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Mode and fidelity of bacterial symbiont transmission and its  

impact on symbiont genome evolution 

 

ABSTRACT 

  

Mutualistic symbioses have enabled the colonization of novel habitats and niches in a large array 

of eukaryotic and bacterial taxa. Reliable mechanisms of symbiont transmission between host generations 

are necessary to stabilize these associations over evolutionary time. Historically, symbionts have been 

categorized as either vertically transmitted from the parents to offspring or horizontally transmitted 

through the environment. The route between hosts influences how symbiont populations are connected 

between hosts and between geographic localities. Over evolutionary time vertical transmission leads to 

gene loss and genome erosion. Growing evidence from diverse associations suggests that modes utilizing 

both horizontal and vertical strategies exist, raising the question of how these “mixed modes” influence 

symbiont genome evolution. The overarching goal of my dissertation was to determine whether the mode 

of symbiont transmission in an obligate mutualism is consistent over evolutionary time and what impact 

transmission mode fidelity has on symbiont genome evolution. To test these questions, I used the 

chemosynthetic symbiosis between the marine bivalve Solemya velum and its gammaproteobacterial 

symbionts, which has been reported to transmit its symbionts vertically through the ovary, but bears none 

of the genomic hallmarks of strict vertical transmission.  

In this work, I used population genomics of S. velum subpopulations sampled from five localities 

along the New England coast, from Massachusetts to North Carolina, to test for evidence of horizontal 

transmission in the evolutionary history of this species. These analyses revealed that symbionts and 

mitochondria do not exhibit concordant genealogies, divergent symbiont lineages have come into contact 

and recombined, and symbiont genomes have experienced large-scale structural changes mediated by 

mobile elements and horizontal gene transfer. In total, these lines of evidence indicate that a substantial 
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amount of horizontal transmission has occurred in the recent history of this association. The vertical 

transmission route through host tissues was characterized via in situ hybridization to symbiont 16S rRNA 

in adult host tissues and by qPCR of the rhlE gene in spawned eggs. These data showed that symbionts 

are present at low abundance in the ovary, associated with the supportive cells and mature oocytes, and 

each spawned egg contains approximately 50-100 copies of the symbiont genome. Lastly, I tested for 

evidence of mixed transmission modes in symbiont populations contained within host tissues (each host 

gill contains more than a billion symbiont cells), by deep-coverage whole genome sequencing. Using a 

novel variant-calling procedure, I detected low amounts of genetic variation among symbiont genomes 

within a host relative to between hosts. However, the variant sites that were present were correlated in 

position along the genome, present on the same chromosome, and segregating in the symbiont population 

at large, suggesting that these variants arose via recombination with a variant symbiont genotype 

introduced by horizontal transmission.  

In total, this work supports the existence of mixed transmission modes in symbiotic associations 

and indicates they have distinct consequences for symbiont evolution. Mixed modes may provide a best-

of-both-worlds strategy to ensure that hosts acquire symbionts every generation while maintaining 

opportunities for recombination and acquisition of novel genetic elements. These results are relevant to 

understanding the impact of symbiont transmission mode on genome evolution in associations ranging 

from mutualisms to pathogenic infections. 
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INTRODUCTION 

 

Symbiosis, as originally defined by Anton de Bary in 1879, is the “living together of differently 

named organisms” (de Bary 1879). This broad definition spans the gradient of interspecific associations, 

ranging from parasitism to mutualism. It is important to consider this entire range of interaction types, as 

some symbioses can be characterized as either depending on the context and host involved. For example, 

the alphaproteobacterium Wolbachia is a reproductive parasite of many arthropod and nematodes species, 

but can function as mutualist in certain associations (e.g., filarial nematodes [Bouchery et al. 2013] and 

bedbugs [Hosokawa et al. 2010]) or under particular environmental circumstances, such as during viral 

infection (Teixeira et al. 2008). Further blurring the distinction between interaction types is the 

observation that many of the same genes/pathways facilitate both parasitic and mutualistic interactions 

(Wang & Ruby 2011; Ochman & Moran 2001; Hentschel et al. 2000). Symbioses range in the degree to 

which they are required for host and symbiont survival, from facultative to fully obligate associations. 

Symbionts may be located within host cells (intracellular), outside of host cells but within host tissues 

(extracellular), or completely outside of the host (external). The tissues colonized by symbionts also differ 

among symbiotic interactions, with some tissues colonized more frequently than others such as the gills 

of mollusk hosts or insect mycetomes (Moya et al. 2008). While all of these symbiotic associations are 

important and pervasive throughout nature, obligate mutualisms between bacteria and eukaryotes are 

intriguing in how they can drastically affect the ecological strategies (Sudakaran et al. 2015; O'Connor et 

al. 2014; Lorion et al. 2013; Henry et al. 2013; Joy 2013) and evolutionary trajectories (Bennett & Moran 

2015; Degnan 2014) of both hosts and symbionts. 

 

Mutualistic symbioses: Adaptation through association 

Evolutionary innovations driven by symbiotic associations have had enormous impacts on the 

history of life on Earth. Indeed, the foundation for eukaryotic evolution was established when the 
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bacterial ancestors of mitochondria and chloroplast organelles were incorporated into ancestor of the 

eukaryotic cell (Margulis 1970). Novel associations between bacteria and eukaryotes have continued to 

evolve in the billions of years since those original endosymbiosis events, in habitats ranging from the 

deepest hydrothermal vents to terrestrial forests. In many of these associations, the symbiont provides a 

novel physiological function to the host, such as nitrogen fixation, sulfide oxidation, carbon fixation, 

amino acid synthesis, or secondary metabolite production, and the host is presumed to provide a 

beneficial environment to the symbionts by supplying nutrients and/or energy sources (Moya et al. 2008; 

Flórez et al. 2015; Garcia & Gerardo 2014).  

Nutritional symbioses allow hosts to obtain nutrients and/or energy from sources that they do not 

have the metabolic capacity to utilize alone. For example, symbionts of sap-feeding insects, such as 

leafhoppers, sharpshooters, and aphids, synthesize amino acids for their hosts, permitting these organisms 

to survive on a diet of nitrogen-poor sap (Macdonald et al. 2012; Moran et al. 2005; McCutcheon & 

Moran 2007). Symbionts of blood-feeding arthropods such as tsetse flies, lice, and ticks synthesize 

precursors for vitamins lacking in their diet (Snyder & Rio 2013; Boyd et al. 2016; Gottlieb et al. 2015). 

Associations between nitrogen fixing bacteria and plants or algae have been able to support associations 

living in nitrogen poor environments (e.g., legumes associated with rhizobia [Desbrosses & Stougaard 

2011] and cyanobacteria associated with ferns (Ran et al. 2010), bryophytes [Adams & Duggan 2008]), 

and unicellular algae [Cornejo-Castillo et al. 2016; Foster et al. 2011]), or living on a nitrogen-poor diet 

(e.g., wood-feeding shipworms [Fiore et al. 2010]). Other associations exist that permit an animal host to 

live on inorganic carbon and energy sources through a photosynthetic or chemosynthetic metabolism. For 

example, cyanobacterial symbionts of some shallow-water sponges and ascidians feed their host 

photosynthetically-derived sugars (Lee et al. 2009; Kojima & Hirose 2012). In reducing environments, 

such as hydrothermal vents, cold seeps, whale or wood falls, and coastal sediments, chemosynthetic 

bacteria partner with invertebrate hosts to fix carbon using energy derived from hydrogen sulfide, 

methane or hydrogen oxidation (Stewart et al. 2005; Cavanaugh et al. 2013). These examples illustrate 

how bacterial symbionts are able to supplement elements missing from the host’s diet or environment. 
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Other symbioses have evolved to confer a protective benefit to their host against predators or 

parasites. Protection can take the form of direct chemical defense through symbiont-generated 

compounds. For example, larvae of the bryozoan, Bugula neritina, are protected from predation by the 

production of bryostatins by their bacterial symbiont, Endobugula sertula (Lopanik et al. 2004). 

Similarly, Hamiltonella defensa, a facultative symbiont of sap-feeding insects, was found to produce 

toxins encoded by a lysogenic bacteriophage that kill the larvae of parasitoid wasps infecting its aphid 

host (Oliver et al. 2012). The action of microbially synthesized compounds against predators/pathogens 

can also be indirect, as exemplified by the bacterium Vibrio fischeri, which produces bioluminescent 

compounds to counterilluminate and camouflage its host, the bobtail squid Euprymna scolopes (Jones & 

MK Nishiguchi 2004). Alternatively, indirect protection can be mediated through influencing the host 

immune system. For example, Wolbachia symbionts confer protection against viruses and other 

pathogens in some Drosophila species by priming the immune system (Wong et al. 2011). Other 

defensive strategies have been discussed, including overall increased host vigor via nutritional 

supplementation and the prevention of infection by other microbes by competitive exclusion, but are 

likely “protective” outcomes of many associations serving other functions as well (see [Flórez et al. 2015] 

for an extensive review of defensive mechanisms). 

 

Modes and routes of symbiont transmission 

Numerous mechanisms have evolved in symbiotic associations to ensure that symbionts colonize 

their hosts in each generation. Symbiont transmission between hosts occurs in two general ways: 

Symbionts can either be inherited from the parental generation (vertical transmission) or they may pass 

through the environment (horizontal transmission) (Bright & Bulgheresi 2010). However, the situation is 

not always as clear as this categorization suggests. A growing number of symbioses are reported to 

experience mixed modes of transmission, utilizing vertical transmission with occasional instances of 

horizontal transmission (Ebert 2013; Salem et al. 2015; Bright & Bulgheresi 2010). Regardless of mode, 
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symbiont transmission ensures that hosts and symbionts find each other every generation, enabling the 

persistence of associations over potentially extremely long periods of evolutionary time. 

In vertically transmitted symbioses, symbionts are acquired directly from one or both parents. 

Parents can transfer their symbionts to their offspring externally or internally within host cells or tissues. 

External vertical transmission is often mediated via secreted capsules (Hosokawa et al. 2007), secreted 

fluids (Kaiwa et al. 2010) or tissue contact (Kojima & Hirose 2010). Internal vertical transmission can 

occur transovarially through the oocytes (Sacchi et al. 2000; Matsuura et al. 2011; Schmitt et al. 2008) or 

during embryogenesis of brooded larvae (Rio et al. 2012; Koga et al. 2012). Paternal transmission has 

also been found to occur in certain species through mechanisms that appear to depend on the size of 

symbiont cells based on the available data. Paternal transmission through contact with the female 

reproductive tract during copulation has been shown for a few symbionts (e.g., Sodalis symbionts of 

tsetse flies [De Vooght et al. 2015], Asaia bacteria of mosquitoes [Damiani et al. 2008], and the 

facultative symbionts of aphids [Moran & Dunbar 2006]), whereas the only symbionts shown to be 

transferred within sperm are small, Rickettsia-like bacteria (e.g., leafhoppers [Watanabe et al. 2014]). 

Vertical transmission poses a challenge to coordinate symbiont position and reproduction with 

host reproduction. The majority of what is known about the mechanics of vertical transmission through 

host tissues comes from studies of insect-bacterial symbioses. Two general strategies for symbiont 

inheritance from the parental symbiont population have been characterized: Symbionts can either migrate 

from the adult symbiont-housing organ (where symbionts reside and perform their primary function) to 

gametes or brooded offspring or symbionts can be appropriated to the germline early in development, and 

reside there until reproduction. The former is utilized in the symbiosis between aphids and their primary 

endosymbiont, Buchnera aphidicola. In the parthenogenic stage, maternal bacteriocytes containing 

Buchnera migrate to the ovary where Buchnera colonizes brooded embryos by inducing exocytosis from 

the bacteriocytes and endocytosis by the blastula syncytium (Koga et al. 2012; Braendle et al. 2003). 

During sexual reproduction, Buchnera enters developing oocytes in a similar manner (Brough & Dixon 

1990; Miura et al. 2003). A similar process has been reported for transmission through the oocytes in lice 



 5	  

(Perotti et al. 2007). In contrast, a separate symbiont population is established in the germline during 

development in species of cockroaches (Sacchi et al. 1998), weevils (Nardon 2006), stinkbugs (Matsuura 

et al. 2011), termites (Sacchi et al. 2000) and arthropod hosts of Wolbachia (Hadfield & Axton 1999; 

Ferree et al. 2005). 

Horizontally transmitted symbionts pass through the environment during transmission, either as 

an intermediate stage between contemporary hosts or as a free-living population. To ensure colonization, 

symbionts can be “seeded” into the environment from adult host tissues. For example, the bioluminescent 

bacterium V. fischeri reproduces in the light organ of its squid host. Every morning light production is 

stopped by the expulsion of 90% of the symbiont population into the surrounding seawater, making 

bacteria available to colonize new generations of juvenile squid as a consequence (Nyholm & McFall-

Ngai 2004). Symbionts of hydrothermal vent tubeworms are found in the seawater surrounding 

hydrothermal vents (Harmer et al. 2008), possibly through release from dead host tissues (Klose et al. 

2015), and colonize settled larvae through the tegument (Nussbaumer et al. 2006). The intracellular 

chemosynthetic bacterial symbionts of the heterodont clam Codakia orbicularis are found in sediments 

from the host’s environment (Gros et al. 2003) and have been shown to be incorporated into gill cells by 

endocytosis (Gros et al. 1998), however, it is not yet clear how symbionts come to be in the environment 

(Brissac et al. 2009).  

As all of these examples show, horizontally transmitted symbionts can often be detected in the 

environment, but this does not necessarily mean that these bacteria are truly free-living (i.e., growing and 

dividing). Free-living rhizobia can be found living outside of root nodules (Gomes et al. 2014). However, 

other associations are not as clear-cut. Vibrio fischeri extracted from host tissues can form biofilms 

outside of its host, but not as effectively as strains isolated from the environment (Chavez-Dozal & 

Michele K Nishiguchi 2011), suggesting that symbiotic strains have the ability to live independently, but 

may not be as good at it as free-living strains. Recent work has indicated that tubeworm symbionts are 

also capable of cell division outside of their host (Klose et al. 2015). However, the free-living abilities of 

many other horizontally transmitted symbionts (e.g., Gros et al. 2012; Laming et al. 2015; Beinart et al. 
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2012) still need to be assessed, e.g., via culture or flow cytometry assays, to determine whether these 

bacteria are reproductive constituents of free-living microbial communities or if they are merely 

persisting outside of their host until an opportunity for colonization is presented. 

 

Genetic implications of transmission mode 

Transmission mode has significant impacts on the evolution of symbiont populations. The route 

symbionts take between host individuals determines the amount of gene flow that can occur between 

populations of symbionts occurring in different host individuals and geographic localities. This controls 

symbiont effective population sizes, which influence the relative impact of natural selection versus 

genetic drift on the evolution of symbiont populations and genomes. Vertically transmitted symbiont 

populations, even those that are externally transferred, experience more genetic drift than horizontally 

transmitted populations that leave their original host and experience selective pressures out in the 

environment (Jaenike 2012; Kjeldsen et al. 2012; Mamirova et al. 2007). Exposure to novel DNA 

elements in the environment (e.g., phage, transposases, etc.) and mixing among hosts introduces 

opportunities for homologous recombination, horizontal gene transfer (HGT), and acquisition of mobile 

elements (Thomas & Nielsen 2005; Newton & Bordenstein 2011). The impact of symbiont transmission 

on host evolution has only begun to be interrogated thoroughly, but the work that has been done thus far 

indicates that hosts respond to the contributions of their symbionts via adaptation of host genes involved 

in symbiont pathways, acquisition of new genes (via HGT or gene duplication), and modulation of 

transcription in symbiont-containing cells (Wilson & Duncan 2015). 

Strict vertical transmission over millions of host generations results in the loss of genes not 

essential to the association, which results in extreme reductions in genome size and capabilities. This is 

thought to occur via Muller’s ratchet, the process by which clonal genomes gradually acquire deleterious 

mutations over time that are unable to be separated from beneficial alleles by recombination (Muller 

1964; Moran 1996). The ratchet effect is exacerbated by the extremely small effective population sizes 

and transmission bottlenecks that vertically transmitted symbiont experience. These factors collectively 
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reduce the ability of selection to purge deleterious mutations, leading to their random fixation by genetic 

drift (Bennett & Moran 2015). Furthermore, mutation rates increase over time as deleterious mutations 

occur in genes for DNA replication and repair (Peek et al. 1998; Fry & Wernegreen 2005; Allen et al. 

2009; Kuwahara et al. 2011). Over millions of years, many genes are pseudogenized by mutation and 

subsequently lost via the deletional bias inherent in bacterial genomes (Kuo & Ochman 2009), resulting 

in genomes that are a fraction of the size of their free-living relatives (Moran & Bennett 2014). This 

phenomenon has been observed in a large number of vertically transmitted symbionts, the majority of 

which are associated with an insect host (Rao et al. 2015; Santos-Garcia et al. 2014; Bennett & Moran 

2013; Burke & Moran 2011; Sabree et al. 2010). In many cases, the genes remaining in the genome are 

telling of the function the symbiont performs in the association. For example, Wigglesworthia, the 

primary symbiont of tsetse flies, retains genes for vitamin synthesis (Akman et al. 2002). Eventually, the 

process of genome erosion may render the symbiont dysfunctional, necessitating replacement by another 

symbiont lineage able to perform the function needed by the host (e.g., Koga & Moran 2014). 

Alternatively, if paternal transmission (in addition to maternal) or some amount of horizontal symbiont 

transmission is possible, deleterious mutations may be able to be rescued by homologous recombination 

or acquisition of exogenous DNA (Takeuchi et al. 2014). 

