

communities. When a vertically inherited compositional signal represents the greatest 

factor, intra-colony distance should be significantly lower than inter-colony distance and 

community complexity should be relatively static across colonies. Our results suggest 

that correlations between inter-community distance and colony identity are due to 

compositional differences associated with vertical inheritance of bacterial communities 

from a founding queen. This is evident in the high proportion of shared OTUs within a 

colony and relatively low intra-community dissimilarity (Figure 5 & Figure 23). 

However, the complexity of bacterial communities across host colonies was incredibly 
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static (Figure 17), which strongly supports differentiation at the colony level deriving 

from compositional differences alone. Conversely, correlations between inter-

community distance and host developmental stages are due to shifts in community 

complexity. We detected significant shifts in community complexity across host 

development, with the pinnacle of intra-community diversity occurring during the P1 

phase. OTUs shared between P1 pupae across colonies were consistent with previously 

described soil and wetland microbes (Table 11), which suggests environmental 

acquisition of bacteria over time. These results demonstrate that host development 

structures inter-community distance by shifting community complexity via 

accumulation of environmental microbes over time. These data are consistent with 

vertical transmission of gut associates from queens to progeny and fit with observations 

in previous studies of ant microbiota [27, 45]. 

 

2.3.4 How does bacterial community structure vary across host 
development? 

While the composition of larval and pupal bacterial communities are variably 

similar to their associated queen’s gut community, the strength of this signal varies over 

time. The similarity between larval and pupal bacterial communities and their 

associated queen decreases during development (Figure 6 & 7), and this shift is driven 

by increases in community complexity, likely due to increased exposure to 
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environmental microbes over time. That most of the variation in our dataset was 

explained by host colony identity suggests that shifts in community complexity, while 

significant, are not powerful enough to override the unique compositional differences 

between colonies. As evident in β-diversity ordinations (Figure 7, 18 and 19), shifts in 

complexity associated with developmental stage correlates with an increase in distance 

between related individuals, though in a non-affine manner. Such shifts are consistent 

with stochastic interactions with environmental associates, which we would expect to 

drive β-diversity trends in inconsistent directions. Despite these shifts in complexity, 

bacterial communities of newly eclosed workers resemble that of associated queens and 

L1 larvae. This suggests that, at least in early stages of colony founding, bacterial 

community composition fluctuates with shifts in complexity across development, but 

retains a high similarity to the founding queen. This is congruent with expectations, as 

the queen is constantly feeding early workers during development, providing ample 

opportunities for bacterial reinoculation. Once minor workers commence husbandry 

duties, their microbiomes appear to be similar in composition and complexity to the 

colony queen. In concert, these trends demonstrate that shifts in community complexity 

represent a dynamic force shaping bacterial communities during host development. 

Previous studies have established a stark difference in taxonomic profiles 

between gut associated and environmental (nest material and soil) communities [27, 65, 
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121]. Thus, we would expect phylogenetically aware distance metrics to be more 

sensitive to the acquisition of environmental microbes than non-phylogenetic sources. 

Unifrac distance, which weights longer, deeply diverged branches in a phylogeny more 

heavily than short branches separating closely related taxa, should magnify the 

contribution of unique, phylogenetically distinct microbes from environmental sources. 

Conversely, non phylogenetic metrics, such as Jaccard dissimilarity or JSD, should 

attenuate the proportion of variation explained in β-diversity trends by the inclusion of 

microbes from environmental sources. Our constrained ordinations of Principle 

Coordinate Analyses reflect these observations (Figure 7A & 7B). Using the JSD metric, 

constrained ordination mixed modeling of the effect of host colony identity and 

developmental stage described 13.9% of the variation (permutational ANOVA P<0.001, 

F=4.882), with the addition of developmental stage adding only 1% of described variance 

to the colony-only model. When employing Unifrac distance, our mixed model describes 

16.5% of the variation (permutational ANOVA P<0.001, F=2.916), with developmental 

stage adding 6.7% of described variance to the colony-only model. Cumulatively, these 

results support the notion that variations in β-diversity during host development are 

driven by increases in community complexity via acquisition of bacteria from 

environmental sources.  
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 In concert, our results suggest that social interactions facilitate reliable exchange 

of bacterial mutualists, and these associations may be persistent over evolutionary 

timescales. Vertical transmission of extracellular gut associates has been shown to 

facilitate bacterial coadaptation with hosts across several phyla [5, 22, 45, 101]. Our 

study represents the first survey of bacterial transmission and community dynamics 

across ant developmental stages and castes of field-collected colonies. Our data suggest 

that gut associated bacterial communities are reliably transmitted to offspring via social 

interactions and that the composition of these communities reflects that of the founding 

queen and are thus colony specific. These results are in line with previous studies that 

have suggested social interactions as a conduit for bacterial transmission [5, 9, 23, 28, 43, 

119] and are essential for predictions of evolutionary consequences of mutualisms 

between animals and gut microbiota.  

 

2.4 Methods 

2.4.1 Ant collection 

Ants were collected across several locations within Duke Forest, Durham, NC 

between June 9 and June 22 of 2015. This timeframe was chosen to coincide with 

colloquial nuptial flights of C. chromaiodes. For bacterial community characterization, we 

collected only incipient colonies of C. chromaiodes. Colonies were considered incipient if 
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the immediate area near an identified queen contained only brood stages and/or 

dwarfish (nanitic) workers. All samples were collected within a 1km stretch of Duke 

Forest to minimize geographic variation, as large scale geographical shifts have been 

shown to correlate with shifts in gut community profiles in Cephalotes [45], likely due to 

shifts in bacterial communities of both environmental and nutritional sources.  All 

specimens (Queen and all offspring) were immediately placed in 100% ethanol and 

transported to Duke University upon collection. For all colonies, vouchers (in the form 

of whole samples or dissected remains) are available upon request. Where possible, 

triplicates of each caste or developmental stage were processed and sequenced for each 

colony. Full sample structure and collection metadata are listed in Table 10. 

Developmental stages were assessed and determined in accord with previously 

published studies [110]. 

 

2.4.2 Sample preparation for microbiota characterization: surface 
sterilization, genomic DNA (gDNA) extraction, and endosymbiont 
depletion    

All samples were surface-sterilized prior to gDNA extraction. Samples were 

sterilized by immersion in 100% ethanol, followed by a 60 second soak in 5% bleach, and 

then rinsed in sterile water. After surface sterilization, whole gut tracts were dissected 

out under microscope for all queen and minor worker samples, and gDNA was 
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extracted from these tissues only. Because tissue dissection of brood is not feasible, 

gDNA was extracted from whole specimens for larvae and pupae. gDNA extraction was 

performed using the Qiagen (Hilden, Germany) DNEasy kit according to a standard 

protocol. 

By absolute abundance, gDNA of endosymbiotic bacteria is more abundant than 

that of extracellular gut associates [9]. In Camponotus, these are Blochmannia, a long-term 

intracellular endosymbiont of Camponotus and related genera, and Wolbachia, a known 

bacterial associate of various insect taxa. In order to better characterize the community 

of extracellular gut associates, we employed two techniques to deplete 16S rDNA 

abundance of both endosymbionts.  To deplete Blochmannia rDNA abundance, we 

employed enzymatic digestion as described in Brown and Wernegreen [9]. To reduce the 

abundance of Wolbachia 16S rDNA, we designed and employed a novel peptide nucleic 

acid (PNA) clamp targeted against the Wolbachia operational taxonomic unit (OTU) 

identified in C. chromaiodes. PNAs are oligonucleotides with a higher annealing 

temperature and lower mismatch tolerance than their nucleic acid-based analogs. 