The genetic consequences of strict vertical transmission are not all detrimental, as this is one of 

the most secure ways of intertwining the fitness of host and symbiont. Strict vertical transmission 

produces covariance between symbiont and host organellar genomes due to co-inheritance of symbionts 

and mitochondria. The nonrandom association of genes in different genomes is termed interspecific 

disequilibrium (Sánchez et al. 2000), and has been reported in associations such as the Calyptogena 

magnifica chemosynthetic symbiosis (Hurtado et al. 2003). Over long periods of time, this covariance 

manifests in patterns of co-diversification and co-speciation between symbionts and hosts (Takiya et al. 

2006; Hosokawa, Nikoh, et al. 2012; Urban & Cryan 2012). When genomes are so intimately associated, 

selection can act on the additive effects of genes contained in each (Brandvain et al. 2011). Analogous to 

how recombination disrupts linkage disequilibrium in sexual species (Hill & Robertson 1968), horizontal 
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transmission disrupts interspecific disequilibrium in symbioses. Even a very low frequency of horizontal 

transmission is sufficient to disrupt the association, reducing covariance to undetectable levels (Brandvain 

et al. 2011).  

Symbionts and hosts may co-evolve in horizontally transmitted associations for two reasons: 1) 

Host and symbionts can co-speciate if symbionts are very specific in what host species they colonize. For 

example, in sepiolid squid species, competitive dominance among strains of V. fischeri have maintained 

symbiont-host associations and produced concordant host and symbiont phylogenies despite horizontal 

transmission (Jones et al. 2006). 2) Concordant genealogies or phylogenies can be produced as a result of 

parallel demographic processes (e.g., dispersal barriers) in symbiont and host populations despite 

horizontal transmission (Won et al. 2008). Thus, while conflicting tree topologies are indicative of 

horizontal transmission (e.g., cyanobacterial symbionts of ascidians [Münchhoff et al. 2007], facultative 

symbionts of aphids [Burke et al. 2009], and bacterial symbionts of cydnid stinkbugs [Hosokawa, 

Kikuchi, et al. 2012]), concordant topologies do not necessarily imply vertical transmission. 

 

The case for mixed transmission modes 

 Growing evidence suggests that mixed transmission modes exist and may be important factors in 

symbiont genome evolution; however strong empirical examples are needed. The strongest lines of 

evidence for mixed modes come from studies showing that certain bacterial symbionts are transmitted 

vertically but can also be acquired horizontally if given the opportunity (e.g., the facultative symbionts of 

aphids [Oliver et al. 2010]). Other associations exhibit evidence of vertical transmission through host 

tissues, with horizontal events inferred from phylogenetic discordance between host and symbiont species 

(Itoh et al. 2014; Stewart et al. 2008; Sipkema et al. 2015). These two lines of evidence support opposite 

ends of the mixed transmission spectrum: Some bacterial lineages can exhibit both modes of transmission 

regularly, whereas other symbionts switch hosts occasionally over long periods of evolutionary time. 

However, few studies have attempted to detect rare horizontal events that may occur within populations 
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of hosts and symbionts i.e. on the time scales that host and symbiont evolutionary processes can respond 

to, and those that have used relatively few genetic markers and small sample sizes (Lemaire et al. 2011).  

Given the impact symbiont transmission mode has on symbiont genome evolution and integration 

into host biology, a better understanding of mixed transmission modes and their evolutionary effects is 

needed. Towards this aim, I investigated the mode and fidelity of symbiont transmission in the 

chemosynthetic symbiosis between the protobranch bivalve Solemya velum and its gammaproteobacterial 

symbionts (Stewart & Cavanaugh 2006). The S. velum symbiosis is one of the best-characterized 

chemosynthetic symbioses owing to its shallow water habitat along the New England coast, which is 

much easier to access than the deep-sea associations found at hydrothermal vents, cold seeps, and 

wood/whale falls. In addition, this association exhibits evidence in support of both vertical and horizontal 

transmission, making it an ideal model to investigate transmission mode fidelity and mixed modes. 

Originally, the S. velum symbionts were thought to be exclusively inherited based upon their detection in 

the host ovary and in juvenile gill buds still within the egg capsule (Krueger et al. 1996). However, the 

recently sequenced symbiont genome exhibited no evidence of genome degradation, suggesting that this 

symbiont recently became obligate or horizontal transmission occurs (Dmytrenko et al. 2014). In the 

following chapters, I investigate the mode and fidelity of symbiont transmission in the S. velum symbiosis 

using population genetics, bioinformatics, phylogenetics, and microscopy.  

In Chapter 1, I test for evidence that symbionts have been horizontally acquired in the S. velum 

population. To accomplish this, I collected S. velum specimens from localities along the Atlantic coast of 

North America, from Massachusetts to North Carolina, for whole genome sequencing of mitochondria 

and symbionts. The information contained within and between these genomes was leveraged to ascertain 

1) whether symbionts and mitochondria are exclusively co-transmitted, 2) symbiont genomes exhibit 

evidence of homologous recombination, and 3) symbiont genomes have acquired novel genetic elements 

through horizontal gene transfer or mobile element insertion. Given what is known about symbiont life 

history strategies and their impact on gene flow and population genetics (see discussion above), these 

three lines of evidence revealed strong evidence for horizontal transmission within symbiont populations.  
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In Chapter 2, I generate data in support of vertical transmission of symbionts through the S. velum 

ovary into spawned oocytes. The presence of symbionts in reproductive tissues and gametes is a strong 

indicator of vertical transmission. To determine how symbionts are associated with ovary tissues and 

whether symbionts make it into spawned eggs, I designed probes and primers for the specific detection of 

S. velum symbionts in histological sections and DNA extracted from spawned eggs, respectively. Using 

these tools, symbionts were detected in ovary tissues and oocytes via in situ hybridization, and imaged 

with confocal and bright field microscopy. Symbiont DNA was also detected and quantified in spawned 

eggs using qPCR. Together, these data support the hypothesis that the S. velum symbiont can be inherited 

by vertical transmission through host eggs. 

In Chapter 3, I examine the diversity of symbiont populations contained within host gill tissue to 

investigate whether horizontal transmission has impacted symbiont population structure at this scale. 

Sampling the genetic diversity within host tissues is a technically difficult aim due to the inability to 

separate cells and genomes from each other. High depth whole genome Illumina sequencing offers an 

affordable and easy solution to this challenge. Using this strategy, I detected evidence of highly structured 

genetic variation in symbiont populations within host tissues that may have been generated by 

recombination during mixed infections or free-living/persisting life stages.  

In total, these results show that S. velum symbionts do exhibit mixed modes of transmission and 

the effects of this can be seen within symbiont populations at different scales, from within host 

individuals to between hosts within and between geographic localities.  
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Abstract: 
 

Reliable transmission of symbionts between host generations facilitates the evolution of 

beneficial associations. Although transmission mode is often rigidly characterized as either vertical or 

horizontal, the two modes may not be so discrete and the prevalence and impact of intermediate 

transmission modes on genome evolution is unknown. Here, we used population genomics to characterize 

transmission of chemosynthetic bacterial symbionts in the shallow water marine bivalve Solemya velum 

and its impact on genome evolution. Our whole-genome analyses revealed signatures of frequent 

horizontal transmission, including discordant mitochondrial-symbiont genealogies and widespread 

recombination and dynamic structure of symbiont genomes. In conjunction with existing evidence for 

symbiont inheritance through host oocytes, these data indicate that S. velum employs a mixed 

transmission mode. Population-level analyses thus provide a tractable means of ascertaining the fidelity 

of vertical transmission and elucidate one of the major drivers of complex patterns of symbiotic genome 

evolution. 
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Main: 

Bacterial symbionts have revolutionized eukaryotic lifestyles repeatedly throughout the history of 

life. From the endosymbiosis events that produced mitochondria and chloroplast organelles to more 

recently evolved associations such as nitrogen-fixing rhizobia of legumes and amino acid-producing 

symbionts of sap-feeding insects, symbiotic associations have allowed a wide diversity of taxa to colonize 

formerly inaccessible niches (Moya et al. 2008). Chemosynthetic symbioses are excellent examples. 

These associations have allowed numerous invertebrate taxa to thrive in reducing environments, from 

hydrothermal vents to coastal sediments. Bacterial symbionts in these associations feed themselves and 

their hosts by oxidizing reduced chemical species, e.g., sulfide, to fix carbon dioxide and generate ATP 

(Cavanaugh et al. 2013). These intimate relationships often result in host-symbiont dependence, 

necessitating reliable mechanisms for host colonization each generation in order for the association to be 

maintained over evolutionary time. Traditionally two primary modes of transmission have been 

described: Vertical, in which symbionts are inherited directly from the parents and horizontal, in which 

symbionts are acquired from contemporary hosts or from free-living populations (Bright & Bulgheresi 

2010). Despite this rigid categorization, a few associations exhibit evidence consistent with both modes 

(Salem et al. 2015; Bright & Bulgheresi 2010). However, this evidence is based on limited taxonomic and 

genomic sampling (Itoh et al. 2014; Sipkema et al. 2015). Hence, characterizing the transmission mode 

and dynamics of symbiotic associations is essential to understanding how these intimate relationships are 

maintained and how they affect symbiont genome evolution. 

Transmission mode plays a central role in symbiont genome evolution through influencing 

symbiont population sizes and gene flow. Horizontally transmitted symbionts experience evolutionary 

pressures similar to those of free-living bacteria, i.e., the need to persist and/or reproduce out in the 

environment. This requires horizontally transmitted symbionts to maintain diverse functional elements in 

their genomes (Blanc et al. 2007; Davidson et al. 2014). In contrast, vertical transmission prevents 

symbiont exchange between hosts, prevents horizontal gene transfer (HGT), and imposes a genetic 
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bottleneck at each host generation (Moran & Bennett 2014). Based on trends in vertically transmitted 

bacterial symbionts of insects, this transmission mode leaves a mark on symbiont genomes through the 

accumulation of deleterious mutations and gradual gene loss, resulting in extreme genome size reduction 

(<<1 Mb) and genomic stasis (McCutcheon & Dohlen 2011). Even infrequent horizontal transmission 

events may be evident in otherwise vertical associations (Brandvain et al. 2011). Mixed modes may 

therefore generate intermediate patterns of genome evolution, which would mitigate the consequences of 

vertical transmission while retaining the benefits of ensured symbiont acquisition and co-evolution of 

host-symbiont genotypes.  

Specifically, it is unknown how prevalent mixed modes of transmission are among symbiotic taxa 

or to what degree they impact symbiont genome evolution. Furthermore, vertical transmission has yet to 

be reported in the marine environment, whereas it is common in terrestrial ecosystems(Normark & Ross 

2014), suggesting that mixed modes may be important in certain habitats such as the ocean. Given that 

transmission events occur at the population level, it is essential to understand the dynamics of these 

associations on this short evolutionary timescale. Here, we utilize next-generation sequencing in 

conjunction with deep population-level sampling of the bivalve Solemya velum and its intracellular 

chemosynthetic gammaproteobacterial gill symbionts to demonstrate mixed transmission modes in this 

species and to explore the effects of transmission mode on symbiont genome evolution. 

The S. velum symbiosis exhibits evidence both for and against vertical transmission, making it an 

ideal system to investigate the occurrence and genetic consequences of mixed modes. Importantly, 

populations can be sampled across the distribution of this organism and high-quality reference genomes 

are available for both the host mitochondria and symbionts. A single 16S rRNA symbiont genotype 

occurs within gill epithelial cells where symbionts have access to substrates to fix carbon for the 

association. Until recently symbionts of the genus Solemya were thought to be exclusively vertically 

transmitted based on detection in adult ovaries and in developing embryos and juveniles (Krueger et al. 

1996; Cary 1994). However, the S. velum symbiont genome found is relatively large (2.7 Mb) and replete 

with genes typically lost from vertically transmitted bacteria (Dmytrenko et al. 2014). In addition, 
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although Solemya is an ancient clade whose ancestors were likely symbiotic (Kiel 2010), solemyid 

symbionts are polyphyletic and closely related to free-living bacteria and other chemosynthetic symbionts 

(Figure 1.1 and Stewart & Cavanaugh 2006; Oliver et al. 2011). Collectively, this suggests complicated 

transmission dynamics in solemyid bivalves, and warrants a more detailed analysis of this process to 

study the effects of transmission mode on symbiont genome evolution. 

We tested for evidence of mixed transmission modes in the S. velum symbiosis by looking for 

patterns of host-symbiont codiversification and characterizing symbiont genome evolution. Multiple 

localities were sampled to account for the role geography can play in shaping the demographic processes 

influencing gene flow among symbiont and host populations. We collected specimens from five 

geographic localities along the east coast of North America, from north of Cape Cod, MA to south of 

Cape Hatteras, NC (Figure 1.2A) for whole genome sequencing of symbiont and mitochondria 

populations. We extracted DNA from the symbiont-containing gills of 61 adult S. velum and three 

outgroup solemyid species, and we sequenced total gill DNA on the Illumina HiSeq platform. Reads 

originating from symbiont and mitochondrial chromosomes were mapped to their respective reference 

sequences and used to call consensus sequences for each host specimen. Symbiont genomes were also 

assembled de novo. Reference-based and de novo assemblies were analyzed using phylogenetic and 

population genetic methods (see Appendix 2 Tables A2.1 and A2.2 and Methods for information about 

protocols, data, and analyses). 
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Figure 1.1. Phylogenetic 
placement of the symbionts of 
the bivalve genus Solemya 
relative to other chemosynthetic 
symbionts and free-living 
gammaproteobacterial taxa. 16S 
maximum likelihood phylogeny 
based upon 1402 bp with 
bootstrap support values above 
50% is shown. 
Epsilonproteobacteria and 
Deltaproteobacteria taxa were 
used as outgroups. Symbionts 
are color coded by their host 
taxon and free-living bacteria are 
labeled in black. 
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Figure 1.2. Solemya velum mitochondria and symbiont genealogies are geographically subdivided, but 
discordant within localities. A. Collection localities for Solemya velum subpopulations. B. Whole genome 
cladograms of S. velum mitochondria and symbionts inferred by maximum likelihood and Bayesian 
methodologies with support values (bootstrap/posterior probability). Nodes with less than 98% posterior 
probability are collapsed into polytomies and identical sequences are represented as triangles. Branches 
and clades are colored by locality. Lines connect symbiont and mitochondrial genomes from the same 
host individual, indicating concordant (dashed lines) or discordant (solid lines) relationships supported by 
resolved (black) or unresolved (grey) topologies.  
 

Mitochondrial and symbiont populations were highly subdivided between geographic localities 

and exhibited consistent patterns of subdivision (Figure 1.2). All sequences in both of these populations 

shared high identity with S. velum (>99% between localities and >99.9% within localities), precluding the 

possibility of cryptic species. Mitochondria and symbiont populations exhibited low amounts of 

nucleotide diversity across the sampled localities. Average pairwise nucleotide diversity was low across 

both mitochondrial (2.3x10-3) and symbiont genomes (1.7x10-3), with southern localities generally 

exhibiting higher diversity than northern localities, and New Jersey (NJ) being the least diverse (Table 

1.1). The strong monophyly within each geographic locality indicates that each of these locations harbors 
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its own subpopulation of S. velum and symbionts, and suggests restricted gene flow with neighboring 

subpopulations.  

Table 1.1. Nucleotide diversity statistics for mitochondria and symbionts collected from subpopulations 
along the east coast of North America. Genome-wide statistics for all 61 samples are given (All), as well 
as statistics by the subpopulation locality (state abbreviations as in Figure 1.2). Open reading frames in 
the symbiont genome overlap (1284 of 2699), making many positions either synonymous or 
nonsynonymous depending on the context. These sites were excluded from calculations of S and π by 
type. 
 

Despite strong and concordant geographic subdivision, mitochondrial and symbiont evolutionary 

histories were decoupled within localities (Figure 1.2B), supporting horizontal transmission. At 2.7 Mb, 

the symbiont genome is significantly larger than the mitochondrial genome (16 Kb), thus it contained 

more segregating sites, permitting higher resolution of the symbiont genealogy compared to the 

mitochondrial genealogy. Comparing well-supported nodes, we found that of the 54 total internal 

branches in the symbiont tree, a minimum of 35 conflict with the mitochondrial tree. Furthermore, within 

a locality, no part of the symbiont genome is linked to any part of the mitochondrial genome (Figure 1.3 

and Table 1.2). The only possible cases of concordance are among subsets of specimens containing 

identical mitochondrial haplotypes, and are likely artifacts of the unresolved mitochondrial topology (see 
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Figure 1.4). This extent of discordance is possible only if symbiont and mitochondrial genomes are 

sometimes acquired independently, indicating that symbionts are not strictly transmitted with the 

mitochondria through the eggs. 

 
Figure 1.3. Measures of intraspecific disequilibrium (ID; non-random association between genomes 
measured by correlation coefficient r2 ): A. Histograms of ID values for each subpopulation and all 
samples overlaid. B. Heatmaps plotting ID for each mitochondrial and symbiont genotype pair, in order 
by position from top to bottom and left to right. Only two and three mitochondrial sites remained after 
filtering in the NJ and MD populations, respectively. Tracts of significantly associated sites in the total 
dataset reflect subpopulation-specific mitochondrial-symbiont genotypes. No tracts of high ID exist in the 
subpopulations, indicating that there is no part of the symbiont genome linked to the mitochondrial 
genome.  
 
 
 

 
 
Table 1.2. Mitochondria-symbiont interspecific disequilibrium (ID) statistics by subpopulation locality 
(state abbreviations as in Figure 1.2A). ID is measured by the correlation coefficient (r2) between alleles 
in the symbiont and mitochondrial genomes. Correlation coefficients +/- standard deviation are given, 
along with total allele pairs compared between genomes, and the percentage of comparisons that were 
significant (p <0.05) in chi-squared tests. Within localities, genome wide average correlation coefficients 
were low, and a small percentage of sites were significantly associated, supporting that mitochondria and 
symbionts are not in interspecific disequilibrium. Across all populations, about half of sites were 
significantly associated, recapitulating the concordant geographic subdivision seen in the genealogies. 
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Figure 1.4. Pairwise nucleotide diversity plotted in 1 kb windows along the symbiont genome for 
symbionts from hosts with identical mitochondrial types (A and C) and closely related symbionts from 
unrelated hosts (B and D). Inset trees indicate the relationship between symbiont (solid) and 
mitochondrial (dashed) topologies for the noted specimens. Closely related symbionts from related hosts 
had fewer and shorter tracts of identity by descent than symbionts from unrelated hosts, suggesting that 
genealogical concordance was produced by chance topological configurations rather than co-inheritance 
of mitochondrial and symbiont genomes. 
 

In further support of horizontal transmission, we found extensive evidence for recombination 

within the symbiont genomes. Divergent genotypes must come into contact either as mixed infections 

within hosts or out in the environment for recombination to occur. In a recombining population, linkage 

disequilibrium (LD, the correlation between pairs of alleles) is inversely related to the distance between 

sites (Figure 1.5A). In contrast, there will be no association between LD and distance in clonal genomes 

(Halkett et al. 2005). In the symbiont genome, we found that LD is significantly negatively correlated 

with genomic distance (Spearman’s ρ = -0.185; p < 0.0002), indicating that recombination events occur 

frequently in symbiont populations (Figure 1.5B). No pattern of LD decay with distance was found in the 

mitochondrial genome (Spearman’s ρ = -0.003; p = 0.344), as expected for a clonal uniparentally 

inherited genome (Figure 1.6). Genealogies sampled from different regions of the symbiont genome have 

unique topologies, further reinforcing the idea that symbiont genomes are comprised of a mosaic of 

evolutionary histories (Figure 1.5C).  
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Figure 1.5. Solemya velum symbiont genomes exhibit evidence of recombination. A. Linkage 
disequilibrium (LD, measured by r2) measures the non-random association between alleles relative what 
would be expected by chance. Recombination rate between sites in a genome is influenced by the number 
of base pairs between them. Thus, in a recombining genome, sites closer together co-occur more than 
those far apart. B. Relationship between LD and distance between sites in the S. velum symbiont genome 
(averaged over windows of 100 bp and plotted by density). Symbiont LD decays with genomic distance. 
Inset plot magnifies the distance over which LD exponentially decays. C. DensiTree representation of the 
18 well-resolved 100 kb window genealogies inferred by maximum likelihood overlaid by the summary 
tree, showing that different regions of the genome have experienced different evolutionary histories, but 
most support the general trend of geographic subdivision.  
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Figure 1.6. Relationship between linkage 
disequilibrium (LD measured by r2) and distance 
between sites in the S. velum mitochondrial genome 
for all 61 specimens from five localities. Values were 
averaged over windows of 100 bp and plotted 
according to density, from light blue (few data 
points) to dark blue (many data points). 
Mitochondrial LD is not correlated with genomic 
distance, as indicated by an insignificant, slightly 
negative Spearman’s rank correlation coefficient (ρ), 
as expected for a clonal organelle. Striations in plot 
are due to private mutations in single subpopulations. 
 

 

 

 

Consistent with environmental exposure during bouts of horizontal transmission, mobile elements 

appear to drive abundant structural genomic variation within geographic subpopulations of S. velum 

symbionts. Models of intracellular bacterial genome evolution indicate that mobile elements are strongly 

correlated with transmission mode (McCutcheon & Moran 2011; Newton & Bordenstein 2011). Reads 

mapped to the symbiont reference genome (Figure 1.7) and de novo genome assemblies (Figure 1.8) 

revealed large insertions and deletions among specimens and conserved synteny within shared genomic 

intervals. Many indels corresponded to annotated transposable elements surrounding annotated functional 

genes (Appendix 2 Tables A2.3 and A2.4), and 25 of these elements are transcribed in a specimen 

collected from Rhode Island (RI) (Figure 1.7 and Appendix 2 Tables A2.3 and A2.5; data from [Stewart 

et al. 2011]). Once inserted, mobile elements do not remain functional indefinitely (Cerveau et al. 2011), 

suggesting many of these were recently acquired. Consistent with this hypothesis, the genomes exhibited 

evidence of HGT in polymorphic indel regions, with a few regions exhibiting >99% identity to distantly 

related free-living gammaproteobacteria (Appendix 2 Table A2.4). Detecting active and dynamic mobile 

elements in S. velum symbiont populations suggests that horizontal transmission events provide sufficient 
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opportunities for symbionts to acquire novel 

elements from environmental sources (e.g., 

other bacteria, exogenous DNA, or viruses), 

but vertical transmission restricts effective 

population size, limiting the ability of selection 

to purge them from the genome, retaining 

them as a source of genetic variation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7. Structural genomic variation in S. 
velum symbiont genomes within and among 
localities. A. Circos plot of resequenced 
symbiont read coverage by locality. Inner gray 
circle depicts scaffolds 1-4 of the S. velum 
symbiont reference genome with black lines 
marking annotated transposable elements. 
Plots outside of the reference show the depth 
of reads mapped to the symbiont reference 
genome for three representative specimens 
from each locality, colored as in Figure 1.2. 
Genomic positions are marked around the edge 
in kbp. B. Read coverage (scaled by specimen 
average) of all specimens from each locality 
(as in Appendix 2 Table A2.1) for region 
marked in A. Annotation tracts for the regions 
show functional genes in blue, transposases in 
red, integrative conjugative elements in 
maroon, and transcriptionally active (RI 
individual) mobile elements starred.  
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Figure 1.8. Solemyid symbiont genome 
evolution is characterized by abundant 
insertions and deletions with conserved 
synteny. A and B. Circos plots of genome 
assembly alignments colored by homology 
and sequence order (color gradient). The S. 
velum symbiont reference sequence is colored 
in a white-black gradient from 5’-to-3’ in 
clockwise order: scaffold 2, 4, 1, and 3. Novel 
regions in the de novo solemyid symbiont 
outgroup assemblies are colored in a red-
orange-yellow gradient. Remaining novel 
regions unique to the de novo S. velum 
symbiont assemblies are colored in a green-
blue-purple gradient. A. De novo assembled S. 
velum symbiont genomes from each 
geographic subpopulation are plotted in 
concentric circles around the reference (from 
center to outer edge: MA16, RI38, NJ6, MD7, 
and NC17). B. Outgroup solemyid symbiont 
genomes plotted around the reference (from 
center to outer edge: S. elarraichensis, S. 
pervernicosa, S. velesiana).  
 

 

 

 

 

Collectively, our population genomic data suggest that horizontal transmission occurs in S. velum 

symbiont populations and impacts genome evolution. Mitochondria and symbionts have not co-

diversified within geographic localities and symbiont genomes exhibit evidence of frequent 

recombination among divergent lineages. Our data support the observation that horizontally transmitted 

bacterial symbionts experience recombination (Mouton et al. 2012; Ros et al. 2012), and show that 

recombination is pervasive across the genome of some symbiont species. Finding structural genomic 

variation-associated evidence of HGT and active mobile elements that are variable between S. velum 

symbionts from different localities further supports the occurrence of horizontal events (Newton & 

Bordenstein 2011). While it is not known precisely how common horizontal transmission is among 
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members of a subpopulation, these data indicate that effective rates of horizontal transmission are higher 

than symbiont mutation or host migration rates. Taken together, these results reveal the dramatic impact 

horizontal transmission can have on symbiont genome evolution. 

We propose a mixed transmission mode for the S. velum symbionts, in which they undergo 

regular vertical transmission via spawned oocytes, but also experience horizontal transmission events. 

Mixed transmission modes may provide a functional compromise. Vertical transmission enables the 

evolution of coadapted host-symbiont genotypes, homogenizes intra-host symbiont populations, and 

ensures host offspring are colonized each generation (Douglas 2010). Horizontal transmission ameliorates 

deleterious mutations and genome stasis by facilitating recombination and HGT (Takeuchi et al. 2014). 

Utilizing both modes would allow for a flexible transmission strategy, enabling populations to respond to 

long and short-term evolutionary pressures (Kaltz & Koella 2003; Byler et al. 2013). Given that 

symbionts are highly divergent among Solemya species (Figure 1.1 and Figure 1.8B) and evidence 

supporting vertical transmission has been reported for both S. velum and S. pervernicosa (Krueger et al. 

1996; Cary 1994), it is likely that transmission modes in these taxa are evolutionarily flexible on longer 

time scales as well. This finding is relevant to marine symbioses broadly, as rare horizontal events have 

been detected in the few reported vertically transmitted associations (e.g., Stewart et al. 2008; Sipkema et 

al. 2015), but this is the first study indicating that such events are ongoing in a marine association.  

Our finding that symbionts and hosts exhibit concordant subdivision between geographic 

subpopulations may be surprising in light of the genealogical discordance seen within subpopulations. 

Symbiont geographic subdivision mirrors that of mitochondria for three possible reasons. First, symbionts 

and hosts may have identical dispersal patterns. However, this seems unlikely because S. velum has large 

dense eggs and no free-swimming stage (Gustafson & Lutz 1992), while the bacteria should experience 

fewer dispersal barriers. Second, symbiont and host populations may be genetically subdivided because 

they are locally adapted. Although local adaptation may play an important role, we would expect to 

observe the effects of local adaptation in a subset of genealogies, not genome-wide as seen in our data. 

Third, symbiont reproduction is tied to the host. We favor this explanation because symbionts have not 
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been detected in high abundance in the environment (Appendix 1), which suggests that symbiont 

reproduction occurs primarily within hosts and that horizontal transmission occurs between contemporary 

hosts within a geographic subpopulation. The strong geographic subdivision among hosts and symbionts 

may be due to three factors occurring on different timescales. In geological time, southern populations 

(e.g., NC) may have persisted as refugia during periods of glaciation and upon the retreat of the glaciers, 

reseeded the populations in the north (Hewitt 1996). At the timescale of climatic events, intense storms 

can uproot entire sediment habitats (e.g., hurricane Sandy in 2012), potentially resulting in mass S. velum 

mortality with resettlement by a few individuals. This works in conjunction with broadcast spawning, 

which can be described as “sweepstakes-style recruitment” (Eldon & Wakeley 2009), to produce 

subpopulations composed of related individuals. These possible scenarios raise crucial considerations for 

existing practices for characterizing symbiont transmission modes. Specifically, tests of co-speciation 

may falsely support strict vertical transmission when only a few individuals are sampled from diverse 

geographic subpopulations. We therefore emphasize the need for ample sampling of hosts and symbionts 

within localities when determining transmission modes using genetic data. 

Now that population-level whole-genome sequencing is achievable, hypotheses of strict vertical 

transmission and mixed transmission modes can be tested broadly across eukaryotic-microbial 

associations to assess the prevalence of these strategies and their influence on genome evolution. 

Provided specimens are obtained from host populations with limited barriers to gene flow, these analyses 

can resolve coevolutionary processes obscured by demographic factors affecting both host and symbiont 

populations. In addition, the high rates of recombination observed in this bacterial symbiont indicate that 

sexual population genetic theory, which assumes regular recombination, may be applicable in symbiont 

populations (e.g., for detection of selective sweeps). Given that transmission mode is one of the primary 

forces influencing host-symbiont co-evolution, its fidelity and dynamics must be considered when 

predicting evolutionary outcomes in diverse symbiotic associations, from deep-sea chemosynthetic 

symbioses to the human microbiome and inherited human pathogens. 
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Methods: 

Collections: 

 Adult S. velum were collected from intertidal-subtidal sediments in Duxbury, MA (42° 0'14.15"N, 

70°40'43.79"W), Narragansett, RI (41°22'55.91"N, 71°30'1.10"W), Shark River Island, NJ 

(40°11'9.60"N, 74° 1'48.00"W), Sinepuxent Bay, MD (38°14'58.56"N, 75° 9'8.06"W), and Pivers Island, 

NC (34°42'59.23"N, 76°40'26.33"W) in the spring and summer of 2012, using a shovel and sieve (Figure 

1.2A). Immediately after collection, specimens were rinsed with 0.2 mm filtered seawater, sterilely 

dissected, placed in 100% ethanol, flash frozen, and stored at -80ºC. Gill and testis (for two RI 

specimens) DNA was extracted with the DNeasy Blood and Tissue kit (Qiagen).  

 Outgroup species specimens were obtained from various sources. Solemya pervernicosa was 

collected from the Santa Monica sewage outfall in 1992 and stored at -80ºC. Solemya velesiana and 

Solemya elarraichensis were obtained from the Museum of Comparative Zoology, Harvard University. 

Solemya velesiana was collected from off Queensland, Australia (27°28' 46.9986"S, 153°24' 6.9978"E) in 

2008 by the BivAToL team, and stored in 95% ethanol at -80ºC (Malacology 379149). Solemya 

elarraichensis was collected from El Arraiche field, Gulf of Cadiz, Spain (35°25'18.00"N, 6°43'58.20"W) 

in 2004 by Marina R. Cunha, and stored in 95% ethanol at -80ºC (Malacology 379147). 

 

Sequencing: 

 A subset of S. velum gill specimens were selected for Illumina sequencing (Total: n=61 and 

subpopulations: MA=9, RI=20, NJ=7, MD=10, NC=15), along with the three outgroup solemyid 

specimens. Two male Rhode Island specimens were also selected to sequence their testis DNA to test for 

the presence of double uniparental mitochondrial inheritance (DUI). Genomic DNA was sheared to 350 

bp (Covaris S220) and Illumina paired-end libraries were either made on the Apollo 324 System 

(Wafergen) using the PrepX ILM kit (IntergenX), or manually with the Hyperprep kit (Kapa Biosciences) 

or a custom protocol (see below). NEXTflex adapters (Bioo) were used in all protocols. Libraries were 
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quantified for size by bioanalyzer (Agilent Bioanalyzer 2100) and for adapter-bearing concentration by 

qPCR with the PerfeCta library quantification kit (Quanta Biosciences). PCR was not performed on 

libraries unless they were below the minimum concentration needed (8/64), and in those cases, underwent 

no more than six cycles. Libraries with unique adapter barcodes were pooled and paired-end sequenced 

on the Illumina HiSeq2000 or HiSeq2500 platform (Bauer Core Facility, Harvard University), using a 

heat-denaturing step in place of NaOH denaturation. Sequence data from demultiplexed libraries were 

checked for quality with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and 

trimmed and filtered with Trimmomatic v0.32 

(Trimmomatic:ILLUMINACLIP:$TRIMMOMATIC/adapters/ TruSeq3-PE.fa:2:30:10:8:true, 

LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:40 [Bolger et al. 2014]) (Appendix 2 

Table A2.1). 

 

Custom library preparation: 

 Following shearing, genomic DNA was size-selected for 200-400 bp fragments with double-sided 

SPRI (0.55x SPRI beads, bind to magnet, transfer supernatant to 0.75x SPRI beads, wash, and elute DNA 

from beads). Then, DNA was end repaired with the NEB Next End Repair Kit, following the NEB 

protocol, and purified with 1.5x SPRI beads. Blunt DNA was A-tailed with dATP (0.2 mM) and the 

Klenow fragment (10 units, NEB), following the NEB protocol, and purified with 1.8x SPRI beads. Bioo 

adapters (0.5 uM) were ligated to A-tailed DNA with T4 ligase (NEB), following the NEB protocol, and 

purified with 1x SPRI beads. Finally, libraries were double-size-selected for 300-750 bp fragments to 

remove unligated adapters (0.50x SPRI beads, bind to magnet, transfer supernatant to 0.70x SPRI beads, 

wash, and elute DNA from beads). 

 

Genome assembly: 

 Two genome assembly strategies were employed for the S. velum and outgroup specimen 

Illumina reads. First a resequencing approach was employed, in which reads from each sequenced 
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specimen were mapped to the reference genomes of the S. velum symbiont and mitochondria. Upon 

examination of the mapped reads, it was found that S. velum symbionts from different geographic 

localities had deletions relative to the reference (see results in the main text) and many regions were 

unmapped in the outgroup specimens. To identify novel regions in the S. velum population samples, and 

construct better outgroup assemblies, de novo assemblies of each specimen’s reads were subsequently 

employed. 

 

Reference-based genome assembly of S. velum specimens:  

 Reads were mapped to symbiont (Dmytrenko et al. 2014)and mitochondrial (Plazzi et al. 

2013)reference genomes with Stampy 1.0.18 (Lunter & Goodson 2011) simultaneously to prevent 

suboptimal mapping to paralogues in one or the other genome. Only the four largest symbiont scaffolds 

were used in these analyses, as they contain 98.9% of the sequence and 99.4% of the genes. Alignments 

were processed with Samtools 1.0 (H Li et al. 2009), duplicates were removed with Picardtools 

(http://broadinstitute.github.io/picard/) and coverage was calculated with Bedtools 2.18.1 (Quinlan & Hall 

2010). Indel realignment and SNP and indel calling were performed with the Genome Analysis Toolkit 

(GATK, version 3.2-2) Realigner and UnifiedGenotyper (DePristo et al. 2011), respectively. Variant 

calling was done on haploid mode to call the consensus symbiont sequence for the host, as preliminary 

deep sequencing of a subset of specimens showed that symbiont polymorphism within a host was at least 

an order of magnitude lower than between hosts (this is a topic of ongoing research in our group). Variant 

calls were hard-filtered to remove low-confidence variants according to the GATK Best Practices 

protocol (Van der Auwera et al. 2002). To avoid erroneous calls, SNPs within five base pairs of an indel 

were filtered out.  