Because of these features, PNA clamps have been successfully modified to block specific 

OTUs from marker gene studies [76]. We designed a PNA (5’ K-

CACCTGTGTGAAATCCG 3’) to anneal to the C. chromaiodes Wolbachia OTU at E. coli 
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16S position 1030, which blocks the universal reverse primer for the V6 region of 16S (E. 

coli 3’ coordinate 1046), as described below.  

 

2.4.3 16S rDNA amplicon library construction and sequencing  

First PCR: We performed a two step PCR protocol to maximize coverage of the 

extracellular gut community. From each PacI-digested gDNA sample, we first amplified 

a ~1037 bp region of 16S rDNA that spans the PacI restriction site in Blochmannia and the 

annealing site of the Wolbachia PNA. Prior to amplification, the PNA clamp was 

solubilized at 65°C  for 5 minutes. PCR reactions contained 5.52 uL nuclease-free water, 

0.975 uL DMSO, 1.63 uL 10 uM forward primer 9F, 1.63 uL 10 uM reverse primer 1046R, 

3.25 uL 20 uM PNA, 3.25 uL of PacI-digested gDNA, and 16.25 uL Phusion High-

Fidelity Master Mix with HF Buffer (NEB). Reactions were held at 98°C for 30 seconds to 

denature the DNA, with 30 cycles of amplification proceeding at 98°C for 10s, 74°C for 

10s for PNA annealing, 65°C for 30s, and 72°C for 60s, we added a final extension phase 

at 72°C for 5 min, then cooled at 4°C. Resulting amplicons were cleaned using the 

Agencourt AMPure XP system (Beckman Coulter) following the manufacturer’s 

instructions.  

Second PCR and sequencing: 10-cycle tagging PCRs were designed to amplify the 

V4 and V5 hypervariable regions from the amplicons from the initial reaction. Tagging 
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PCR reactions were performed in triplicate and contained 5.5 uL nuclease-free water, 

0.75 uL DMSO, 1.25 uL 10 uM barcoded fusion primer mix, 5 uL of PacI-digested gDNA, 

and 12.5 uL Phusion High-Fidelity Master Mix with HF Buffer (NEB). Reactions were 

held at 98°C for 30 seconds to denature the DNA, with 10 cycles of amplification 

proceeding at 98°C for 10s, 55°C for 30s, and 72°C for 60s, we added a final extension 

phase at 72°C for 5 min, then cooled at 4°C. Tagged amplicons were again cleaned using 

the Agencourt AMPure XP system (Beckman Coulter) following the manufacturer’s 

instructions. 

All libraries were quantified using a Quant-iT High-Sensitivity dsDNA Assay Kit 

(Thermo Fisher) following the manufacturer’s instructions, and then pooled in 

equimolar concentrations. A 200uL aliquot of pooled amplicon libraries was 

concentrated with a MinElute PCR Purification kit (Qiagen) and size selected on a 1% 

agarose gel. The size selected libraries were cleaned using a QIAquick Gel Extraction Kit 

(Qiagen) and sequenced with a MiSeq Reagent Kit v3 on an Illumina MiSeq. Sequencing 

was performed by the Molecular Physiology Institute at Duke University. Of the output 

from this sequencing run, 17,972,183 raw reads were generated, and ~50% were 

associated with samples in this study.  
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2.4.4 Microbial community analysis 

Raw sequencing reads were processed using UPARSE [81]. All reads were 

trimmed of sequencing adaptors, barcodes, and forward and reverse primers, then 

globally trimmed to 367bp. All reads shorter than 367bp were discarded. Expected error 

filtering parameters were based on the ability to classify a single OTU for a control  (E. 

coli isolate) dataset. The UPARSE pipeline was used to group operational taxonomic 

units (OTUs) at a 97% similarity threshold and to remove chimeric sequences. 

Taxonomy was assigned to UPARSE-identified OTUs using the RDP Classifier [122] 

against Greengenes database 13.8 [82]. All statistical analyses were performed in R. The 

phyloseq, vegan, reshape2, randomForest, and ggplot2 packages were used for data 

manipulation and visualization [111, 123-126]. 

 

Phylogenetic inference:  To more accurately estimate phylogenetic distance 

between communities (weighted and unweighted Unifrac), we used Bayesian 

approaches to infer phylogenetic relationships between OTUs.  We employed a General 

Time Reversible (GTR) model with a Gamma (Γ) distribution of rate heterogeneity [87] 

and proportion of invariant site estimation (PInv). MrBayes [90] was used for Bayesian 

phylogenetic inference with 10 million generations, 4 chains, 1,000 generation sampling 
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interval, and a 0.25 burn-in fraction. This tree was then used in calculations of 

phylogenetically informed distance estimates (unweighted and weighted Unifrac).  
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3. Genomic erosion and rampant horizontal gene 
transfer in gut-associated Acetobacteraceae 
3.1 Introduction 

Evolutionary consequences of symbiotic associations are dynamic and drive 

genomic evolution in myriad ways. Persistent relationships between animals and 

microbiota have facilitated a range of adaptations, from niche diversification [2, 22] to 

dramatic increases in metabolic potential [1], even leading to speciation of one or 

multiple partners [3, 127]. Gut microbiota represent a unique system for studying the 

genomic basis of adaptation, due to their diverse range of persistence and intimacy 

across hosts. Traditionally, proxies for assessing bacterial divergence have relied on 

inference based on changes to the sequence and structure of 16S rRNA. However, the 

rate of molecular evolution at 16S rRNA vastly underestimates that of the genome [71] 

as a whole and, at best, provides a cursory evaluation of strain level diversification. 

Thus, elucidation of processes facilitating adaptation and associated consequences 

require genomic data for comparative analyses. 

Comparative analyses of gut associates have revealed a broad spectrum of 

genomic consequences. At one extreme, genomes of extracellular gut associates of 

pentatomoid bugs display remarkable erosion, AT-biased nucleotide composition, 

accelerated rates of molecular evolution, and co-cladogenesis with the host. Conversely, 

genomes of Lactobacillus reuteri isolates, persistent gut symbionts across several 
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vertebrate families [128], display fewer hallmarks of adaptation, such as strain-level 

variation in gene content between host populations [129] and monophyletic clades 

associated with host origin [128]. Likely existing in a middle ground between the above 

two extremes, strains of extracellular gut associates of social bees possess specialized 

genomes adapted to their specific host species [23], and confer distinct benefits 

associated with host lifestyle or nutrition. Indeed, across various hosts, evidence of host 

specialization, long term adaptation, and/or subspecies divergence are becoming 

increasingly present in persistent gut microbiota, revealing a spectrum of consequences 

of adaptation to the gut niche. Recently, studies into the composition and stability of ant 

gut microbiota have uncovered deeply divergent branches of putatively host-adapted 

bacterial taxa. 

Gut associated communities of ants vary widely across host families, though 

tend to show a relatively high level of stability within a host species [9, 25, 27, 61]. 

Camponotine ants enjoy a nearly worldwide range and, despite such a large 

distribution, persistently associate with select taxa in the Acetobacteraceae (AAB) [9, 25, 

26] and Lactobacillaceae (LAB) [66, 75, 130]. Previous studies have shown that gut 

associated Acetobacteraceae (strains AAB1 and AAB2) [9] display elevated mutation 

rates, AT bias, significant destabilization of 16S rRNA, and deep monophyly with strains 

only found in other ants, though insights into genomes of these associates remain 
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undeveloped. Conversely, despite a widespread and persistent association with various 

host species, Lactobacillus isolates do not appear to display significant differentiation 

from environmental strains, based on analysis of 16S rRNA. While the nature of the 

relationship between camponotine ants and bacterial isolates from either family remain 

uncertain, each group likely represents a distinct positions on the symbiotic spectrum. 

Deep divergence from environmental isolates and host-restricted distribution suggest 

that AAB1 and AAB2 may share a lengthy coevolutionary history with their host, based 

on comparisons from coevolved gut associates of other social insects. However, 

Lactobacillus strains, a genus with a history of host specialization [128], likely represent 

more promiscuous associates with lesser shared evolutionary history and fewer 

signatures of specialization. This may be due to a relatively novel nature of the 

relationship between Camponotine ants and LAB or due to increased fitness outside of 

the host. Though the mechanisms directing these relationships are unclear, the distinct 

nature of these associations likely represents a unique position on the symbiotic 

spectrum. However, there is a paucity of genomic or functional data available for these 

associates, leaving insights into evolutionary processes structuring these relationships 

mostly obscured. 

Here, I culture and characterize the genomes of multiple strains of AAB and LAB 

associated with C chromaiodes. I delineate various factors structuring genomic evolution 
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in these gut associates and explore mechanisms by which genomic content and 

divergence facilitate adaptation to the host gastrointestinal tract.  These results illustrate 

selective forces underlying adaptation and genomic evolution in gut associated bacteria.  

 

3.2 Results 

3.2.1 Isolate genome characteristics 

From pure monoculture, I sequenced two isolates of the previously described 

acetic acid bacterial lineage, AAB2, as well as a strain of Lactobacillus that has been 

documented in association with multiple ant species.  Isolate sequencing on the PacBio 

RSII generated datasets with mean read counts of 76,659 and mean read N50 of 

23,501bp. When assembled, all read datasets formed closed genomes with mean 

coverage of 443-fold and consensus concordance of 99.9967%. Strain BBS1 possessed on 

plasmid sequence and strains BBS2 contained multiple plasmid sequences with variable 

coverage. For all analyses, results are based on chromosomal data only. The AAB2 strain 

BBS1 genome is a circular, 2.1 Mb chromosome encoding 2032 CDS sequences, and 342 

putatively horizontally transferred genes (Table 3; Figure 8a, 8c). AAB2 strain BBS3 also 

possessed a single circular chromosome of 1.9Mb and 1798 CDS and 276 putatively 

horizontally transferred genes. Lactobacillus sp. BBS2 possessed a single 1.5Mb circular 



 

 85 

chromosome with 1475 CDS sequences and 17 putatively horizontally transferred genes 

(Table 3; Figure 8b).  
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Table 3: Genome characteristics of sequenced strains 
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Figure 8: Chromosome maps of each strain sequenced. a-c. Chromosome are colored according to the COG category listed. 
From outside to the center, rings on each chromosome represent genes on forward strand (color by COG categories), genes on 
reverse strand (color by COG categories), RNA genes (tRNAs green, rRNAs red, other RNAs black), GC content, and GC skew. d. 
whole genome alignment of strains BBS1 (reference) and BBS3. Alignments are colored by locally collinear blocks.

BBS3

c. d.

BBS1

a. b.
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Compared to free-living and other host-associated isolates within the 

Acetobacteraceae, both strains of AAB2 displayed drastically distinct metrics.  On 

average, the genomes from both strains were 1.2Mb smaller than other acetic acid 

bacteria and had a mean GC content that was 15% lower (Table 12). Additionally, both 

AAB2 strains possessed an average of 1221 fewer CDS than other Acetobacteraceae, 

though had a mean percentage of coding bases that was 1.86% higher. By contrast, none 

of these metrics were distinct between Lactobacillus sp. BBS2 and other members of the 

Lactobacillaceae (Table 12).  

 

3.2.2 Metabolic pathway reconstruction 

The size and metabolic potential of genomes of both strains of AAB2 are shifted, 

mainly through gene loss, relative to free living acetic acid bacteria, a trend that is 

consistent among specialized gut associates of insects [23, 43]. Each strain has shared 

gene loss in several amino acid biosynthetic pathways as well as multiple central 

metabolic pathways such as glycolysis (Figure 24), pentose phosphate (Figure 25), and 

the tricarboxylic acid cycle (TCA; Figure 26). Biosynthetic pathways that have 

undergone gene loss and are putatively nonfunctional include synthetic pathways for 

several amino acids and precursors. The synthetic pathway for chorismate, a precursor 

molecule to the three aromatic amino acids, tyrosine, tryptophan, and phenylalanine, is 
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entirely absent, as are synthetic pathways for each amino acid (Figure 9). Furthermore, 

both strains appear to have lost the ability to fully or partially synthesize several other 

amino acids, though appear to have gained the ability to synthesize valine and serine, 

 

Figure 9: Abundance profiles of functions annotated by IMG networks.  a. 
Abundance profile for acetic acid bacteria. b. Abundance profile for lactic acid 

bacteria. Fewer categories showed meaningful comparisons and are thus omitted. 
Numbered black lines are visual aids meant purely to segregate classes of networks, 

and are numbered as follows. 1: amino acid biosynthesis, 2: carbohydrate metabolism, 
3: cofactor biosynthesis. 

1

2

2

3

1

b.
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likely from horizontal transfer. With respect to carbohydrate utilization and 

metabolism, both strains have undergone significant shifts in capacity. Several key genes 

are absent from glycolysis (Embden-Meyerhof-Parnas), though both have acquired key 

genes in the Entner-Doudoroff (ED) alternative, facilitating metabolism of dextrose to 

pyruvate via this alternate mechanism. Distinct from the capabilities of BBS1, strain 

BBS3 possesses a complete, standard Entner-Doudoroff pathway (Figure 9). The TCA 

cycle has been completely broken in both strains (Figure 26), with approximately half of 

the genes lost, resulting in an inability to convert succinyl CoA into succinate or any of 

the downstream metabolites. The fate of succinyl CoA is likely tied to glycine 

metabolism via the unique metabolic capacity of Alphaproteobacteria to synthesize 5-

aminolevulinic acid (5ALA) from glycine and succinyl CoA. This reaction, catalyzed by 

aminolevulinic acid synthase (ALAS) [131], is a key precursor in heme biosynthesis. 

Additionally, both strains uniquely possess several genes for thiamine regeneration 

(Figure 9). 

 Whereas both strains of AAB2 exhibited large scale erosion of metabolic 

pathways, Lactobacillus sp. BBS2 has largely differentiated from other isolates by gene 

acquisition. Strain BBS2 has acquired chorismate mutase, an essential enzyme in the 

conversion of chorismate to phenylalanine and tyrosine (via the Shikimate pathway), 

though its full biosynthetic capacity for these amino acids in unclear.  
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3.2.3 Comparative bacterial genome analysis 

Complete annotated genome sequences were downloaded from the JGI IMG 

database. Whole genome alignment and visualization was performed using the Mauve 

aligner [132] on nucleotide sequence data. The number of shared genes between BBS1 

and BBS3 was 1598 (Figure 10). Whole genome alignment produced 12 locally collinear 

blocks (LCBs; Figure 8d) revealing several shifts in orientation and location within the 

genome of each strain. Of the rearrangements of LCBs within the genome, only one 

caused a reversal in sequence orientation.  
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Figure 10: Venn diagram of shared genes between isolates BBS1 and BBS3 

 

3.2.4 Horizontal gene transfer and functional profiles of gut 
associates 

Rampant horizontal gene transfer has had a profound effect on the genomes of 

both AAB strains and, to a much lesser extent, the LAB associate. The total count of 

horizontally transferred genes within the genomes of AAB2 strains BBS1 and BBS3 was 

BBS1 BBS3
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342 and 276, which amounted to 16.2% and 14.73%, respectively (Table 3, Figure11a). 