 Mitochondrial and symbiont genome sequences were generated for each specimen by applying 

the filtered variants calls to the reference sequences with a custom script. Gene sequences were extracted 

for each specimen using the coordinates in the reference genome annotations. 
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De novo assembly of S. velum specimens and outgroup solemyid species: 

 Assemblies were constructed de novo by utilizing the copy number, and thus coverage, 

differences between symbiont and nuclear genomes per cell. This was chosen as a reasonable strategy 

because symbiont genome coverage exceeds nuclear genome coverage in S. velum 50:1 and microscopy 

data suggests that symbionts display similar intracellular densities and distributions among solemyid 

species (Stewart & Cavanaugh 2006; Fujiwara et al. 2009; Taylor et al. 2008). Briefly, estimates for 

symbiont genome coverage were obtained by mapping reads from each specimen/species to the S. velum 

symbiont genome with the permissive polymorphism aligner, LAST(Kielbasa et al. 2011), as genome 

sequences for the symbionts and mitochondria of S. pervernicosa, S. elarraichensis, and S. velesiana were 

unavailable. K-mer coverage distributions for symbiont and mitochondrial-mapped reads and unmapped 

pairs of mapped reads were calculated with Jellyfish 1.1.11 (Marcais & Kingsford 2011) (Figure 1.9). 

Higher kmer values produced sharper distributions (odd kmer values from 11 to 25 were tested), but 

increased RAM requirements exponentially, limiting the usable kmer size to 19 for subsequent steps. The 

lower bounds of the 19-mer distributions were used as cutoffs to filter the unmapped solemyid reads with 

Quake (Kelley et al. 2010), removing low coverage reads attributable to the host nuclear genome and 

sequencing errors. 

Mapped read pairs and unmapped kmer-filtered reads were assembled with IDBA 1.1.1(Peng et 

al. 2012). Other assemblers were tested (MaSuRCA [Zimin et al. 2013], Ray Meta [Boisvert et al. 2012], 

Soapdenovo2 [Luo et al. 2012], and SPAdes [Bankevich et al. 2012]), but IDBA consistently produced 

assemblies with the longest assembled scaffolds and highest N50 values. All reads were then mapped to 

the de novo assemblies with Stampy as described above for the S. velum reference–based assembly to 

calculate scaffold coverage. Mitochondrial chromosomes and candidate symbiont scaffolds were 

identified and isolated by coverage, length, and GC content. Mitochondrial chromosomes were annotated 

with MITOS (Bernt et al. 2013). Candidate symbiont scaffolds were annotated for coding sequences with 

Prodigal (Hyatt et al. 2012) and blastp (Camacho et al. 2009) against the NCBI non-redundant (nr), 

TrEMBL (Bairoch & Apweiler 2000), and UniRef90 databases (Suzek et al. 2007) (cutoff values: 
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minimum coverage 50%, minimum 30% identity, evalue 1e-6). Predicted CDSs with hits failing these 

criteria were annotated as hypothetical proteins. Annotation of tRNAs was performed with tRNAscan 

(Lowe & Eddy 1997) and rRNAs with RNAmmer (Lagesen et al. 2007). Annotation, coverage, and GC 

content were utilized to remove host nuclear scaffolds. The completeness of these draft assemblies was 

evaluated with Quast (Gurevich et al. 2013), by comparing genome size to expected values for other 

sulfur-oxidizing symbionts, and by checking for the presence of 31 core bacterial phylogenetic markers 

(Wu & Eisen 2008; see Appendix 2 Table A2.2). 

 
 
Figure 1.9. 19-mer coverage histograms for reads mapping to the S. velum symbiont and mitochondrial 
reference genome from A. S. velum from RI (RI36), B. S. elarraichensis, C. S. pervernicosa, and D. S. 
velesiana. The approximate bottom of the symbiont read distribution was used as a filtering cutoff to 
remove host nuclear reads from the de novo assembly. Note that in some samples (e.g. inset boxes in A 
and C), mitochondrial coverage is distinct from symbiont coverage, whereas, in others (e.g. B and D) they 
overlap.  
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Genomic Analyses: 

16S rRNA phylogenetic analysis: 

 16S ribosomal RNA sequences from outgroup solemyid and S. velum reference assemblies were 

extracted. These sequences were blasted against the NCBI non-redundant nucleotide database to obtain 

closely related 16S rRNA sequences from gammaproteobacterial sulfur-oxidizing symbionts, free-living 

bacteria, and isolated environmental clones. Deltaproteobacterial and Epsilonproteobacterial 16S rRNA 

sequences were also downloaded to serve as outgroup taxa (Appendix 2 Table A2.6). Sequences were 

aligned with MUSCLE and manually inspected and trimmed in Geneious (Geneious 8.1 

(http://www.geneious.com, [Kearse et al. 2012]). The 16S rRNA phylogeny was inferred by maximum 

likelihood with RAxML using the GTRGAMMA model of nucleotide evolution and 1,000 bootstrap 

replicates (Stamatakis 2014).  

 
Whole-genome genealogical inference: 

 Whole genome alignments of mitochondrial and symbiont genomes were performed with 

progressiveMauve, allowing for rearrangements (Darling et al. 2010). Regions of the outgroup symbiont 

sequences that failed to align to the S. velum symbiont genomes were removed, and the remaining 

alignment blocks were concatenated and converted to Phylip format. Whole-genome genealogies were 

inferred by maximum likelihood with RAxML (version 8.1.5) using the GTRGAMMA model of 

nucleotide evolution and 1,000 bootstrap replicates (Stamatakis 2014). Genealogical topologies were 

confirmed by Bayesian inference with MrBayes (Ronquist et al. 2012), three independent runs were 

conducted, each with one million Markov chain Monte Carlo iterations using the mixed GTR + gamma 

substitution model, sub-sampling every 1000 generations, and discarding the first 25% of samples as 

burn-in. Trees were viewed and converted to cladograms in FigTree 

(http://tree.bio.ed.ac.uk/software/figtree/). Identical mitochondrial sequences were collapsed and nodes 

with <50% bootstrap support were represented as polytomies. Symbiont and mitochondrial genealogy 
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topologies were compared visually and by topological distance using the R package APE (Paradis et al. 

2004; R Core Development Team 2012).  

 Symbiont gene and sliding window genealogies were inferred by maximum likelihood. Genes 

were selected by identifying orthologous open reading frames among the S. velum symbionts and the 

three outgroup symbionts by reciprocal best blast hits. Genes were excluded with less than 10% 

alignment coverage and identity to all other symbionts, e-values less than 1000x better than the next best 

alignment, and non-identical reciprocal best hits among genomes. S. velum symbiont gene sequences were 

aligned to outgroup sequences for each gene with MUSCLE (Edgar 2004). Sequences from 100 kb 

sliding windows of the S. velum symbiont genome were aligned to outgroup genomes with 

progressiveMauve and unaligned regions of the outgroup genomes were removed. Gene and window 

genealogies were then inferred with RAxML as described above. Genealogies were rooted and nodes with 

less than 50% bootstrap support were collapsed with the APE package in R (Paradis et al. 2004; R Core 

Development Team 2012). Genealogies of sliding windows were plotted together and the summary tree 

calculated with DensiTree (Bouckaert 2010). 

 

Polymorphism analyses: 

 Genetic diversity was measured for the entire population, each subpopulation, and pairwise at all 

sites, synonymous sites, and nonsynonymous sites by calculating pairwise nucleotide diversity (π) (Nei & 

W H Li 1979) by site and averaging across all sites: 

€ 

π =

xi(n − xi)
i=1

a

∑
n(n −1)j=1

l

∑

L
 

 

where n is the total number of individuals sampled, xi is the number of individuals with allele i, a is the 

total number of sampled alleles at site j of l total sites, and L is the total sequence length. Substitution 
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effects were determined with snpEff (Cingolani et al. 2012). Calculations were performed on the snpEff 

annotated, GATK-generated vcf variant file for mitochondria and symbionts, filtering out sites not present 

in at least half of the specimens from the given population.  

 

Linkage disequilibrium analyses: 

Linkage disequilibrium (LD) within the symbiont and mitochondrial genomes and interspecific 

disequilibrium (ID) between mitochondrial and symbiont genomes was measured by calculating the 

correlation coefficient (r2) (Hill & Robertson 1968; Awadalla et al. 1999) between all pairwise 

combinations of biallelic segregating sites with allele frequencies above 0.1, to exclude recent mutations 

that have not had the opportunity to recombine. Greater than half of all specimens or all specimens from 

each subpopulation were required to have a call at a given site for that site to be included in the analysis, 

for population-wide or subpopulation-based analyses, respectively. For every pair of biallelic variant sites 

across the genome, linkage disequilibrium (D) and the correlation coefficient (r) between alleles was 

calculated as follows: 

€ 

D = x11 − pA1pB1 

€ 

r =
D

pA1(1− pA1)pB1(1− pB1)  

where pA1 and pB1 are the frequencies of the reference alleles of the A and B loci, respectively, and x11 is 

the frequency of the AB reference genotype. LD r2 values were binned by distance between sites and 

averaged, with the maximum distance between sites being half of the total genome size for circular 

genomes, and plotted in R (R Core Development Team 2012). Spearman’s rank correlation coefficient (ρ) 

was calculated between each (unbinned) r2 value and distance using the Statistics::RankCorrelation 

(http://search.cpan.org/~gene/Statistics-RankCorrelation-0.1204/lib/Statistics/RankCorrelation.pm, 

accessed Dec 15, 2014) perl module. Permutation tests were conducted by randomly shuffling r2 and 

distance values 5000 times with the Math::Random (http://search.cpan.org/~grommel/Math-Random-

0.71/Random.pm, accessed Dec 15, 2014) perl module. Exact permutation p-values were calculated as p 
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= (b+1)/(m+1), where b was the number of permutations in which r was less than or equal to the observed 

value and m was the number of permutations (Phipson & Smyth 2010). Due to low diversity within 

geographic localities, the relationship between LD and distance was unable to be ascertained within 

subpopulations with these data. 

Chi-square p-values for ID values were calculated by multiplying the correlation coefficient, r2, 

by the number of samples (Hill & Robertson 1968), using the Statistics::Distributions 

(http://search.cpan.org/~mikek/Statistics-Distributions-1.02/Distributions.pm, accessed May 5, 2015) perl 

module, with one degree of freedom and a 5% significance cutoff. All scripts used in these analyses are 

available from the authors by request.  

 

Transposable element analyses: 

Mobile elements were detected and annotated in the symbiont reference genome by type. 

Insertion sequences were detected with ISsaga (www-is.biotoul.fr; [Siguier et al. 2006]). Integrated 

prophages were detected with PHAST (phast.wishartlab.com; [Zhou et al. 2011]). Plasmids, prophages 

and viruses as well as Integrative conjugative elements were detected by blastn searches against the 

ACLAME (Leplae et al. 2009) and ICEberg (Bi et al. 2011) databases, respectively (cutoff values: 

minimum alignment length of 250 nucleotides, 90% identity, evalue 0.0001).  

Symbiont genomes were scanned for large-scale deletions by analyzing coverage files produced 

by Bedtools (see details under Reference-based genome assembly, above) for contiguous regions with 

zero coverage greater than 150 bp long. Deletions were annotated for functional genes using the genome 

annotation (Dmytrenko et al. 2014) and mobile elements. For visualization, read coverage was averaged 

over 1000 bp windows and plotted with Circos (Krzywinski et al. 2009). 

The S. velum symbiont transcriptome from Stewart et al. (Stewart et al. 2011) was analyzed for 

active, and thus likely functional, mobile elements. Transcripts were blasted against the annotated mobile 

elements with blastn (cutoff values: minimum coverage 50%, minimum 90% identity, evalue 1e-6). 
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Synteny analysis: 

 Gene order in the de novo assembled symbiont genomes was compared to the symbiont reference 

genome by alignment of whole genomes and individual coding sequences.  For whole-genome alignment, 

scaffolds in the draft assemblies were reordered to the S. velum symbiont reference sequence in Mauve 

(Rissman et al. 2009). The de novo assemblies were then aligned to the reference and outgroup genomes 

in progressiveMauve, allowing for rearrangements (Darling et al. 2010). Synteny along the genome was 

examined in the alignment and local collinear blocks were mapped with Circos (Krzywinski et al. 2009). 

For a more detailed comparison among draft genomes, the relative order of homologous genes was 

examined. Homologs were identified by reciprocal best blast hits (see above, under Whole-genome 

genealogical inference) and their relative positions calculated with a custom script. Relative gene order 

was visualized with Circos (Krzywinski et al. 2009) by plotting links between homologous genes on the 

reference and de novo scaffolds.  

 

Horizontal gene transfer analysis: 

 Evidence of horizontal gene transfer (HGT) was tested for in the symbiont reference genome and 

the de novo S. velum symbiont genomes. Nucleotides from all genes in the S. velum symbiont reference 

genome and de novo assembled genes that lacked homologues in the reference genome were blasted 

against the NCBI whole-genome shotgun database (best_hit_overhang 0.1, best_hit_score_edge 0.1, 

evalue 1e-6). The Blast results were filtered to remove hits with less than 60% coverage and less than 

60% identity. Additionally, genes on scaffolds with fewer than 5 genes with homology to the S. velum 

symbiont reference sequence were removed to eliminate the possibility that the scaffold was assembled 

from contaminating sequence that was by chance at the same coverage and not filtered out during 

assembly. To find genes with strong evidence of HGT, sequences were identified with greater than 98% 

identity to the bacterial species hit at the locus, but less than 90% identity at the 16S rRNA gene. 

 



 46 

Acknowledgements: 

We thank Frank Stewart, Peter Girguis, Gonzalo Giribet and members of the Cavanaugh Lab for 

valuable suggestions and comments. We gratefully acknowledge support from Harvard University’s 

William F. Milton Fund, Department of Organismic and Evolutionary Biology, and Microbial Sciences 

Initiative. Jonathan Finlay provided valuable help with collection of the S. velum population samples. We 

thank Harvard’s Museum of Comparative Zoology for the S. velesiana specimen (BivAToL project) and 

the S. elarraichensis specimen (collected by Marina R. Cunha supported by project HERMES (contract 

GOCE–CT-2005-511234) and project HERMIONE (contract 226354) and donated to the BivAToL 

project).  

 
 
References: 
 
Awadalla P, Eyre-Walker A, Smith JM. 1999. Linkage disequilibrium and recombination in hominid 

mitochondrial DNA. Science. 286:2524–2525. doi: 10.1126/science.286.5449.2524. 

Bairoch A, Apweiler R. 2000. The SWISS-PROT protein sequence database and its supplement TrEMBL 
in 2000. Nucleic Acids Res. 28:45–48. doi: 10.1093/nar/28.1.45. 

Bankevich A et al. 2012. SPAdes: a new genome assembly algorithm and its applications to single-cell 
sequencing. J Comput Biol. 19:455–477. doi: 10.1089/cmb.2012.0021. 

Bernt M et al. 2013. MITOS: improved de novo metazoan mitochondrial genome annotation. Mol Phylo 
Evol. 69:313–319. doi: 10.1016/j.ympev.2012.08.023. 

Bi D et al. 2011. ICEberg: a web-based resource for integrative and conjugative elements found in 
Bacteria. Nucleic Acids Res. 40:D621–D626. doi: 10.1093/nar/gkr846. 

Blanc G et al. 2007. Lateral gene transfer between obligate intracellular bacteria: Evidence from the 
Rickettsia massiliae genome. Genome Res. 17:1657–1664. doi: 10.1101/gr.6742107. 

Boisvert S, Raymond F, Godzaridis É, Laviolette F, Corbeil J. 2012. Ray Meta: scalable de novo 
metagenome assembly and profiling. Genome Biol. 13:R122. doi: 10.1186/gb-2012-13-12-r122. 

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for Illumina sequence data. 
Bioinformatics. 30:2114–2120. doi: 10.1093/bioinformatics/btu170. 

Bouckaert RR. 2010. DensiTree: making sense of sets of phylogenetic trees. Bioinformatics. 26:1372–
1373. doi: 10.1093/bioinformatics/btq110. 

Brandvain Y, Goodnight C, Wade MJ. 2011. Horizontal transmission rapidly erodes disequilibria 
between organelle and symbiont genomes. Genetics. 189:397–404. doi: 



 47 

10.1534/genetics.111.130906. 

Bright M, Bulgheresi S. 2010. A complex journey: transmission of microbial symbionts. Nat Rev Micro. 
8:218–230. doi: 10.1038/nrmicro2262. 

Byler KA, Carmi-Veal M, Fine M, Goulet TL. 2013. Multiple symbiont acquisition strategies as an 
adaptive mechanism in the coral Stylophora pistillata. PLoS ONE. 8:e59596. doi: 
10.1371/journal.pone.0059596.t001. 

Camacho C et al. 2009. BLAST+: architecture and applications. BMC Bioinformatics. 10:421. doi: 
10.1186/1471-2105-10-421. 

Cary S. 1994. Vertical transmission of a chemoautotrophic symbiont in the protobranch bivalve, Solemya 
reidi. Mol Mar Biol Biotech. 3:121. 

Cavanaugh CM, McKiness ZP, Newton I, Stewart FJ. 2013. Marine chemosynthetic symbioses. In: The 
Prokaryotes – Prokaryotic Biology and Symbiotic Associations. Rosenberg, E, editor. Springer-
Verlag Berlin Heidelberg pp. 579–607. doi: 10.1007/978-3-642-30194-0_21. 

Cerveau N, Leclercq S, Leroy E, Bouchon D, Cordaux R. 2011. Short- and long-term evolutionary 
dynamics of bacterial insertion sequences: insights from Wolbachia endosymbionts. Genome Biol 
Evol. 3:1175–1186. doi: 10.1093/gbe/evr096. 

Cingolani P et al. 2012. A program for annotating and predicting the effects of single nucleotide 
polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2; iso-
3. Fly (Austin). 6:80–92. doi: 10.4161/fly.19695. 

Darling AE, Mau B, Perna NT. 2010. progressiveMauve: Multiple genome alignment with gene gain, loss 
and rearrangement Stajich, JE, editor. PLoS ONE. 5:e11147. doi: 
10.1371/journal.pone.0011147.s005. 

Davidson SK, Dulla GF, Go RA, Stahl DA. 2014. Earthworm symbiont Verminephrobacter eiseniae 
mediates natural transformation within host egg capsules using type IV pili. Front Microbiol. doi: 
10.3389/fmicb.2014.00546/abstract. 