 

Figure 11: Genomic content of isolates by phylogenetic distribution of genes 
and COG functional categories. a. Relative abundance of genes horizontally acquired 
from various phylogenetic sources. b. Relative abundance of COG functional 
categories across the genome. 

Lactobacillus sp. BBS2 housed 17 horizontally transferred genes, which represent 

1.09% of the CDS sequences in the genome (Table 3). The functional profile of 

horizontally transferred genes in BBS1 and BBS3 was diverse and spanned several COG 

categories (Figure 12) and multiple phyla (Figure 12). The amount of horizontally 

transferred genes across COG categories was dynamic and ranged from one to ~30. The 

COG functional category with the greatest extent of HGT was “Energy production and 
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conversion” and included acquisition of all 14 subunits of NADH dehydrogenase 

 

Figure 12: Horizontally transferred genes by phylogenetic origin and COG 
functional category.  a. HGT in BBS1. b. HGT in BBS3 

a.
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from Gammaproteobacterial origin (Figure 12). Gammproteobacteria was the 

taxonomic class with the greatest contribution of horizontally transferred genes, and the 

Rhizobiales were the family with greatest contribution. Across both strains, “Coenzyme 

transport and metabolism” was the COG category with the greatest diversity of phyla. 

Comparative Pfam profiles (Figure 13) of various AAB taxa suggested that both strains 

of AAB2 showed enrichment of Sel1 domains, likely due to the horizontal acquisition 

NADH dehydrogenase, as described above. BBS1 and BBS3 also showed enrichment of 

LysE type translocators, an amino acid exporter implicated in the extracellular export of 

L-lysine [133]. Both of these PFam domains are almost entirely absent in all other AAB 

taxa, suggesting that their enrichment is unique to isolates BBS1 and BBS3. Furthermore, 

AAB2 isolates also displayed a reduction in phage integrase family proteins, a family 

that cleaves DNA and aids in recombination [134] (Figure 13). Of the horizontally 

transferred genes in Lactobacillus sp. BBS2, six were annotated with a COG category, 

which were evenly distributed between metabolite biosynthesis, carbohydrate 

metabolism, amino acid metabolism, and transcription and post translational 

modification. Pfam profile comparison across various LAB (Figure 13), suggested that 

BBS2 displayed moderate enrichment of helix-turn-helix domains, and modest 

enrichment of amino acid permeases and Type I restriction enzymes (Figure 13b). These 
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domains correspond with the genes associated with the COG categories described above 

(Figure 11b). 

 

Figure 13: PFam function across AAB and LAB. The ten most abundant 
function categories within the genomes of AAB and LAB isolates as annotated by 

PFam category.  a. Functional profile of AAB. b. Functional profile of LAB. 

a.
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3.2.5 Phylogenomic inference  

Phylogenomic inference revealed deep divergence of both AAB strains and 

surprising, though modest, divergence of the LAB strain (Figure 14).  Similar to previous 

analyses of AAB1 and AAB2 lineages based on 16S rRNA, our estimations placed both 

AAB2 strains in a deeply divergent, monophyletic clade with perfect bootstrap support. 

Though some shifts in positioning of more distant clades were observed, tree 

architecture was mostly consistent with 16S rRNA trees. Phylogenomic analysis and 

placement of strain BBS2 within LAB suggested that L. sanfranciscensis was the closest 

relative, which is consistent with 16S rRNA trees. However, divergence between strain 

BBS2 and L. sanfranciscensis was greater than that between free living and gut associated 

(host: Drosophila melanogaster) L. fructivorans relatives (Figure 14).  
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Figure 14: Phylogenomic analysis of AAB and LAB isolates from diverse 
sources. Ant associates are colored green, other host associated bacterial isolates are 
colored orange, and environmental isolates are colored black. Node values represent 
bootstrap support from 1000 replications. Trees are based on codon-aligned 
nucleotide data from 50 concatenated single copy orthologs. a. Phylogenomic tree of 
relevant AAB genomes. b. Phylogenomic tree of relevant LAB genomes. 

3.3 Discussion 

From large-scale genomic erosion [10] to host specialization [23, 128], symbiotic 

associations have profound effects on the evolution of bacterial associates. Our results 

shed light on ecological and evolutionary processes shaping genomes of diverse 

bacterial associates of Camponotine ants. Compared to free living AAB, strains BBS1 

and BBS3 possess genomes reduced in both size and biosynthetic capacity. Genome 

reduction in bacterial associates of insects is well documented and most evident in 

ancient symbioses with intracellular mutualists [4]. Recently, several studies have 

a.
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demonstrated that, while the magnitude of evolutionary consequences are lessened, 

extracellular gut associates undergo similar processes, resulting in large scale gene loss 

and alterations in metabolic capacity [5, 10, 22, 23, 28]. Our findings of mean reductions 

in genome size by ~1.2 MB and GC content by ~15% are consistent with shifts seen in 

other extracellular gut associates [10, 22, 23] with long coevolutionary histories [29]. 

Conversely, LAB strain BBS2 did not display these hallmarks of adaptation, arguing 

against long term adaptation to the gut.  

A hallmark of the gut as an ecological niche, HGT had a profound impact of the 

content and functional potential of both AAB strains. While the functionality of 

horizontally acquired genes in the LAB strain may facilitate gut colonization, the total 

instances of gene transfer was consistent with environmental isolates. Approximately 

15% of the genome of each AAB strain was acquired via horizontal transfer from closely 

related taxa, as well as across phyla and kingdoms (Figure 11a). COG functional profiles 

of horizontally transferred genes (Figure 12) suggest that acquisition was non-uniform 

across functional categories, with genes associated with energy production and 

conversion having the highest incidence of acquisition (Figures 11b and 12). This may be 

due to a cascade effect in which shifts in metabolism or substrate availability may 

require an increased energy investment into salvage pathways or metabolite conversion. 

In such cases, an increased repertoire of energy production and conversion pathways 
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would lead to increased fitness of symbionts with such metabolic plasticity. In both 

AAB2 strains, the acquisition of the complete NADH-quinone oxidoreductase complex 

would increase the oxidative capacity of H+ export to create a proton gradient necessary 

for ATP synthesis via oxidative phosphorylation.  

To a much lesser extent than the AAB strains, the Lactobacillus isolate has also 

gained novel synthetic capacity via HGT. BBS2 has acquired genes associated with 

amino acid metabolism, defensive systems, and cell-cell interactions. In contrast to AAB 

isolates, BBS2 has acquired chorismate mutase from Clostridium, which is a key enzyme 

in the interconversion of chorismate and aromatic amino acids. This increase in 

biosynthetic capacity likely offers a substantial increase in fitness over strains without 

such plasticity, especially when scavenging for nutrients not typically usable by closely 

related taxa. Additionally, BBS2 has acquired a putative adhesion protein and type I 

restriction enzyme from Bacillus. Bacterial adhesins are key cell surface proteins that 

facilitate adhesion to other cells. In host associated taxa, bacterial adhesins generally 

foster colonization of host tissue [135] and are thus a type of virulence factor. 