DePristo MA et al. 2011. A framework for variation discovery and genotyping using next-generation 
DNA sequencing data. Nat Genet. 43:491–498. doi: 10.1038/ng.806. 

Dmytrenko O et al. 2014. The genome of the intracellular bacterium of the coastal bivalve, Solemya 
velum: a blueprint for thriving in and out of symbiosis. BMC Genomics. 15:924. doi: 
10.1186/1471-2164-15-924. 

Douglas A. 2010. The Symbiotic Habit. Princeton University Press. 

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high throughput. 
Nucleic Acids Res. 32:1797–2004. 

Eldon B, Wakeley J. 2009. Coalescence times and FST under a skewed offspring distribution among 
individuals in a population. Genetics. 181:615–629. doi: 10.1534/genetics.108.094342. 

Fujiwara Y, Okutani T, Yamanaka T, Kawato M. 2009. Solemya pervernicosa lives in sediment 



 48 

underneath submerged whale carcasses: its biological significance. Venus. 68:27–37. 

Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. QUAST: quality assessment tool for genome 
assemblies. Bioinformatics. 29:1072–1075. doi: 10.1093/bioinformatics/btt086. 

Gustafson RG, Lutz RA. 1992. Larval and early post-larval development of the protobranch bivalve 
Solemya velum (Mollusca: Bivalvia). J Mar Biol Ass U K. 72:383–402. doi: 
10.1017/S0025315400037772. 

Halkett F, Simon J-C, Balloux F. 2005. Tackling the population genetics of clonal and partially clonal 
organisms. Trends Ecol Evol. 20:194–201. doi: 10.1016/j.tree.2005.01.001. 

Hewitt GM. 1996. Some genetic consequences of ice ages, and their role in divergence and speciation. 
Biological Journal of the Linnean Society. 58:247–276. doi: 10.1111/j.1095-8312.1996.tb01434.x. 

Hill WG, Robertson A. 1968. Linkage disequilibrium in finite populations. Theor. Appl. Genet. 38:226–
231. doi: 10.1007/BF01245622. 

Hyatt D, LoCascio PF, Hauser LJ, Uberbacher EC. 2012. Gene and translation initiation site prediction in 
metagenomic sequences. Bioinformatics. 28:2223–2230. doi: 10.1093/bioinformatics/bts429. 

Itoh H et al. 2014. Evidence of environmental and vertical transmission of Burkholderia symbionts in the 
oriental chinch bug, Cavelerius saccharivorus (Heteroptera: Blissidae). Appl Envir Microb. 
80:5974–5983. doi: 10.1128/AEM.01087-14. 

Kaltz O, Koella JC. 2003. Host growth conditions regulate the plasticity of horizontal and vertical 
transmission in Holospora undulata, a bacterial parasite of the protozoan Paramecium caudatum. 
Evol. 57:1535–1542. doi: 10.1554/02-635. 

Kearse M et al. 2012. Geneious Basic: An integrated and extendable desktop software platform for the 
organization and analysis of sequence data. Bioinformatics. 28:1647–1649. doi: 
10.1093/bioinformatics/bts199. 

Kelley DR, Schatz MC, Salzberg SL. 2010. Quake: quality-aware detection and correction of sequencing 
errors. Genome Biol. 11:R116. doi: 10.1186/gb-2010-11-11-r116. 

Kiel S. 2010. The Fossil Record of Vent and Seep Mollusks. In: The Vent and Seep Biota. Kiel, S, editor. 
Springer Science+Business Media B.V. pp. 255–277. 

Kielbasa SM, Wan R, Sato K, Horton P, Frith MC. 2011. Adaptive seeds tame genomic sequence 
comparison. Genome Res. 21:487–493. doi: 10.1101/gr.113985.110. 

Krueger DM, Gustafson RG, Cavanaugh CM. 1996. Vertical transmission of chemoautotrophic 
symbionts in the bivalve Solemya velum (Bivalvia: Protobranchia). Biol Bull. 190:195–202. doi: 
10.2307/1542539. 

Krzywinski M et al. 2009. Circos: An information aesthetic for comparative genomics. Genome Res. 
19:1639–1645. doi: 10.1101/gr.092759.109. 

Lagesen K et al. 2007. RNAmmer: consistent and rapid annotation of ribosomal RNA genes. Nucleic 
Acids Res. 35:3100–3108. doi: 10.1093/nar/gkm160. 



 49 

Leplae R, Lima-Mendez G, Toussaint A. 2009. ACLAME: A CLAssification of Mobile genetic 
Elements, update 2010. Nucleic Acids Res. 38:D57–D61. doi: 10.1093/nar/gkp938. 

Li H et al. 2009. The Sequence Alignment/Map format and SAMtools. Bioinformatics. 25:2078–2079. 
doi: 10.1093/bioinformatics/btp352. 

Lowe TM, Eddy SR. 1997. tRNAscan-SE: a program for improved detection of transfer RNA genes in 
genomic sequence. Nucleic Acids Res. 25:955–964. doi: 10.1093/nar/25.5.0955. 

Lunter G, Goodson M. 2011. Stampy: A statistical algorithm for sensitive and fast mapping of Illumina 
sequence reads. Genome Res. 21:936–939. doi: 10.1101/gr.111120.110. 

Luo R et al. 2012. SOAPdenovo2: an empirically improved memory-efficient short-read de novo 
assembler. Gigascience. 1:1–6. doi: 10.1186/2047-217X-1-18. 

Marcais G, Kingsford C. 2011. A fast, lock-free approach for efficient parallel counting of occurrences of 
k-mers. Bioinformatics. 27:764–770. doi: 10.1093/bioinformatics/btr011. 

McCutcheon JP, Dohlen von CD. 2011. An interdependent metabolic patchwork in the nested symbiosis 
of mealybugs. Cur Biol. 21:1366–1372. doi: 10.1016/j.cub.2011.06.051. 

McCutcheon JP, Moran NA. 2011. Extreme genome reduction in symbiotic bacteria. Nat Rev Micro. 
10:13–26. doi: 10.1038/nrmicro2670. 

Moran NA, Bennett GM. 2014. The tiniest tiny genomes. Annu Rev Microbiol. 68:195–215. doi: 
10.1146/annurev-micro-091213-112901. 

Mouton L et al. 2012. Evidence of diversity and recombination in Arsenophonus symbionts of the 
Bemisia tabaci species complex. BMC Microbiol. 12:1–15. doi: 10.1186/1471-2180-12-S1-S10. 

Moya A, Peretó J, Gil R, Latorre A. 2008. Learning how to live together: genomic insights into 
prokaryote–animal symbioses. Nat Rev Genet. 9:218–229. doi: 10.1038/nrg2319. 

Nei M, Li WH. 1979. Mathematical model for studying genetic variation in terms of restriction 
endonucleases. PNAS. 76:5269–5273. doi: 10.1073/pnas.76.10.5269. 

Newton ILG, Bordenstein SR. 2011. Correlations between bacterial ecology and mobile DNA. Cur 
Microbiol. 62:198–208. doi: 10.1007/s00284-010-9693-3. 

Normark BB, Ross L. 2014. Genetic conflict, kin and the origins of novel genetic systems. Phil Trans R 
Soc B. 369:20130364. doi: 10.1098/rstb.2013.0364. 

Oliver G, Rodrigues CF, Cunha MR. 2011. Chemosymbiotic bivalves from the mud volcanoes of the Gulf 
of Cadiz, NE Atlantic, with descriptions of new species of Solemyidae, Lucinidae and 
Vesicomyidae. ZooKeys. 113:1–38. doi: 10.3897/zookeys.113.1402. 

Paradis E, Claude J, Strimmer K. 2004. APE: Analyses of Phylogenetics and Evolution in R language. 
Bioinformatics. 20:289–290. doi: 10.1093/bioinformatics/btg412. 

Peng Y, Leung HCM, Yiu SM, Chin FYL. 2012. IDBA-UD: a de novo assembler for single-cell and 
metagenomic sequencing data with highly uneven depth. Bioinformatics. 28:1420–1428. doi: 



 50 

10.1093/bioinformatics/bts174. 

Phipson B, Smyth GK. 2010. Permutation P-values should never be zero: calculating exact P-values when 
permutations are randomly drawn. Stat Appl Genet Mol Biol. 9:Article39. doi: 10.2202/1544-
6115.1585. 

Plazzi F, Ribani A, Passamonti M. 2013. The complete mitochondrial genome of Solemya velum 
(Mollusca: Bivalvia) and its relationships with conchifera. BMC Genomics. 14:409. doi: 
10.1186/1471-2164-14-409. 

Quinlan AR, Hall IM. 2010. BEDTools: a flexible suite of utilities for comparing genomic features. 
Bioinformatics. 26:841–842. doi: 10.1093/bioinformatics/btq033. 

Rissman AI et al. 2009. Reordering contigs of draft genomes using the Mauve Aligner. Bioinformatics. 
25:2071–2073. doi: 10.1093/bioinformatics/btp356. 

Ronquist F et al. 2012. MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across a 
large model space. Syst Biol. 61:539–542. doi: 10.1093/sysbio/sys029. 

Ros VID, Fleming VM, Feil EJ, Breeuwer JAJ. 2012. Diversity and recombination in Wolbachia and 
Cardinium from Bryobia spider mites. BMC Microbiol. 12:S13. doi: 10.1186/1471-2180-12-S1-
S13. 

Salem H, Florez L, Gerardo N, Kaltenpoth M. 2015. An out-of-body experience: the extracellular 
dimension for the transmission of mutualistic bacteria in insects. Proc R Soc Lond [Biol]. 
282:20142957. doi: 10.1098/rspb.2014.1838. 

Siguier P, Filée J, Chandler M. 2006. Insertion sequences in prokaryotic genomes. Cur Opin Microb. 
9:526–531. doi: 10.1016/j.mib.2006.08.005. 

Sipkema D et al. 2015. Similar sponge-associated bacteria can be acquired via both vertical and 
horizontal transmission. Envir Microb. 17:3807–3821. doi: 10.1111/1462-2920.12827. 

Stamatakis A. 2014. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large 
phylogenies. Bioinformatics. 30:1312–1313. doi: 10.1093/bioinformatics/btu033. 

Stewart FJ, Cavanaugh CM. 2006. Bacterial endosymbioses in Solemya (Mollusca: Bivalvia)—model 
systems for studies of symbiont–host adaptation. Antonie van Leeuwenhoek. 90:343–360. doi: 
10.1007/s10482-006-9086-6. 

Stewart FJ, Dmytrenko O, Delong EF, Cavanaugh CM. 2011. Metatranscriptomic analysis of sulfur 
oxidation genes in the endosymbiont of Solemya velum. Front Microbiol. 2. doi: 
10.3389/fmicb.2011.00134. 

Stewart FJ, Young CR, Cavanaugh CM. 2008. Lateral symbiont acquisition in a maternally transmitted 
chemosynthetic clam endosymbiosis. Mol Biol Evol. 25:673–687. doi: 10.1093/molbev/msn010. 

Suzek BE, Huang H, McGarvey P, Mazumder R, Wu CH. 2007. UniRef: comprehensive and non-
redundant UniProt reference clusters. Bioinformatics. 23:1282–1288. doi: 
10.1093/bioinformatics/btm098. 



 51 

Takeuchi N, Kaneko K, Koonin EV. 2014. Horizontal gene transfer can rescue prokaryotes from Muller's 
ratchet: benefit of DNA from dead cells and population subdivision. G3. 4:325–339. doi: 
10.1534/g3.113.009845. 

Taylor JD, Glover EA, Williams ST. 2008. Ancient chemosynthetic bivalves: systematics of Solemyidae 
from eastern and southern Australia (Mollusca: Bivalvia). Mem Queensl Mus. 54:75–104. 

R Core Development Team. 2012. R: A language and environment for statistical computing. Vienna, 
Austria : the R Foundation for Statistical Computing. 

Van der Auwera GA et al. 2002. From FastQ Data to High-Confidence Variant Calls: The Genome 
Analysis Toolkit Best Practices Pipeline. John Wiley & Sons, Inc.: Hoboken, NJ, USA doi: 
10.1002/0471250953.bi1110s43. 

Wu M, Eisen JA. 2008. A simple, fast, and accurate method of phylogenomic inference. Genome Biol. 
9:R151. doi: 10.1186/gb-2008-9-10-r151. 

Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. 2011. PHAST: a fast phage search tool. Nucleic 
Acids Res. 39:W347–52. doi: 10.1093/nar/gkr485. 

Zimin AV et al. 2013. The MaSuRCA genome assembler. Bioinformatics. 29:2669–2677. doi: 
10.1093/bioinformatics/btt476.  

 



	   52	  

 

 

 

 

 

CHAPTER 2 

 

Evidence of transovarial symbiont transmission in the chemosynthetic bivalve  

Solemya velum 

 

Shelbi L. Russell and Colleen M. Cavanaugh 

 

Department of Organismic and Evolutionary Biology. Harvard University.  

Cambridge, Massachusetts, United States of America. 

 



	   53	  

Abstract:  

The transmission of symbiotic bacteria through host tissues, such as within gametes or brooded 

larvae, ensures that host offspring acquire symbionts and has the potential to stabilize the association over 

evolutionary time. Recent analyses of symbiont population genomics have revealed horizontal symbiont 

transmission between hosts in associations previously thought to be exclusively vertically transmitted. 

This suggests that hosts can retain the capability to acquire bacteria through the environment even after 

the evolution of cellular mechanisms to inherit them. The chemosynthetic symbiosis between the bivalve 

Solemya velum and its gammaproteobacterial symbionts likely exhibits this behavior, but additional 

evidence of vertical symbiont transmission within the individual is needed to ascertain how symbionts are 

inherited. Through in situ hybridization of symbiont 16S rRNA in adult S. velum tissues, symbionts were 

detected in the acinal walls of the ovary and in the periphery of mature oocytes. Furthermore, we 

estimated each spawned egg contains on the order of 50-100 symbiont genomes via qPCR of the RNA 

helicase gene (rhlE). These results support previous conclusions that S. velum symbionts are inherited via 

spawned eggs, and suggest that symbionts become associated with oocytes late in oogenesis through the 

cells of the acinal wall. In conjunction with the recent evidence of horizontal transmission, these data 

reinforce the hypothesis that vertical modes of transmission can be maintained while horizontal 

transmission events also occur in populations of hosts and symbionts. This knowledge furthers our 

understanding of how these associations evolve and persist across symbiont and host generations. 
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Introduction: 

 Numerous eukaryotes ranging from protists to plants and animals engage in mutualistic 

associations with bacteria, resulting in the evolution of novel metabolisms and tissue adaptations that 

enable colonization of new environments and niches. In these intimate associations, bacterial symbionts 

colonize hosts either extracellularly or intracellularly and usually exhibit tissue tropism, whereby they 

inhabit very specific tissue types (Hentschel et al. 2000). Mechanisms facilitating host-symbiont 

localization and recognition stabilize the association over evolutionary time (Nyholm et al. 2009; Jones et 

al. 2007). While maintenance of the interaction is continuously required in the adult to maintain symbiont 

distributions and population sizes (Voronin et al. 2012; Login et al. 2011), a major difficulty lies in 

ensuring that the next generation of host is colonized. Vertically transmitted associations are those in 

which symbionts are transferred directly to offspring. In horizontal transmission, symbionts are 

transferred between host lineages, often through the environment (Bright & Bulgheresi 2010). 

 Continuous association of symbionts with host cells or tissues is one way of ensuring symbionts 

make it into the next host generation. This method is utilized in vertical transmission and aligns the 

fitness interests of hosts and symbionts by linking symbiont and host reproduction (Drown et al. 2013). 

Direct inheritance also mitigates the risk of not acquiring symbionts at the proper host developmental 

stage, as timing is important if symbiont function is needed by a certain age or if colonization capability 

has a narrow efficacy window. For example, in many insect symbioses bacterial symbionts migrate from 

their location in the adult to colonize host eggs or embryos at particular developmental stages (Perotti et 

al. 2007; Stoll et al. 2010; Miura et al. 2003). While common themes and mechanisms have been 

demonstrated in insect symbioses, much less is known about vertical transmission in the marine 

environment. 

 Many symbiotic marine animals reproduce by broadcast spawning or have very exposed larval 

stages (Evans & Sherman 2013), thus vertical transmission in these species must occur through symbiont 

association with host gametes. The exposed nature of this mode of reproduction, in which eggs and early 
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developmental stages are in direct contact with the surrounding seawater, may increase opportunities for 

symbionts to mix between hosts or other bacteria to be acquired. The difficulty of maintaining vertical 

transmission in the marine environment may explain why the majority of marine associations are 

horizontally transmitted (e.g., Nyholm & McFall-Ngai 2004; Nussbaumer et al. 2006; Gros et al. 1996; 

Won et al. 2003), and the ones that undergo vertical transmission may experience occasional horizontal 

events (see Stewart et al. 2008; Decker et al. 2013; Sipkema et al. 2015). This phenomenon has been 

described as a mixed transmission mode, in which symbionts are vertically transmitted between host 

generations yet mixed infections occasionally occur via horizontal transmission (Bright & Bulgheresi 

2010; Ebert 2013). While it is not yet clear whether selection maintains both modes, or their maintenance 

is an inadvertent consequence of bacterial dispersal and colonization abilities, it is clear that it has major 

implications for symbiont evolution (Chapter 1, Lund et al. 2014).  

 The symbiosis between the marine bivalve Solemya velum and its chemosynthetic 

gammaproteobacterial symbionts is a fascinating association that appears to undergo vertical and 

horizontal transmission. Solemya velum is found in reducing mudflats along the Atlantic coast of North 

America, where it digs a Y-shaped burrow to simultaneously access reduced porewater while pumping 

oxygenated seawater from above. Symbionts are contained within specialized gill cells termed 

bacteriocytes where they have access to hydrogen sulfide and carbon dioxide substrates for carbon 

fixation, which is used to fuel both host and symbionts (Stewart & Cavanaugh 2006). The symbiont 16S 

rRNA is identical within hosts and nearly identical within geographic localities, indicating that this is a 

highly specific association consisting of a single bacterial lineage (Stewart et al. 2009). Early research by 

Krueger et al. (1996) concluded that symbionts are vertically transmitted based upon detection of 

symbiont DNA in the ovaries via PCR and bacterial cells in developing juvenile gill buds still within the 

egg capsule. Recent genomic data from this association revealed evidence of rampant horizontal 

transmission, recombination, and dynamic genome structure (Chapter 1), prompting further investigation 

of the vertical transmission route utilized by this association. To provide better resolution of how 

symbionts are associated with ovary tissue and confirmation of symbiont presence in spawned eggs, we 
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performed in situ hybridization (ISH) on adult S. velum tissues and determined symbiont abundance in 

spawned eggs with quantitative (qPCR). The gross morphology of S. velum was also characterized to 

provide context for symbiont localization patterns. Understanding how vertical transmission occurs in this 

species will be informative to understanding the cellular mechanisms maintaining mixed transmission 

modes over evolutionary time. 

 

Methods: 

Collections: Adult S. velum (7.5 – 14.5 mm long) were collected from an intertidal mudflat in Point 

Judith, Narragansett, RI with a shovel and sieve. Bivalves were either fixed immediately in the field for 

microscopy light (n=24; 21 females and 2 males) or transmission electron microscopy (TEM) (n=3; 2 

females and 1 male) or transported back to the lab for spawning (approximately 30 individuals). 

Solemya velum specimens were fixed whole by cutting the adductor muscles and ventral mantle 

fusion prior to immersion in fixative (reagents described below). More females were collected than males 

for microscopy intentionally because symbionts were previously not detected in the testis (Krueger et al. 

1996), and the focus of this study was on the ovarial transmission route of the symbionts. Collections of 

female S. velum for light microscopy were spread across the following months to assess ovary maturity 

throughout the year: March (n=5), June (n=4), July (n=4), September (n=5), and November (n=6). Males 

collected for light microscopy were sampled in July and November. All specimens prepared for TEM 

were collected in March.  

Eggs were procured by inducing adult S. velum to spawn with temperature cycling (Helm et al. 

2004). In brief, seawater for spawning was collected from the S. velum habitat at the time of collection 

and filtered through a 0.2 µm filter, and 1 L volumes were heated to 4°C and 25°C. Solemya velum were 

then alternated between cold and warm water baths for 30 min. each, starting with cold water. This 

spawning method produced sperm much less consistently than eggs, precluding embryological work. For 

qPCR, eggs were rinsed in 0.2 µm filtered seawater (FSW) and half were surface sterilized for 1 minute 
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in 1% sodium hypochlorite in FSW, while the remaining half were untreated. Eggs were then separated 

into 1, 3, 4, or 50 per 1 ml tube, flash frozen, and stored at -80ºC until DNA extraction. Seawater used to 

spawn S. velum was sampled before and after clams were placed in the water by filtering 120 ml through 

0.2 µm nitrocellulose filters (Millipore, Billerica, MA), and the filters were stored at -80ºC. To test the 

specificity of S. velum symbiont-specific probes, Riftia trophosome tissue, which contains chemosynthetic 

symbionts, was obtained from a Riftia pachyptila specimen and prepared for light microscopy. 

 

Light microscopy:  

Fixation and Embedding: Solemya velum were fixed whole and used for characterization of gross 

morphology and detection of symbionts in host tissues with in situ hybridization (ISH) (n=24). Specimens 

were fixed in Davidson’s fixative (Kim et al. 2006) for 48 hrs at 4°C with agitation, rinsed in 1x 

phosphate buffered saline (PBS), dehydrated through an ethanol series. Shells were removed from 

specimens while immersed in 70% ethanol. Specimens were infiltrated with xylene and embedded in 

paraffin. Due to the thickness and density of the specimens, a vacuum was applied during the final 

paraffin incubation (-15 mm Hg) to complete infiltration. Paraffin-embedded whole S. velum specimens 

were serially sectioned at 10 µm (Leica Rm2155 microtome), 5-10 sections were collected on each 

Superfrost Plus slide (VWR, Pennsylvania, USA), and heated at 42C overnight to dry. These sections 

were used for chromogenic and fluorescent detection of hybridized oligonucleotide probes and 

hematoxylin and eosin staining (see below). Both in situ hybridization methods were used on each 

specimen.  

 

Hematoxylin and eosin (HE) staining for determining gross morphology: Specimens were deparaffinized 

with xylene and hydrated through an ethanol series. Following two washes in distilled water, sections 

were stained with Mayer’s hematoxylin (EMS, Pennsylvania, USA 26043) for 30 sec. with agitation, 

rinsed, and stained in 1% eosin Y (Electron Microscopy Supplies (EMS) 26051) for 10-30 sec. with 
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agitation. Sections were then dehydrated through an ethanol series, cleared in xylene (VWR 1330-20-7), 

and mounted in Canada balsam (Sigma Aldrich, Missouri, USA C1795).  

 

ISH probes and probe design: A symbiont-specific 16S rRNA probe, Svsym47, was designed using the S. 

velum symbiont genome sequence (Dmytrenko et al. 2014) and RI population genetic data (Chapter 1). 

Symbiont 16S rDNA sequences were aligned to the SILVA database (SSURef version 111) (Quast et al. 

2012) and the symbiont-specific oligonucleotide probe Svsym47 was designed in ARB (Ludwig 2004). 

Hybridization stringency was optimized for the probe set by testing hybridization temperatures (35°C and 

46°C) and formamide concentrations (20-60%). 

 Control probes consisted of two positive controls, EUB338 targeting bacterial 16S rRNAs and 

EUK516 targeting eukaryotic 18S rRNAs, and two negative control probes, corresponding to the reverse 

complements of the eubacterial (NON338) and symbiont (NON47) 16S probes. See Table 2.2 for probe 

sequences.  

 Oligonucleotide probes were labeled with 5’ FITC (Sigma Aldrich) or 5’ horseradish peroxidase 

(HRP) oligonucleotides (Biomers, Ulm, Germany). The FITC conjugate was used as a hapten for 

chromogenic labeling with alkaline phosphatase. HRP oligonucleotides were detected by precipitating 

fluorescently labeled tyramides (see below). Amplified chromogenic and fluorescent approaches were 

used because autoflorescence was quite strong in S. velum tissues, even after quenching aldehyde groups 

with glycine. Thus, monolabeled FISH (direct detection of FITC probes produced insufficient signal to be 

discernable from background autofluorescence. Furthermore, autofluorescence even made it difficult to 

detect HRP-amplified fluorescent signal in tissues exhibiting low signal intensity (due to low probe target 

density). Chromogenic detection avoided these issues with background noise, allowing more sensitive 

detection of low abundance probe targets (e.g., S. velum 16S). 

The EUB338 and Svsym47 probes were tested on tissue sections treated with RNase (2 mg/ml for 

15 min) and resulted in no signal, verifying that these probes bind to RNA. Riftia trophosome tissue and 
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E. coli OneShot competent cells attached to a filter were hybridized with EUB338 and Svsym47 probes, 

producing signal for EUB338, but not Svsym47, indicting that the designed probes are reasonably 

specific. Sets of alternating slides containing 5-10 sections were used for the test probe, positive control 

probe, and negative control probe (see below and Table 2.2). 

 

In situ hybridization (CARD-FISH and CISH): Paraffin sections were processed according to (Pernthaler 

& Amann 2004; Wendeberg 2010) with optimization modifications for S. velum tissues, including 

extended permeabilization treatments and endogenous enzyme inactivation. For both catalyzed reporter 

deposition fluorescence in situ hybridization (CARD-FISH) and chromogenic in situ hybridization 

(CISH), tissue sections were deparaffinized and hydrated followed by permeabilization with 10 mg/ml 

lysozyme for 30 min. at room temperature followed by 3 mg/ml proteinase K for 30 min. at 37°C. 

Endogenous peroxidases were inactivated by treatment with 3% H2O2 in 1x PBS for 10 min. at room 

temperature. Endogenous phosphatases were inactivated by treatment with Bloxall (Vector Labs, 

Burlingame, CA SP-6000) for 15 min. at room temperature. Sections were pretreated with hybridization 

buffer (50% formamide, 0.9 M NaCl, 20 mM Tris HCl pH 8.0, 1% blocking reagent (Roche), 10% w/v 

dextran sulfate) at 46°C for 20 min., followed by hybridization at 46°C overnight (12-18 hours) with 

1:100 probe (50 ng/ml) in hybridization buffer. Following hybridization, sections were rinsed in wash 

buffer (5 mM EDTA pH 8.0, 18 mM NaCl, 20 mM Tris HCl pH 8.0, 0.01% w/v SDS) at 48°C for 25 min. 

and in 1xPBS pH 8.0 with agitation for 15 min.  

CARD-FISH signal detection: Amplification buffer (1xPBS pH 7.6, 0.1% blocking reagent 

(Roche), 2 M NaCl, 10% w/v dextran sulfate) was mixed 100:1 with 0.15% H2O2 in PBS and 1000:1 with 

fluorescent tyramides (Alexa 488, 555, or 647). Sections were incubated in the amplification mix at 40ºC 

for 20 min in a dark humidity chamber and then rinsed in 1xPBS and distilled water. A subset of sections 

were prepared for multiple labeling as follows: Sections were incubated in 0.1% H2O2 for 2 min to 

inactivate horseradish peroxidase from the previous hybridization, and then hybridization was repeated as 
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described above with a different probe and fluorophore. Labeled sections were counterstained with DAPI 

(1 µg/ml) and mounted in Mowiol with DABCO (2.5% w/v; Sigma 81381 and D27802).  

 CISH signal detection: Sections were blocked for a minimum of 20 min. in 1xISH Blocking 

Solution (Vector Labs MB-1220) at 37ºC and then incubated in 1:1000 alkaline phosphatase anti-FITC in 

1xISH Blocking Solution (Vector Labs MB-1220). Following antibody binding, slides were washed twice 

in 100 mM Tris pH 9.5 with agitation for 3 min. each. Sections were incubated in 5-bromo-4-chloro-3-

indolyl-phosphate with nitro blue tetrazolium (NBT/BCIP) substrate (Vector Labs SK-5400) in a dark 

humidity chamber overnight. Slides were then washed in 100 mM Tris pH 9.5 for 5 min. Sections were 

counterstained with nuclear fast red (EMS 26078-05) for 10 min., dehydrated, and mounted in Canada 

balsam. 

Tissue sections prepared with H&E staining or CISH were imaged with bright field microscopy 

on a Zeiss AxioImager. Measurements and observations of gross morphology were made on these 

sections. Sections prepared with CARD-FISH were imaged on a Zeiss LSM700 confocal microscope. 

Confocal settings calibrated with unstained tissue to determine the maximum laser intensity and gain 

values possible to minimize background autofluorescence for each laser line.   

Images were imported into ImageJ using the Bio-Formats plugin for file conversion, scale bar 

annotation, 3D reconstruction of confocal stacks, and stitching together images of whole S. velum with the 

Grid/Collection stitching plugin. Oocyte measurements were made using the image tool in ImageJ. 

Images were annotated in Adobe Illustrator CS4. 

 

Electron microscopy: Bivalves were fixed whole in 2.5% glutaraldehyde with 1% paraformaldehyde for 

48 hrs at 4°C with agitation. Specimens were rinsed in 0.1M sodium cacodylate with 0.4 M NaCl, and 

their shells were removed. Whole clams were then sterile dissected, cutting gill and ovary tissue in to 

approximately 1x1 mm pieces. Tissue pieces were post fixed in 1% OsO4 (EMS) for 1 hour at 4ºC. 

Following ethanol dehydration, tissues were infiltrated with propylene oxide and embedded in Spurr’s 
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resin  (EMS). Spurr’s embedded tissues were sectioned with a diamond knife on an ultramicrotome (Leica 

UltraCut) at ca. 70 nm and placed on formvar-coated copper grids. Sections were imaged with a Tecnai 

F20. Scale bars were added in ImageJ as described above. 

 

Symbiont detection in spawned eggs via PCR: DNA was extracted from frozen spawned eggs using the 

UltraClean Tissue and Cells DNA Isolation Kit (Mo Bio, Carlsbad, CA) by bead beating and eluted in 50 

µl of buffer. FSW from the spawning experiment was filtered through 0.2 µm nitrocellulose filters (Mo 

Bio) and extracted with the PowerWater DNA Extraction Kit (Mo Bio) as a negative control for symbiont 

contamination in the water (originally obtained from the S. velum habitat). Two primer sets were used for 

symbiont detection, targeting 1457 bp of gyrB (DNA gyrase subunit B) with PCR and 606 bp of rhlE 

(ATP-dependent RNA helicase) with qPCR. Both of these genes are present in single copies in the 

symbiont genome. rhlE primers were designed and optimized for stringent specificity in the presence of 

environmental bacteria from the S. velum habitat (Appendix 1). See Table 2.2 for primer sequences.  

For PCR amplification of gyrB, EconoTaq (Lucigen, Middleton, WI) was used with an initial 

denaturation at 94ºC for 2 min., followed by 30 cycles at 94ºC for 30 sec., 65ºC for 30 sec., and 58ºC for 

1 minute, followed by a final extension at 72ºC for 10 min. 4 µl of DNA were used in a reaction volume 

of 50 µl. PCR products were Sanger-sequenced directly and matched 100% of the S. velum sequence from 

Rhode Island, confirming symbiont phylotype presence and sequence identity. 

qPCR standards were made by cloning the rhlE amplicon into the pJET1.2/blunt cloning vector 

(Thermo Fisher Scientific, Waltham, MA) for absolute copy number detection. Plasmids were purified 

with an EZNA plasmid extraction kit (Omega Bio-Tek, Norcross, GA), linearized with PstI restriction 

enzyme (NEB, Ipswitch, MA), re-purified with an EZNA Cycle Pure PCR cleanup kit, and quantified by 

Qubit (Thermo Fisher). Standard curves were made by serial dilution of linearized plasmid to make a 10-

fold series from 4 copies to 4x107 copies of rhlE per volume added to reaction. 
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qPCR assays were run on a Stratagene Mx3005P using PerfeCTa SYBR Green FastMix (Quanta 

Biosciences, Gaithersburg, MD) with 0.3 µM of each primer and 4 µl of template DNA in a 20 µl 

reaction volume. DNA extracts from single and pooled eggs (3, 4, or 50) were tested (see supplemental 

Table 2.2). ROX was used as the reference dye. A 3-step cycling protocol with an annealing temperature 

of 65ºC and 40 cycles was used. Standards were run in triplicate on each 96 well plate, and any replicate 

that differed by more than 0.5 CT from the other two replicates was not included in standard curve 

calculations. Each egg sample and filters from pre/post spawning seawater were also run in triplicate. No 

template controls (NTC) returned no CT on all plates. Assays were required to have R2 > 0.98 and 

efficiencies > 85% for their results to be included. qPCR products were Sanger-sequenced directly and 

matched 100% of the S. velum sequence from Rhode Island. qPCR data were analyzed with MxPro qPCR 

software (Stratagene, San Diego, CA) and R (R Core Development Team 2012). 

 

Results: 

Morphology and anatomy of S. velum 

The gross morphology of adult S. velum was characterized by brightfield microscopy of whole 

clam histological sections in order to orient subsequent investigations of symbiont location in host tissues 

(see Figure 2.1A-C). Adult S. velum shell lengths were an average of 10 +/- 1.5 mm (sd; n=24). The right 

and left halves of the mantle were fused along the posterior end of the shell, opening for the foot 

approximately halfway along the ventral-anterior axis. The large protobranch gill filled the majority of the 

posterior end of the mantle cavity and consisted of two ctenidia surrounding the hypobranchial gland, 

which together visually comprised about 40% of the visceral mass. The large and muscular foot 

encompassed the majority of the anterior and ventral ends of the mantle cavity. The female or male gonad 

in this gonochoric species filled the dorsal half of the interior of the foot and extended to fill the dorsal 

part of the mantle cavity in mature specimens. Depending on the state of maturity and sex, the gonad 

visually comprised up to 50% of the remaining visceral mass. The aorta and digestive tract run along the 
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dorsal side of the visceral mass and is intercalated in the gonad and foot tissue. The stomach is highly 

reduced in this species compared to protobranch bivalves without chemosynthetic gill symbionts, but is 

still clearly distinguishable. 

 
 

Figure 2.1. Tissue ultrastructure of female S. velum. HE stained (A) gill and (B) ovary within foot. (C) 
Section of whole S. velum removed from shell hybridized with the symbiont probe Svsym47 (purple 
NBT/BCIP) and counterstained in nuclear fast red (pink/red). These light micrographs were imaged with 
brightfield microscopy. (D-F) Transmission electron micrographs of (D) vitellogenic oocyte adjacent to 
previtellogenic oocyte, (E) mature oocyte, and (F) mature oocyte adjacent to an acinal wall cell. Scale 
bars = (C) 1mm, (A, B) 100 µm, (D, F) 10 µm. Abbreviations: (a) acinus, (f) foot, (g) gill, (gf) gill 
filament, (h) hypobranchial gland, (ld) lipid droplet, (mo) mature ooctye, (n) nucleus, (oo) oogonium, 
(ov) ovary, (pv) previtellogenic oocyte, (s) stomach, (v) vesicle, (ve) vitelline envelope, (vo) vitellogenic 
oocyte, (yg) yolk granule. 
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Dissected S. velum ovaries consisted of clusters of acini, resembling stalks of grapes in structure. 