Furthermore, restriction enzymes are defensive proteins that protect against phage DNA 

insertion and subsequent lysis [136]. In concert, these proteins likely foster colonization 

of the gut niche by increasing biosynthetic plasticity, facilitating physical adhesion to 
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host tissue, and increasing defensive capabilities against bacteriophage (Figure 9b). 

Cumulatively, this fitness benefit may be substantial.  

As a whole, central metabolism and oxidative phosphorylation represent highly 

mosaic processes in both strains of AAB2. Loss of individual enzymes from metabolic 

cycles has been documented in certain gut associates [10, 23, 29], with mutualists of 

social bees utilizing an alternate enzyme during the TCA cycle to catalyze succinyl-CoA 

-> succinate conversion [137]. However, our results suggest that several key metabolic 

pathways suffer losses of approximately 50% of key enzymes. Both AAB2 isolates have 

lost half of the genes required for the standard (Embden-Meyerhof-Parnas) mechanism 

of glycolysis, as well as approximately half of the TCA cycle, breaking its cyclical 

structure. The decrease in fitness associated with the loss of these genes is likely partially 

offset via the acquisition of select genes (though not all) in the ED pathway, resulting in 

an atypically mosaic approach to the metabolism of glucose to pyruvate (Figures 24 - 

26). Specifically, both strains lack genes used in the first five reactions of glucose 

metabolism, whereby glucose is converted to glyceraldehyde-3-phosphate (Figure 24). 

However, via the acquisition of phosphogluconate dehydratase and 2-dehydro-3-

deoxyphosphogluconate aldolase, B-D-glucose-6-phosphate can be converted directly 

into pyruvate in conjunction with standard pentose phosphate pathway enzymes. 

Furthermore, enzymes needed to convert D-gluconate-6-phosphate into D-
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glyceraldehyde-3-phosphate are retained. D-glyceraldehyde-3P is a key byproduct of the 

standard pentose phosphate pathway, and is the first metabolite able to be processed by 

the truncated glycolysis cycle retained in BBS1 and BBS3.  

Although gene acquisition via HGT seems to have rescued large scale gene loss 

in the standard Embden-Meyerhof-Parnas pathway, the cyclical nature of the TCA cycle 

seems to have been completely broken (Figure 26).  All enzymes needed to catalyze 

reactions after the production of succinyl-CoA have been lost. This is especially curious, 

as the next reaction in the cycle is the conversion of succinyl-CoA to succinate, which 

generates one molecule of ATP or GTP. While the fate of succinyl-CoA remains unclear, 

a likely usage is in the 5-aminolevulinic acid synthase (ALAS) mediated reaction with 

glycine to produce 5-aminolevulinic acid (5ALA), coenzyme A (CoA), and CO2 [131]. 

This reaction, catalyzed by ALAS, is unique to eukaryotes and Alphaproteobacteria and 

feeds into porphyrin and heme synthesis. 

In addition to these alterations in carbohydrate metabolism, several pathways for 

the biosynthesis of amino acids and precursor molecules have undergone substantial 

shifts (Figure 9). Neither AAB strain is predicted to be able to synthesize chorismate, the 

precursor molecule to aromatic amino acid synthesis, or any of the aromatic amino 

acids. Compared to other acetic acid bacteria, AAB2 strains have lost genes in 

biosynthetic or conversion pathways of histidine, leucine, methionine, and arginine, 
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though both have acquired genes for the synthesis or conversion of cysteine and serine. 

Additionally, both AAB isolates have acquired genes in pathways for thiamine and 

derivative synthesis and regeneration, molybdenum cofactor synthesis, and CoA 

biosynthesis. Furthermore, isolates BBS1 and BBS3 display significant enrichment of Sel1 

repeat proteins and LysE type transporters (Figure 13). Sel1 repeat proteins possess 

diverse roles in cellular processes including serving as adaptor proteins in 

supermolecular complexes. They have also been implicated in the cellular stress 

response and in mediating interactions between host and bacterial cells [138]. While it is 

difficult to pinpoint functional profiles from genetic data alone, both of these 

interactions would be extremely valuable in gut associates. LysE type translocators are 

membrane spanning L-lysine exporters that excrete L-lysine into extracellular space 

[133], and both AAB strains have retained several pathways associated with lysine 

synthesis and conversion. The acquisition and maintenance of multiple lysine exporters 

is suggestive of a physiological role in the relationship between AAB2 isolates and C. 

chromaiodes: supplementation of L-lysine. This interaction may have a precedent, as the 

genome of the ancient Camponotus endosymbiont, Blochmannia, [13, 14] has been shown 

to retain biosynthetic pathways for amino acids utilized by the host [139]. In gut 

associated bacteria, where reductive evolution is especially quick to deplete 
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functionality of nonessential genes [10, 29], enrichment and maintenance of loci is 

strongly suggestive of functionality.  

Aside from genomic plasticity due to gene gain and loss, persistent associations 

with hosts also direct selection at the nucleotide level in various ways. We performed 

phylogenomic analyses of each isolate to estimate divergence from other host associated 

and free living bacteria (Figure 14). In accord with phylogenetic reconstructions based 

on 16S rRNA [9], both strains of AAB2 formed a deeply divergent, monophyletic clade 

that was sister to gut associated Saccharibacter in A. mellifera.  Though 16S rRNA 

divergence generally underestimates genomic divergence [71], our data delineated a 

surprising, albeit modest, level of divergence between Lactobacillus sp. BBS2 and its 

closest relative, L. sanfranciscensis. Furthermore, the divergence between these two taxa 

was much greater than that between environmental and gut associated isolates of L. 

fructivorans from D. melanogaster. Whereas all ant associated AAB have shown extensive 

(7-10%) divergence from environmental isolates at 16S rRNA, the full length 16S rRNA 

sequence of BBS2 displayed >99% similarity to environmental L. sanfranciscensis, 

suggesting that it may be an environmental isolate with preadaptive genes 

facilitating gut colonization. Whether the genomic divergence of BBS2 is due to 

selective regimes associated with gut adaptation or other factors remains unclear.  
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Collectively, our results delineate ecological and evolutionary factors both 

priming and resulting from bacterial adaptation to the gut environment. The genomes of 

both AAB2 strains illustrate consequences of persistent host association. While 

hallmarks such as genomic erosion and loss of metabolic potential are well documented 

in reliable gut associates, our data also delineate processes increasing genomic content 

(HGT), resulting in strains with mosaic genomes (Figures 12, 24-26). Accelerated 

horizontal transfer of genomic content has been previously described in gut microbiota 

[140]. Our data illustrate patterns of rampant transfer and acquisition of genetic material 

between closely related taxa and across phyla. Comprising approximately 15% of 

protein coding sequences in each AAB strain (Figure 11a), horizontally transferred genes 

have drastically increased the metabolic and biosynthetic potential of each isolate, 

potentially offsetting the patterns of reductive evolution germane to gut adaptation. 

Between these two processes, genomes of gut associated AAB have become rapidly 

divergent from closely related environmental isolates. While both AAB strains illustrate 

consequences resulting from adaptation to the gut niche, Lactobacillus isolate BBS2 likely 

represents ecological factors priming colonization of the gut environment. A seemingly 

more promiscuous associate [61, 66, 130], BBS2 does not exhibit any distinct properties 

from environmental isolates using standard 16S based assessments. However, 

phylogenomic analysis demonstrated a clear distinction from environmental isolates 
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(Figure 14). Furthermore, the increase (via HGT) in biosynthetic capacity as well as in 

defensive and adhesive mechanisms has likely facilitated persistent colonization of the 

gut niche.  The level of genomic divergence seen in BBS2 may be representative of early 

stages of symbiotic adaptation, though we are not able to discern the definitive cause of 

divergence. Together, our results delineate unique positions on the spectrum of 

symbiotic associations and illustrate processes facilitating colonization of and adaptation 

to the gut environment by phylogenetically diverse bacterial taxa. 

 

3.4 Methods 

3.4.1 Ant collection and sample preparation 

Ants colonies were collected from Duke Forest, Durham, NC and Durant Nature 

Preserve, Raleigh NC during October and November 2016. Based on the prevalence of 

AAB1 and AAB2 among the worker caste [9], only minor and major workers were 

collected from each colony. All specimens were collected alive and transported to Duke 

University immediately. Prior to downstream processing, specimens were anesthetized 

by placing in 15mL test tubes and immersing in ice. For all colonies, vouchers (in the 

form of whole samples or dissected remains) are available upon request.  

Prior to dissection, all anesthetized ants were surface sterilized. Samples were 

sterilized by immersion in 100% ethanol, followed by a 60 second soak in a 5% bleach 
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solution, and finally rinsed in sterile water. Upon surface sterilization, the entire 

alimentary tract (fore-, mid-, and hindgut) was dissected out under microscope. 

Dissected tissue samples were pooled in sterile PBS and held on ice until 

homogenization. Pooled tissue samples were lightly homogenized with a plastic pestle 

and handheld homogenizer.   

 

3.4.2 gDNA extraction and PCR screens 

gDNA was extracted from tissue samples and gram negative bacterial colonies 

using the Qiagen (Hilden, Germany) DNEasy kit. We used the standard protocol for 

animal tissue for dissected gut tracts and the recommended gram-negative pretreatment 

for cell cultures of acetic acid bacteria. For isolates of Lactobacillus, we used the MoBio 

(Hilden, Germany) UltraClean Microbial DNA Isolation kit following the standard 

protocol.  

Prior to isolate plating and growth in liquid culture, bacterial colonies were 

screened using primers specific to 16S rRNA of AAB1 and AAB2, as described 

previously [9]. Colony PCR was performed using the Phusion High-Fidelity Master Mix 

with HF Buffer (NEB). PCR programs were held at 98°C for 30 seconds to denature the 

DNA, followed by 30 cycles of amplification proceeding at 98°C for 10s, 61°C for 30s, 
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and 72°C for 60s, a final extension phase was held at 72°C for 5 min, then cooled at 4°C. 

Colonies with positive amplification were sequenced to confirm identity.  

 

3.4.3 Bacterial isolate culturing 

Prior to inoculation, all culture plates and broths were allowed to de-gas for 24 

hours at room temperature in an anaerobic chamber with an environment consisting of 

5% H, 5% CO2, 90% N. All bacterial cultures were sterilely plated, passaged, and/or 

inoculated under these conditions, then placed in a GasPak EZ (BD) anaerobic container 

and transferred to an incubator held at 29’C under the same environment. Homogenized 

gut tracts suspended in sterile PBS were directly plated onto MRS agar (Hardy 

Diagnostics) for the growth and selection of acetic acid bacteria and left to incubate for 2-

5 days, or until colonies appeared. Isolated strains of AAB2 were grown in MRS broth 

under the same anaerobic conditions and temperature until OD600 > 0.7. Though 

Lactobacillus grow well on MRS agar, we isolated the strain described herein by directly 

plating homogenized gut tracts suspended in sterile PBS onto Blood Agar plates (Hardy 

Diagnostics) under the same conditions as above. Growth of Lactobacillus in liquid 

culture was performed under the same conditions as previously described and in GIFU 

Anaerobic broth (Himedia) until OD600 > 0.7. Glycerol stocks of all cultures were diluted 

to 25% glycerol and stored at -80’C. Liquid cultures were centrifuged at 5000xg for 10 
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minutes and gDNA was extracted from cell pellets as described above. Approximately 

15ug of gDNA from each sample was used for full genome sequencing.  

 

3.4.4 Bacterial isolate sequencing, assembly, and analysis 

Bacterial isolates were sequenced on a PacBio RSII (Pacific Biosciences), utilizing 

one SMRT cell per isolate. Large insert library preparation and sequencing was 

performed by the Genomic and Computational Biology Core Facility at Duke 

University. De novo genome assembly was performed using the HGAP assembler [141] 

and resulted in fully closed genomes for all strains, as well as variable coverage of 

various plasmid sequences. Full genomic data is available in Table 1.  

Closed bacterial genomes were uploaded to the Joint Genome Institute (JGI) 

Integrated Microbial Genomes and Microbiomes (IMG) analysis server and database. 

Gene calling and annotation were performed using the JGI Microbial Genome 

Annotation Pipeline [142]. Whole genome alignment was performed using the 

progressiveMauve algorithm within Mauve [132]. COG function, Pfam assignment, and 

KEGG pathway reconstruction were performed using IMG’s automated toolkit. All 

statistical analyses were performed in R. The vegan, ape, and ggplot2 packages were 

used for data manipulation and visualization [111, 126, 143] 
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3.4.5 Phylogenomic inference   

Homologs shared among all taxa were determined using IMG’s analysis 

pipeline. Single copy orthologs were identified using OrthoMCL [144], and amino acid 

guided nucleotide alignments were performed using MUSCLE [145] within the 

TranslatorX framework [146]. Ambiguously aligned regions were removed using 

Gblocks [147]. We used RAxML [86] for maximum likelihood based phylogenomic 

inference, employing a General Time Reversible (GTR) model with a Gamma (Γ) 

distribution of rate heterogeneity [87] and proportion of invariant site estimation (PInv). 

Support for node placement was generated via 1000 bootstrap replications.  

 

3.4.6 Determination of horizontally transferred genes 

We used the standard protocol [148] of the IMG comparative analysis system to 

detect horizontally transferred genes. Translated nucleotide sequences were queried 

against NCBI’s RefSeq resource [149] and GenBank [150] using default parameters 

(Expect threshold: 1e-5) and the best BLAST hit was chosen.  
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4. Discussion and future directions 
Taken together, the results of experiments described herein contribute to the 

elucidation of ecological and evolutionary factors shaping animal-bacterial symbioses. 

This dissertation establishes a novel system and framework to test various hypotheses 

about the causes and consequences of symbioses on bacterial associates. Historically, 

ant-bacterial symbioses have been largely focused on interactions with obligate 

endosymbionts [14, 20]. Due to the unique nature of those relationships, they offers vast 

insights into conflicts in mutualisms [151] and evolutionary outcomes for ancient 

associations [152]. However, being a binary system, questions about interactions 

between hosts and heterogeneous communities remained opaque.  