Oogenesis was asynchronous, with each acinus containing oocytes at different stages of development: 

oogonia, previtilogenic oocytes, vitellogenic oocytes, and mature oocytes (Figure 2.1B and C). With HE 

staining, oogonia and previtellogenic oocytes were basophilic whereas vitellogenic and mature oocytes 

were acidophilic (Figure 2.1B). Oogonia were closely situated against the acinal wall with distinctive 

germinal vesicles, which appeared as small, dense nuclei inside of a large transparent nuclear envelope 

(oo in Figure 2.1B). Previtellogenic oocytes extended out from the acinal wall and had a smooth to 

slightly granular cytoplasm (pv in Figure 2.1B). Vitellogenic oocytes contained numerous lipid-rich 

vesicles and protruded further from the acinal wall (vo in Figure 2.1B). Mature oocytes contained darkly 

pigmented vesicles along the perimeter of the vitelline membrane along with lighter colored lipid-rich 

vesicles in the cytoplasm (mo in Figure 2.1B). These cells were only connected to the acinal wall by a 

stalk of cytoplasm at the base of the cell and contained large germinal vesicles. Average oocyte sizes are 

described in Table 2.1 (total n=14 females). The vesicles in vitellogenic oocytes appeared yolk and lipid-

rich in TEM and increased in density throughout oogenesis (Figure 2.1D-F).  

Month Cell type 
Mean 
diamter 

Standard 
deviation 

Number of 
measurements 

Number of 
specimens 

June oogonia 29.0 4.1 16 3 
  pre-vitellogenic oocytes 79.7 24.7 13 3 
  vitellogenic oocytes 132.2 26.4 11 3 
  mature oocytes 209.2 29.6 19 3 
July oogonia 24.6 6.5 22 3 
  pre-vitellogenic oocytes 67.4 14.5 18 3 
  vitellogenic oocytes 127.5 19.1 14 3 
  mature oocytes 206.8 30.7 18 3 
September oogonia 18.4 4.5 35 4 
  pre-vitellogenic oocytes 55.7 11.8 34 4 
  vitellogenic oocytes 108.9 17.9 24 4 
  mature oocytes 194.5 27.9 29 4 
November oogonia 19.3 4.8 25 3 
  pre-vitellogenic oocytes 49.0 12.0 20 3 
  vitellogenic oocytes 90.0 na 1 1 
  mature oocytes 207.0 49.5 2 2 

Table 2.1. Measurements of S. velum oocytes across developmental stages in the summer versus fall. The 
morphological and histological features described in the text were used to delimit oocyte stages.  
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Detection of symbionts by in situ hybridization  

Positive and unambiguous signals were obtained from the gills of all S. velum specimens (n=24) 

and sections with the symbiont-specific probe, Svsym47, and the universal Bacteria probe, EUB338 

(Table 2.2, Figures 2.1C, 2.2 and 2.3) in tissues labeled with catalyzed reporter deposition fluorescence in 

situ hybridization (CARD-FISH) and chromogenic in situ hybridization (CISH). In double-hybridized 

sections, the symbiont probe signal co-localized with the bacterial signal, indicating that both probes bind 

to the same target molecule (Figure 2.4). Sections treated with RNase A failed to bind the Svsym47 

probe, verifying that this probe binds to RNA (Figure 2.5A, B). The Svsym47 probe was shown to be 

specific to the S. velum symbionts, as it did not bind to the gammaproteobacteria E. coli (data not shown) 

or the symbionts of Riftia pachyptila (Figure 2.5C, D). CARD-FISH signals were stronger than those for 

classical FISH using probes labeled with a single fluorophore (data not shown), which was necessary to 

overcome background autofluorescence in the tissues (Figure 2.6A, B). In addition, fluorescently labeled 

Alexa 647 tyramides helped to reduce noise because autofluorescence occurred primarily in the blue-

green spectrum. Chomogenically labeled sections afforded greater sensitivity because they did not have 

the signal-to-noise issues seen in the fluorescently labeled samples. No probe signal was observed with 

either of the reverse complement negative control probes, NON338 (Figure 2.6C-H) and NONSvsym47 

(Figure 2.3H-J). 

 
 
Table 2.2. Probes and primers used in ISH and qPCR experiments, respectively. 
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 Consistent with TEM evidence (Cavanaugh 1983), the symbiont 16S rRNA signal was strong in 

the epithelium of the gill filaments and occurred in non-ciliated cells, termed bacteriocytes, interspersed 

between intercalary cells (Figure 2.2A-F). Symbiont signal was strongest in portion of the bacteriocytes 

positioned at the periphery of the gill filaments, opposite to the bacteriocyte nuclei. Punctate signals 

consistent with groups of bacteria or single bacteria were localized in the ovary with CARD-FISH and 

CISH (Figure 2.2G-L and Figure 2.3D-G). This signal was found associated with the cells of the acinal 

wall with both methods. However, due to the strong autofluorescence of mature oocytes, bacteria were 

only imaged in direct association with oocytes via CISH (Figure 2.3D-G and Figure 2.4A-D). The 

eukaryotic 18S rRNA probe EUK516 was tested on whole-clam sections as a positive control for tissue 

permeability, confirming that HRP-labeled probes could bind to the ovary tissue (Figure 2.7). Oocytes are 

known to contain many ribosomal copies, explaining the intense signal of the 18S rRNA probe in these 

cells (Figure 2.7D-F), however, gills exhibited a very weak signal despite the fact that they must contain 

ribosomes for protein synthesis (Figure 2.7A-C), indicating that low-copy targets are hard to detect in S. 

velum tissues after adjusting laser intensity to exclude autofluorescence. With CISH, symbiont signal was 

detected in the periphery of many, vitellogenic and mature oocytes (Figure 2.3D, E), although the limited 

resolution of the 10 µm sections in brightfield as well as confocal microscopy made it unclear as to 

whether symbionts were positioned immediately inside or outside the acinal and oocyte membranes 

(Figure 2.2G-L and Figure 2.3D-G). Symbionts were not detected in the testes of the two males examined 

(Figure 2.8). 
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Figure 2.2. CARD-FISH localization of symbiont 16S rRNA in S. velum gill and ovary imaged with 
confocal microscopy. (A-F) Solemya velum gill and (G-L) ovary labeled with symbiont probe Svsym47. 
Left column: DAPI signal (blue), middle column: Svsym47 signal (Alexa 647 in red), right column: 
Merged images. Boxes in C and I are the enlarged regions featured in D-F and J-L, respectively. Scale 
bars = (A-C, G-I) 50 µm, (D-F, J-L) 10 µm. Arrows = putative symbiont cells. Abbreviations: (aw) acinal 
wall, (b) bacteriocyte, (gf) gill filament, (mo) mature oocyte, (n) nucleus. 
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Figure 2.3. CISH localization of symbiont 16S rRNA in S. velum gill and ovary imaged with brightfield 
microscopy. (A-C, H-I) Solemya velum gill and (D-G, J) ovary labeled with symbiont probe Svsym47 (A-
G) or the negative control NONSvsym47 (H-J). Probe signal in purple (NBT/BCIP) and DNA 
counterstained in nuclear fast red (pink). Note: (D, F, G, H, J) were not counterstained to more clearly 
show the symbiont signal. Scale bars = (A, H, J) 100 µm, (B, C, D, E, I) 50 µm, (F, G) 20 µm. Arrows = 
putative symbiont cells. 
 

 

Figure 2.4. CARD-FISH co-localization of universal bacterial and S. velum symbiont-specific probes. 
(A) EUB338 signal (Alexa 555 in green). (B) Svsym47 signal (Alexa 647 in red). (C) Merged with DNA 
stained with DAPI (blue). Overlapping probe signals result in yellow. Imaged with confocal microscopy. 
Scale bars = 100 µm. 
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Figure 2.5. CISH negative controls 
for Svsym47 binding to RNA and 
symbiont specificity. (A) The 
symbiont probe binds untreated 
tissue, but fails to bind RNase A-
treated gill tissue (B). (C) Riftia 
trophosome tissue binds to EUB338, 
but does not bind Svsym47 (D). 
EUB338/Svsym47 probe signal in 
purple (NBT/BCIP). DNA 
counterstained with nuclear fast red 
(in C, D). Imaged with brightfield 
microscopy. Scale bars = 100 µm. 
 
 
 
 
 
 

 
 

Figure 2.6. Unlabeled tissue autofluorescence and CARD-
FISH negative controls imaged with confocal microscopy. 
Autofluorescence in gill (A) and ovary (B) under high laser 
intensity. (C-H) S. velum gill (C, D) and ovary (E-H) tissues 
hybridized with NON338 and amplified with Alexa 647 (red). 
Left column (C, E, G): DAPI signal (blue). Right column (D, 
F, H): NON338 signal under laser intensities and gain settings 
for Svsym47-hybridized gill. Box in E is enlarged in G. Scale 
bars = (A, B) 100 µm, (C-F) 50 µm, (G, H) 10 µm. 
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Figure 2.7. CARD-FISH 
localization of host 18S 
rRNA in (A-C) S. velum 
gill and (G-I) ovary. 
Tissues were labeled with 
EUK516. (D, G) Left 
column: DAPI signal 
(blue). (E, H) Middle 
column: 18S signal 
(Alexa 647 in red). (F, I) 
Right column: Merged 
images. Scale bars = 50 
µm. 
 

 

 

Figure 2.8. CISH localization of 
symbiont 16S rRNA in S. velum gill 
and testis imaged with brightfield 
microscopy. (A) Whole S. velum 
removed from shell and (B) testis 
hybridized with Svsym47. (C) Testis 
hybridized with the negative control 
the negative control NONSvsym47. 
Probe signal in purple (NBT/BCIP) 
and DNA counterstained in nuclear 
fast red (pink). Scale bars = (A) 1 mm, 
(B, C) 50 µm. Abbreviations: (a) 
acinus, (f) foot, (g) gill, (h) 
hypobranchial gland, (lu) lumen, (sp) 
spermatozoa, (t) testis.  
 

 

 

Seasonality 

 The numbers of mature oocytes in the S. velum ovary changed drastically throughout the year, 

from many mature oocytes in the summer to few vitellogenic oocytes in the fall (Figure 2.9 and Table 

2.1). The numbers of mature oocytes increased from March through July and declined in September, 

presumably because the ovaries were spent from spawning (Table 2.1). In specimens collected in 
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November, ovaries consisted mostly of collapsed acini containing a few oogonia (Figure 2.9B-E). These 

acini contained what appeared to be the condensed contents of former oocytes, as they had the same 

pigmentation and texture as the lipid and yolk-rich vesicles in the cytoplasm of mature oocytes (compare 

structures labeled (d) in Figure 2.9C-E to the contents of mature oocytes in Figure 2.3E, F). Oocyte 

degeneration has been reported to occur in other bivalves from temperate habitats at the end of the 

spawning season (e.g., venerid clams [Chung 2007] and oysters [Fabioux et al. 2009]). Some of these 

degenerated oocytes stained positive for the symbiont probe (Figure 2.9C, D), raising the possibility that 

symbionts remain in the ovary throughout the year. Based upon the success of spawning attempts and the 

abundance of mature oocytes in the ovaries of sampled bivalves, the reproductive season for S. velum 

appears to be March or April through September or October.  

 

Figure 2.9. Solemya velum ovaries exhibit seasonal variation in oocyte maturity and CISH-localized 
symbiont distribution. Light micrographs of S. velum ovary show far more mature oocytes in (A) July 
versus (B) November. (C, D) The symbiont probe Svsym47 hybridized to degenerated oocytes in samples 
collected in November. (E) No signal was detected in degenerated oocytes hybridized with the negative 
control NONSvsym47. The box in B is enlarged in D to highlight a set of degenerating oocytes. Svsym47 
signal in purple (NBT/BCIP) and DNA counterstained in nuclear fast red (pink). Arrows = putative 
symbiont-containing oocytes. Note: C was not counterstained to more clearly show the symbiont signal. 
Scale bars = (A, B) 200 µm, (C-E) 50um. Abbreviations: (a) acinus, (f) foot, (do) degenerated oocyte, 
(mo) mature ooctye, (n) nucleus, (oo) oogonium, (pv) previtellogenic oocyte, (s) stomach, (vo) 
vitellogenic oocyte. 
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PCR detection and qPCR quantification of symbionts 

Symbionts were detected in S. velum spawned eggs with specific primers to the symbiont rhlE 

and gyrB genes, which are present in single copies in the symbiont genome (see Appendix 1 for rhlE 

primer design). Symbiont sequences amplified from both bleached and untreated eggs. Directly 

sequenced gyrB and rhlE PCR products amplified from eggs were identical to the sequences for these 

genes from the Rhode Island symbiont subpopulation. Symbionts were not detected in the filtered 

seawater used for spawning prior to introducing S. velum adults (FSW in Figure 2.10). They were barely 

detected after S. velum was added (0.024 per ml of seawater), but this amount was significantly lower 

than the number detected per egg for both bleached and untreated eggs. While there was no significant 

difference in means between the bleached and unbleached eggs, more of the bleached eggs failed to 

amplify (5 of 12 versus 1 of 13 reactions). This is potentially due to the bleach treatment being too harsh 

for the delicate bivalve eggs. Alternatively, symbionts may be located on the outside of egg membranes, 

underneath the vitelline membrane, as has been reported for the chemosynthetic symbionts of vesicomyid 

clams. In total, bleached and untreated eggs were found to contain 64.1 +/- 17.4 standard error (87.0 

standard deviation; n=79) symbiont genome copies per egg by qPCR of the rhlE gene (Figure 2.10). As 

extraction efficiencies are less than 100%, these counts are likely lower estimates of the symbiont content 

of spawned eggs.  

Figure 2.10. Copies of symbiont rhlE detected by 
qPCR in untreated and bleached eggs. The number 
of rhlE copies per egg or per ml of seawater is 
reported. There is no significant difference between 
the mean counts for bleached and untreated eggs. 
Both untreated eggs and bleached eggs contained 
significantly more symbiont copies than the 
seawater used for spawning before (FSW) and after 
incubation with S. velum (pre-spawn) (*p<0.05, 
**p<0.01).  
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Discussion: 

Vertical transmission of microbial symbionts can occur via various mechanisms depending on the 

life history of the host and this has a tremendous impact on host and symbiont evolution (Moran & 

Bennett 2014). Transmission of symbionts within or attached to broadcast-spawned gametes introduces 

opportunities for breaks in the fidelity of vertical transmission, as symbionts have a narrow window to 

infect offspring and gametes exposed to the environment could associate with novel symbionts. Given 

that even low amounts of horizontal transmission in an otherwise vertically transmitted symbiosis can 

have significant effects on genome evolution (Brandvain et al. 2011), understanding how symbionts are 

vertically transmitted between host species is important to understanding the evolutionary pressures 

affecting these associations. 

S. velum symbionts were detected in the acinal walls of the S. velum ovary and associated with 

mature oocytes via in situ hybridization with specific 16S probes, and in spawned eggs with qPCR using 

symbiont-specific primers (Figures 2.2, 2.3, 2.9, 2.10). These results suggest that symbionts colonize 

oocytes prior to or during spawning via the acinal wall. The acinal walls contain supportive cells that may 

supply nutrients or cellular factors during oogenesis (Ferreira et al. 2006), making this a candidate entry 

point to the eggs. Detection of symbionts in surface-sterilized eggs suggests that the symbionts are 

intracellular. However, if the symbionts are contained within the jelly coat (i.e., vitelline envelope), but 

outside the cell membrane, they may not have been degraded by the bleach treatment. Thus, an 

intracellular location cannot be concluded until symbionts are imaged at higher resolution within the eggs 

(e.g., via TEM). Finding that the symbionts were detected in pooled samples of spawned eggs and in the 

majority of singly extracted eggs indicates a reliable cellular mechanism for transmission of symbionts to 

offspring. Despite there being no significant difference between bleached and untreated eggs in the 

average number of symbiont rhlE sequences detected, failed reactions (6/25 reactions) were more 

common in bleached eggs (5 of the 6 fails) than untreated eggs, suggesting that the bleach treatment was 

too harsh for where the symbionts are located in/on the eggs.  
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Two lines of evidence suggest that symbionts enter oocytes near the time of spawning: 1) 

Oogonia are likely too small to contain symbionts (average 22.8 µm versus 2-10 µm in length, 

respectively) and 2) symbionts were detected in fewer than 10% of all mature oocytes in adult host 

tissues. This is likely the reason why our efforts to locate the symbionts in the ovary with TEM were 

unsuccessful. The ovary is a very large structure when the search area is only a few microns, and if 

symbionts are only acquired immediately prior to spawning, they will be extremely difficult to find under 

an electron microscope. Future efforts will continue to address the need to image symbiont cells directly 

in oocytes and other ovary tissues in order to confirm the cellular location of symbionts and their route to 

the oocytes. In addition, symbionts were associated with the ovary throughout the year despite a seasonal 

reproductive cycle in the S. velum ovary, suggesting that symbionts continuously maintain a population 

within this tissue type. Collectively, these data support that symbionts are vertically transmitted to S. 

velum eggs at relatively high fidelity. 

In conjunction with recent evidence of horizontal transmission in the S. velum symbionts, these 

results provide additional supporting evidence for the presence of mixed modes of symbiont transmission. 

This substantiates the idea that vertical transmission through the individual is possible even when 

horizontal transmission events are evident in the population. Vertical transmission offers the benefit of 

ensuring that hosts have access to symbiont resources at critical stages of development (Stoll et al. 2010; 

Zientz et al. 2006). However, in some associations vertical transmission is not always one hundred 

percent effective. This results in some offspring not inheriting symbionts, and requires the maintenance of 

horizontal transmission to supplement missing symbionts (as observed in Wolbachia bacteria of 

Drosophila [Hurst et al. 2001], Aeromonas bacteria of leeches, and facultative symbionts of aphids 

[Peccoud et al. 2013]). In addition, given the small number of symbionts associated with spawned eggs 

(ca. 50-100 symbiont genomes per egg in S. velum) relative to other vertically transmitted associations 

(e.g., Mira & Moran 2002; Hosokawa et al. 2007; Kaltenpoth et al. 2010; Serbus et al. 2012), horizontal 

transmission may be beneficial in mitigating effects of transmission bottlenecks (Kaltenpoth et al. 2010). 
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Furthermore, S. velum symbionts observed within gill cells often contain multiple genomes per cell (pers. 

comm.). If this is also the case in the ovary/eggs, the number of symbiont cells (and unique genomes) 

associated with each egg may be less than the number of genomes quantified per egg, further 

exacerbating the effects of the transmission bottleneck. Thus, maintaining the capability for horizontal 

transmission in a vertically transmitted symbiosis could insure against the possible failure of vertical 

transmission and provide genetic diversity to the symbiont population.  