The implications of results presented in chapter 1 establish a novel system with a 

potentially worldwide distribution in which one can test hypotheses about the nature of 

interactions in the gut. I characterize novel and distinct lineages of AAB that co-occur in 

various species of ants and form a deeply divergent clade. I establish that these 

associates are persistent and widespread across ant tribes. Unlike Opitutales symbionts 

in the Cephalotes gut microbiota [45], I delineate rapid evolutionary rates at 16S rRNA 

and significant destabilization of its structure [9]. Taken together, these results establish 

a unique model of host-microbe relationships in the context of extracellular gut 

associates.  
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The implications of research presented in chapter 2 address mechanisms of 

bacterial exchange between interacting hosts. Whereas vertebrate gut communities are 

generally complex and vary with the influx of food [153, 154], the gut microbiota of 

social insects appears to be vertically inherited from nestmates. Compositional signals 

inherited from queens or workers are the primary determinant of gut community 

structure, with acquisition of environmental isolates during development increasing 

community complexity but not overriding inherited compositional signals. This level of 

community wide stability is unique to insects, likely due to social transmission of 

bacterial associates. Social interactions such as trophallaxis, the sharing of nutrients and 

bacteria via mouth-to-mouth or anus-to-mouth exchange, likely represents a conduit for 

the reliable transmission of gut associates between colony members. Additionally, I 

develop a novel tool for interrogating the composition of the gut microbiome in this 

system. Intracellular symbionts, such as Blochmannia in Camponotus, and Wolbachia across 

several orders, vastly outnumber extracellular gut associates in absolute copy number of 

16S rRNA. Accordingly, 16S based community profiles are incredibly difficult to assess 

deeply, as the majority of sequencing effort is consumed by endosymbiotic DNA. The 

development of a Wolbachia-specific PNA clamp is a technical innovation that may help 

to elucidate gut communities across various hosts infected by related Wolbachia strains. 
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The implications of conclusions discussed in chapter 3 elucidate dynamic forces 

shaping genomic evolution in gut symbionts. Traditionally, gut communities have been 

analyzed in the context of community profiles measured by 16S rRNA sequencing [11, 

43, 55, 61, 155]. However, 16S rRNA can drastically underestimate genomic divergence, 

as ribosomal RNA evolves orders of magnitude more slowly than protein coding 

sequences [71]. Therefore, I perform whole genome sequencing of bacterial isolates of 

taxa identified in chapter 1 as being abundant and persistent across distinct host species. 

I successfully culture multiple strains of the symbiotic bacterium AAB2, as well as an 

isolate of LAB that has also been documented in various host species. Unlike AAB2, the 

LAB isolate does not show the typical characteristics of gut associates, as described 

previously. Rather, it appears to be a mostly environmental isolate that occasionally 

inhabits insect guts. Despite the similarity to environmental LAB, the genome of strain 

BBS2 shows surprisingly high levels of divergence and has acquired genes that may 

facilitate colonization of the gut tract. I delineate rampant horizontal gene transfer in the 

genomes of both AAB2 isolates that serve to rescue large scale genomic erosion, also 

likely from persistent habitation of the gut. These results characterize non-uniform 

patterns of gene acquisition via HGT that accumulate mostly in COGs associated with 

energy production and conversion, leading to a mosaic central metabolism. Finally, I 

propose a functional link in the symbioses by delineating significant enrichment of L-
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lysine transporters encoded by chromosomal DNA in both AAB isolates. Nutritional 

upgrading has been documented in obligate endosymbionts [16], and metabolic 

diversification by gut microbiota has long been appreciated [156, 157]. However, these 

data are the first to illustrate how rampant HGT may lead to adaptive evolution of gut 

bacteria.  

Future directions in this system could focus on generating monocultures of 

AAB1, or pursue cell sorting for isolation and characterization of this associate. My work 

demonstrates the cultivability of AAB2 and, based on predictions from the evolutionary 

theory of gut associates, isolates of AAB1 should be able to survive and reproduce 

outside of the host as well. Of course, the ability to survive outside of a host does not 

guarantee cultivability, but further efforts with different media and conditions may 

yield promising results. If cultivability is achieved, then myriad experiments to delineate 

larger evolutionary trends and ecological adaptation may become available. Cross host 

species comparison of isolates of each lineage may reveal parallel evolutionary patterns 

and provide insights into the evolutionary histories of these unique symbionts. Genome-

wide analyses of selection will reveal genomic targets of adaptation to the gut and will 

foster hypothesis about selective regimes inherent to gut association. Furthermore, 

symbiont clearing and reinoculation may provide mechanistic insights into the 

functionality of this relationship and illustrate the host fitness consequences associated 
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with these associates. Comparative transcriptomics of host gut tissue would provide 

insights into host-mediated mechanisms of communication and interaction with 

persistent gut associates. Furthermore, symbiont transplantation experiments across 

host species would elucidate levels of host specialization, if present. Additionally, 

further efforts could focus on screening the physical colony environment and common 

sources of nutrition for Camponotine ants, to elucidate or eliminate sources of AAB 

acquisition.   

In concert, the data presented here establish a novel model system for testing 

hypothesis about symbiotic interactions in the gut and illustrate factors shaping the 

ecology and evolution of gut associates. These results represent advancements in the 

fields of microbiology, symbiosis research, and genomic evolution, and may serve as 

benchmarks for future exploration.  

 

 

 

 

 

 

 



 

 116 

Appendix A: supplemental information for chapter 1 
Estimation of empirical error rate for Ion PGM amplicon 
sequencing.  

In light of concerns about high error rates for amplicon data generated on the Ion 

PGM [158], we determined the empirical error rate for Ion PGM amplicon sequencing by 

including a sample from a pure culture of the fully sequenced E. coli strain in our library 

construction and Ion PGM sequencing run.    

 

Methods:  

We used a pure culture from a single colony of Escherichia coli K12 substrain 

DH10B (TOP10) competent cells (Life Technologies), a line which has been fully 

sequenced [159], in order to determine sequencing error rates empirically. We prepared 

gDNA, digested the gDNA and resultant amplicons with PacI, created a barcoded 

library (as described above), and sequenced the library during the same sequencing run 

as all other samples. We then aligned reads against the known 16S rRNA sequence for 

this strain. We assessed the platform’s proclivity for indel and substitution errors and 

empirically calculated the per-base error rate.  Any observed errors in the E. coli sample 

reflect those introduced during both PCR and Ion PGM sequencing, which was 

performed exactly as for our experimental (ant) samples. 
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All E. coli reads were stripped of barcodes and forward and reverse primers, and 

were aligned to the 16S rDNA gene of the K12 substrain DH10B [GenBank:CP000948] 

using the default parameters for –very-sensitive-local alignments in Bowtie2 [160]. 

Samtools was used to process all alignment files and create the variant-identified .pileup 

files [161]. Variants were analyzed using Varscan 2.2.3 [162].  

 

Results:  

 Based on aligning all resulting E. coli reads >50 bp long (2,676 reads) to the 

known 16S rDNA sequence of this strain (one operon along V4-V5), we estimated the 

empirical error frequency at 0.00061 base substitution errors per site, and 0.006 indel 

errors per site (Table 4).  We evaluated the frequency of both error types (base 

substitutions and indels) across reads. While most errors were unique, some errors were 

abundant in the dataset, with a maximal read frequency of 0.022 for a given substitution 

error and a maximal read frequency of 0.624 for a given indel error. This high incidence 

likely reflects a systematic error profile inherent to Ion Torrent pyrosequencing, as 

previously suggested [158].  

We found that length-based thresholds (universal trimming of reads to 360 bp) 

followed by run-specific expected error filtering [81] proved to be the most effective way 

to reduce sequencing errors. In addition to mitigating OTU inflation derived from 
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terminal alignment gaps [81], this strategy truncates the section of pyrosequencing reads 

with the highest error incidence [163]. For 400bp Ion PGM data, a precipitous increase in 

error rate characteristically occurs around flow 380 [164]. Accordingly, our approach 

reduced the total per-base error rate by an order of magnitude as compared to more 

standard length- and average Q score-based filtering strategies, while retaining up to 4-

fold more reads than said strategies (Table 4). Our parameters for error filtering (1.5 

expected errors per read) were experiment-specific and selected on the ability to 

maximize reads and successfully call a single OTU in the E. coli dataset. 
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Table 4: Empirical estimation of error rates for E. coli amplicon library. 
Statistics are for raw reads, filtered and trimmed as listed. All quality values are listed 
as Phred quality scores. Variant bases were identified using VarScan. N50, the 
sequence read length at which > 50% of all bases reside in sequence reads longer than 
the listed value. N95,  the sequence read length at which > 95% of all bases reside in 
sequence reads longer than the listed value. 

 

Table 5: Sampling structure of collected colonies 

Length Stats1

Filtering Criteria Reads surviving filter N50 N95 Avg. length Total base pairs 
minimum 50bp reads2 2,676 374 184 274.46 733,911
minimum 300bp reads 1,831 375 371 373.41 683,708
minimum 300bp/Q20 reads3 215 375 369 372.1 80,001
minimum 300bp/Q163 724 374 371 371.72 269,122
minimum 400bp reads 1,765 375 372 374.88 661,657
minimum 360bp/ maximum expected error 1.5 894 360 360 360 321,840

Quality Stats
% bases > Q20 % bases > Q30 Min Q Max Q Avg. Q

minimum 50bp reads 87.04 57.28 5 45 28.19
minimum 300bp reads 89.41 60.31 5 45 28.71
minimum 300bp/Q20 reads 95.93 69.82 7 45 30.17
minimum 300bp/Q16 92.31 65.37 7 45 29.53
minimum 400bp reads 89.75 60.87 6 45 28.79
minimum 360bp/ maximum expected error 1.5 94.71 69.95 7 45 30.08

Error Stats
Filtering Criteria Total Substitutions Total Indels Total errors Max indel freq./site Max subs. freq./site
minimum 50bp reads 445 4,568 5013 0.6239 0.0219
minimum 300bp reads 405 3,505 3910 0.572 0.0231
minimum 300bp/Q20 reads 42 154 196 0.2698 0.0093
minimum 300bp/Q16 158 872 1030 0.5104 0.0042
minimum 400bp reads 340 3,219 3559 0.5655 0.0054
minimum 360bp/ maximum expected error 1.5 118 58 176 0.4518 0.0054

Error Stats cont.
Per-base indel error rate Per-base substitution error rate Per-base combined error rate

minimum 50bp reads 0.006 0.001 0.007
minimum 300bp reads 0.005 0.001 0.006
minimum 300bp/Q20 reads 0.002 0.001 0.002
minimum 300bp/Q16 0.003 0.001 0.004
minimum 400bp reads 0.005 0.001 0.005
minimum 360bp/ maximum expected error 1.5 0.000 0.000 0.001

1All values are given for reads after barcode and primer removal
2Retained only those reads 50bp or longer, etc.
3Quality filtering based on maintaining the average listed Q score for 10bp sliding window along read
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Location Durant Nature Park* Durant Nature Park* Durant Nature Park*
Colony Number 2 4 6
Colony ID 789 791 793
GPS coordinate N35°53'31.4 W078°35'09.3 N35°53'31.9 W078°35'10.8 N35°53'31.8 W078°35'09.7
Samples gaster replicate 1 (3 gasters) gaster replicate 1 (5 gasters) gaster replicate 1 (5 gasters)

gaster replicate 2 (3 gasters) gaster replicate 2 (5 gasters) gaster replicate 2 (5 gasters)
gaster replicate 3 (3 gasters) gaster replicate 3 (5 gasters) gaster replicate 3 (5 gasters)
Queen gaster Queen gaster

Location Duke Forest** Duke Forest** Duke Forest**
Colony Number 8 9 10
Colony ID 798 799 800
GPS coordinate  N36°00'50.7 W078°59'23.5  N36°00'50.7 W078°59'23.3 N/A, within 200m of 799
Samples gaster replicate 1 (5 gasters) gaster replicate 1 (5 gasters) gaster replicate 1 (3 gasters)

gaster replicate 2 (5 gasters) gaster replicate 2 (5 gasters) gaster replicate 2 (3 gasters)
gaster replicate 3 (5 gasters) gaster replicate 3 (5 gasters) gaster replicate 3 (3 gasters)

Queen gaster Queen gaster

* Approximate address: 8305 Camp Durant Rd, Raleigh, NC 27614, United States
** Approximate address: 3900 Kerley Rd, Durham, NC 27705, United States



 

 121 

Table 6: Distribution of AAB across ant samples.  (a) Result of AAB-specific 
PCR screen across Camponotus samples from distinct locations.  (b) Ant-associated 

AABs detected in previous studies, with references to the original study. 
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Figure 15: Bootstrap consensus tree based on maximum likelihood 
analysis of Acetobacteraceae 16S rDNA.  Phylogeny is based on the same 1,248 
bp alignment that was used for Bayesian analysis shown in Figure 1. The tree 
was reconstructed using a GTR + Γ model of nucleotide substitution.  Node 
support was generated from 1,000 bootstrap resamplings. Environmental taxa 
are colored black, taxa associated with various insects are colored in orange, and 
the monophyletic AAB clade described here is colored green. Roseomonas terrae is 
the outgroup. 

 



 

 123 

 

Figure 16: Bayesian phylogeny of Acetobacteraceae 16S rDNA. 
Phylogeny is based on the same 1,333 bp alignment that was used for maximum 

likelihood analysis shown in Figure 2.  A Markov chain Monte Carlo 
approximation was used for Bayesian inference of phylogenetic relationships. A 

GTR + Γ + PInv model of nucleotide substitution was implemented and the 
posterior probability of each node was estimated from 10,000,000 generations 

sampled in intervals of 1,000. Environmental taxa are colored black, taxa 
associated with various insects are colored in orange, and the monophyletic AAB 

clade described here is colored green. Roseomonas terrae is the outgroup.  
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Table 7: 16S rRNA stability and AT content, across bacterial symbionts with 
distinct transmission modes 

 



 

 125 

Table 8: Primers used in V4-V5 amplicon sequencing. 
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Table 9: Genbank accession numbers of all taxa used in phylogenetic analyses. 
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Appendix B: supplemental information for chapter 2 
 

 

Figure 17: Faith’s PD across all colonies sampled. 
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Figure 18: CAP ordination of Unifrac distance constrained by colony identity. 
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Figure 19: CAP ordination of JSD constrained by colony identity. 
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Figure 20: Unconstrained Principle Coordinate Analysis (PCoA) ordination on 
JSD 
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Figure 21: Unconstrained Principle Coordinate Analysis (PCoA) ordination on 
Unifrac distance. 
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Figure 22: Supervised OTU heatmap of all samples. Heatmap construction was 
supervised by UPGMA hierarchical cluster analysis. All rows are color coded by 

colony identity. 
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Figure 23: Jaccard distance between queens and colonies 
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Table 10: Sample structure and design 

 

 

 

Table 11:  Core OTUs present across all P1 pupae 
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Appendix C: supplemental information for chapter 3 

 

Figure 24: Glycolysis in BBS1 and BBS3 
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Figure 25: The pentose phosphate and Entner Duodoroff pathways in BBS1 
and BBS3 
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Figure 26: The TCA cycle in BBS1 and BBS3.
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Table 12: Genome characteristics of taxa used in phylogenomic trees 
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