Knowledge of the distribution of symbionts in host tissues throughout development is important 

to understanding how symbioses are acquired, maintained, and become integrated in an intact association. 

The majority of mutualisms exhibit very narrow and specific tissue tropism (i.e., localization) in contrast 

to parasitisms (Frost et al. 2014; Lalzar et al. 2014), reflecting the differences in host or symbiont control 

of tissue colonization and cellular communication (e.g. Kremer et al. 2013). Association with the 

germline in addition to the functional tissue type for the symbiosis i.e., the gill in the case of S. velum, 

indicates the reproductive interests of hosts and symbionts are linked. Further investigation of the 

mechanisms that enable symbiont inheritance and the evolutionary paths that have led to the various 

forms of vertical transmission in different symbioses will reveal how symbiont inheritance is maintained 

over evolutionary time. 
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Abstract:  

Even the simplest microbial-eukaryotic mutualisms are comprised of entire populations of 

symbionts at the level of the host individual. Early work suggested that these intra-host populations 

maintain low genetic diversity as a result of transmission bottlenecks or to avoid competition between 

symbiont genotypes. However, despite its importance for understanding symbiont genome evolution, 

genetic diversity within a single host remains a long-standing question. To address this, we investigated 

the chemosynthetic symbiosis between the bivalve Solemya velum and its intracellular bacterial 

symbionts, which exhibits evidence of both vertical and horizontal transmission. Intra-host symbiont 

populations were sequenced to high-depth (200-1000x) by whole genome Illumina sequencing. Analyses 

of nucleotide diversity revealed that the genome sequences were largely homogeneous within individual 

host specimens, consistent with vertical transmission, except for particular regions that were highly 

polymorphic in about 20% of specimens. Comparing the positions of these variant sites between the intra-

host populations revealed common tracts of polymorphism along the symbiont genome. Furthermore, 

variable sites within these regions showed strong correlations in allele frequency, and sites close together 

consistently co-occurred on the same short read pairs (i.e., chromosomes). These data strongly suggest 

that many variant sites within intra-host populations originated through recombination events, potentially 

during prior mixed infections or in the external environment. This genetic diversity is expected to have a 

profound influence on symbiont genome evolution as it provides the opportunity for selection to act on 

symbiont genotypes within hosts to produce and maintain fitter phenotypes, limiting the extent of 

reductive genome evolution commonly seen in obligate intracellular bacteria. 
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Introduction: 

Mutualistic symbiotic interactions have enabled a large number of taxa to occupy novel niches 

through partnering eukaryotic structural complexity with bacterial metabolic diversity. These associations 

range from single bacterial taxa to complex communities living with eukaryotic hosts (McFall-Ngai et al. 

2013). In both obligate and facultative mutualisms, bacteria typically colonize a particular organ or tissue 

in the host where they perform a specific function. In the most intimate associations, symbionts live 

within host cells and are highly integrated into the biology of the cell (Nakabachi et al. 2014). For 

example, intracellular symbionts of insects synthesize amino acids (e.g., aphids [Price et al. 2014]) and 

the bacterial symbionts of invertebrates living in reducing environments fix carbon dioxide (e.g., 

hydrothermal vent tubeworms, mussels, and clams [Cavanaugh et al. 2013]). In exchange, the host niche 

provides benefits to symbionts such as access to metabolic substrates or escape from predation (Bennett 

& Moran 2015; Moya et al. 2008; Cavanaugh et al. 2013). 

While symbionts and hosts cooperate in order to grow and reproduce, large disparities exist 

between their population structures and generation times. Even in associations between one host and one 

bacterial strain, symbiont populations can reach 106 to 1012 bacterial cells within a single host individual 

(Cavanaugh 1983; Duperron et al. 2016; Komaki & Ishikawa 2000; Zafar et al. 1986; Klose et al. 2015; 

Wollenberg & Ruby 2009; Sender et al. 2016). Further distinguishing symbiont life histories from that of 

their hosts, bacteria undergo multiple generations within each host generation to divide and populate 

tissues (McFall-Ngai 2014; Zhang et al. 2016). Thus, symbionts experience evolutionary pressures on 

different time spans than their hosts. In addition, host and symbiont fitness interests need not align, 

producing the potential for conflict. The tremendous population sizes and the necessity of intra-host 

reproduction provide the opportunity for symbiont genetic diversity to exist within a host and be selected 

upon during the host lifespan.  

Nevertheless, symbiont populations within a single host are often clonal or have extremely low 

genetic diversity (e.g., Woyke et al. 2010). This observation may have two explanations. First, given that 
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symbionts must colonize hosts via horizontal transmission through the environment or vertical 

transmission from a parent, low symbiont diversity may be a byproduct of a transmission bottleneck in 

which only a few symbionts colonize the host (Didelot et al. 2016; Stephens et al. 2015; Mira & Moran 

2002). Support for this explanation exists in numerous associations including aphids that transmit 

between a few hundred and a few thousand of their primary bacterial symbiont, Buchnera, to their 

offspring during embryogenesis (Koga et al. 2012), the bobtail squid, in which each light organ crypt is 

colonized by one or two Vibrio fischeri cells or strains from seawater (McFall-Ngai 2014), among others 

(see Serbus et al. 2012; Kaltenpoth et al. 2010; Mira & Moran 2002). Second, low intra-host diversity 

may be maintained by the host to prevent competition among symbiont genotypes, as has been proposed 

for mitochondria	  (Greiner et al. 2014). If genetic diversity exists within a host, selection can act to 

produce phenotypes with higher reproduction rates and access to horizontal transmission routes, 

generating competition among symbionts and resulting in virulence to the host via redirection of energy 

from host-beneficial functions or direct damage to the cells or tissues (e.g., as in malaria [de Roode et al. 

2005] and also see [Frank 1996; Bennett & Moran 2015; Vautrin et al. 2008] for other examples). Thus, 

both bottleneck and competition processes may be important in generating genetic diversity in microbial 

mutualisms. 

However, the coexistence of multiple symbiont genotypes alone is not prohibitive to hosts, as 

many associations consist of more than one symbiont taxon, each performing complementary functions. 

The human gut microbiome, which consists of many bacterial taxa fulfilling specific niches, is an 

excellent example of this type of consortium (Costello et al. 2012; Rey et al. 2013). Eukaryotic hosts can 

also harbor intracellular mixed taxon infections. For example, two different gammaproteobacteria, a 

methanotroph and a hydrogen/sulfide-oxidizer, coexist in the gills of Bathymodiolus mussels (Petersen et 

al. 2011) and numerous phylogenetically distinct types exist in the trophosome of Osedax bone-eating 

worms (Goffredi et al. 2014). Some associations exhibit evolved complementarity, such as the aphid 

Cinara cedri in which the primary symbiont, Buchnera, has lost some functionality that is now fulfilled 

by a former secondary symbiont, Seratia symbiotica (Lamelas et al. 2011; Manzano-Marín & Latorre 
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2014). Many more examples exist, from the numerous primary and secondary symbiont consortia among 

sap-feeding insects (Oliver et al. 2010) to the nested symbionts of mealy bugs (Dohlen et al. 2001). As 

these examples show, multiple symbiont types can exist if they occupy distinct ecological niches within 

the host. Co-existence may not be possible for different strains of the same taxon, potentially due to 

competition for resources leading to competitive exclusion of one strain. For example, multiple strains of 

V. fischeri do not colonize the same crypt of the light organ (Sun et al. 2016). Whether population-level 

variation (i.e., strains) can persist and be observed within a host in other symbioses remains to be tested.  

The utility of deep-coverage whole-genome sequencing to detect genetic variation in bacterial 

populations has recently been demonstrated (Thai et al. 2011; Sim et al. 2015; Worby et al. 2014; Seed et 

al. 2014), indicating that this is an appropriate strategy for assessing bacterial symbiont population 

structure. Genetic diversity within bacterial populations has been historically difficult to assess because of 

methodological limitations. First investigations were reliant on microscopy, which is severely limited due 

to the low morphological diversity exhibited among bacteria (Siefert & Fox 1998; Young 2007; van 

Leeuwenhoek 1800). Later attempts to characterize bacterial communities relied on culture-dependent 

techniques, which are now well known for grossly underestimating bacterial diversity (as typically <1% 

of bacteria are culturable [Pham & Kim 2012; Amann et al. 1995]). With the development of the 16S 

rRNA as a marker for microbial diversity (Lane et al. 1985) and the invention of Sanger DNA 

sequencing, bacterial communities could be characterized based on marker loci amplified by PCR and 

cloned to isolate sequences from individual bacterial chromosomes (Hugenholtz et al. 1998). However, 

these investigations were limited in their ability to detect genetic diversity across the genome (limited 

number of loci amplified) and within bacterial communities (limited number of clones sequenced), thus 

also underestimating bacterial genetic diversity (e.g., Reuter & Keller 2003; Luyten et al. 2006; Fujiwara 

et al. 2001; Fay et al. 2009). Next generation sequencing (e.g., Illumina) now provides the sequencing 

depth needed at a low cost to overcome these historical barriers to detecting bacterial diversity. 

The obligate symbiosis between Solemya velum and its chemosynthetic gammaproteobacterial 

gill symbionts presents an excellent system to assess the diversity of bacterial symbionts within host 
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individuals. S. velum occurs in reducing mudflats along the eastern coast of North America, from the 

intertidal to subtidal zone, where it digs Y-shaped burrows that allow access to sulfide from pore water 

below and oxygenated seawater from above. The symbionts reside within gill epithelial cells 

(bacteriocytes, see Figure 3.1A), where they oxidize sulfide to synthesize ATP and fix carbon dioxide. 

The host is reliant upon symbiont autotrophy, having a highly degenerated gut and acquiring the majority 

of nitrogen and carbon from symbiont metabolism (Stewart & Cavanaugh 2006). Within S. velum, 

symbiont populations reach 1.2 +/- 0.4 x 109 symbiont cells per gram of wet gill tissue (Cavanaugh 1983), 

and are comprised of a single 16S phylotype (Stewart et al. 2009). Symbiont populations are nested, with 

populations of symbionts occurring within host individuals, between hosts within a geographic locality 

(subpopulations), and between hosts between localities (see Figure 3.1A and Chapter 1). This allows the 

information contained in genetic variation to be leveraged across these scales.  

In addition to being tractable, this vertically transmitted symbiosis is informative about the 

genetic diversity introduced by occasional horizontal transmission events. The S. velum symbionts are 

hypothesized to be transmitted vertically through the ovary to broadcast spawned eggs (Chapter 2; 

Krueger et al. 1996). However, recent genetic evidence has revealed that horizontal transmission also 

occurs among S. velum and symbionts regularly recombine (Chapter 1; Dmytrenko et al. 2014). Mixed 

transmission modes, combining horizontal and vertical transmission, are known to exist (Bright & 

Bulgheresi 2010; Ebert 2013), and pose a likely explanation for reconciling the horizontal versus vertical 

transmission evidence (Chapter 1). Thus, mixed transmission modes may introduce genetic variation into 

vertically transmitted intra-host populations, and recombination may introgress these novel haplotypes 

onto the resident symbiont chromosomes.   

To investigate if mixed transmission modes generate genetic diversity within intra-host symbiont 

populations, the population genomics of S. velum symbiont populations from individual host specimens 

were investigated. We obtained high coverage, whole genome data for symbiont populations extracted 

from gill tissue. Mapping reads to the symbiont reference genome allowed us to analyze pairwise 

nucleotide diversity across the genome and to calculate allele frequency spectra (AFS) for each 
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population of symbionts from individual hosts, revealing striking evidence of genetic diversity that likely 

arose due to horizontal transmission. 

 
Figure 3.1. Pairwise nucleotide diversity along the genome of the S. velum bacterial symbiont. (A) A 
schematic of the nested population structure of the S. velum symbionts: I. Symbionts exhibit highly 
structured diversity between hosts between different geographic localities (subpopulations) along the 
eastern North American coast. The colored dots mark the collection localities of the S. velum specimens. 
II. Within each of these subpopulations, symbionts exhibit diversity between host individuals. III. Within 
each host individual, an entire population of symbionts (109 cells/gram) resides in the epithelial gill tissue. 
(B, C) Pairwise nucleotide diversity (π) in 10 kb non-overlapping windows along the symbiont reference 
genome for between host comparisons within a subpopulation (left, B) and intra-host comparisons (right, 
C). Colors indicate locality as in (A). Grey vertical lines mark breaks between genome scaffolds. 
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Methods 

Collections: 

 Adult S. velum were collected from intertidal-subtidal sediments in Duxbury, MA (42° 0'14.15"N, 

70°40'43.79"W), Narragansett, RI (41°22'55.91"N, 71°30'1.10"W), Shark River Island, NJ 

(40°11'9.60"N, 74° 1'48.00"W), Sinepuxent Bay, MD (38°14'58.56"N, 75° 9'8.06"W), and Pivers Island, 

NC (34°42'59.23"N, 76°40'26.33"W) in the spring and summer of 2012, using a shovel and sieve. 

Immediately after collection, specimens were rinsed with 0.2 µm filtered seawater, sterilely dissected, 

placed in 100% ethanol, flash frozen, and stored at -80ºC. Gill DNA was extracted with the DNeasy 

Blood and Tissue kit (Qiagen).  

 

Sequencing 

A subset of S. velum gill specimens from a previous study (Chapter 1) was selected for high-

depth Illumina sequencing (total: n=13 and subpopulations: MA=2, RI=10, NJ=5, MD=6, NC=6). 

Genomic DNA was sheared to 350 bp (Covaris S220) and Illumina paired-end libraries were made using 

NEXTflex adapters (Bioo) either on the Apollo 324 System (Wafergen) using the PrepX ILM kit 

(IntergenX) or using a custom protocol (Chapter 1). Libraries were quantified for size by bioanalyzer 

(Agilent Bioanalyzer 2100) and for adapter-bearing concentration by qPCR with the PerfeCta library 

quantification kit (Quanta Biosciences). Libraries were pooled and paired-end sequenced on the Illumina 

HiSeq2000 or HiSeq2500 platform (Bauer Core Facility, Harvard University), using heat-denaturation. 

Sequence data from demultiplexed libraries were checked for quality with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed and filtered with Trimmomatic 

v0.32 (remove adapters, trim low quality sequence, remove reads shorter than 40 bp) [Bolger et al. 2014]) 

(Appendix 3 Table A3.1). 
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Genome assembly 

Reads were mapped to symbiont (Dmytrenko et al. 2014) and mitochondrial (Plazzi et al. 2013) 

reference genomes with Stampy 1.0.18 (Lunter & Goodson 2011) simultaneously. The symbiont 

reference genome is a consensus sequence generated from specimens collected from Woods Hole, MA 

and Point Judith, RI. Only the four largest symbiont scaffolds were used because they contain 98.9% of 

the sequence and 99.4% of the genes. Alignments were processed with SAMTools 1.0 (H Li et al. 2009), 

optical duplicates were removed with Picardtools (http://broadinstitute.github.io/picard/) and coverage 

was calculated with Bedtools 2.18.1 (Quinlan & Hall 2010). Indel realignment was performed with the 

Genome Analysis Toolkit (GATK, version 3.2-2). Pileup files, reporting alignment information by 

genome position, were generated from with mpileup in Samtools 1.0 (with parameters: --count-orphans 

and --max-depth 1000).  

 

Variant calling 

Approach: As every read at a given position in each sequenced library originated from a different 

symbiont genome, variants were called from the pileup files directly to leverage this information. Custom 

perl scripts were used to perform the following filtering and output SNP allele read counts and pairwise 

nucleotide diversity (see below) by position: Positions within 5 bp of an indel were removed to avoid 

erroneous calls generated by incorrect indel alignment. To exclude regions containing potential 

duplications or repetitive regions relative to the reference, which would result in mapping error, sites were 

filtered within the average coverage genome-wide +/- one standard deviation. Lastly, only variant calls 

supported by five or more reads were retained to reduce the impacts of sequencing error. Scripts will be 

made available upon request. 

 Variant sites for symbionts from different host individuals were identified from consensus 

sequences called with the Unified Genotyper in the Genome Analysis Toolkit for S. velum individuals 

(from Chapter 1) using a custom perl script. 
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Validation of methodology: Variant calls were confirmed with additional software. Both Popoolation 

(Kofler et al. 2011) and the GATK’s Unified Genotyper (DePristo et al. 2011) require the ploidy of the 

specimen to be known. Symbiont ploidy is equal to the number of symbiont lineages present per host, but 

is difficult to measure and provides computational challenges because it is potentially very large. 

Alternatively, a lower bound estimate can be obtained by using the number of symbionts per host cell, as 

this is a first-order organizational constraint on intracellular symbiont reproduction and dispersal. This 

number was estimated from the ratio of host nuclear coverage to symbiont genome coverage. Given that 

symbionts occur in roughly half of gill cells and there are two copies of the nuclear genome per cell, the 

average ratio of symbiont coverage to host coverage was 100:1 (symbiont copies/cell / (2 nuclear 

copies/cell * 0.5 cells) = coverage ratio), indicating that there are roughly 100 symbionts per cell. 

Population diversity statistics and variants were called with ploidy = 100 using Population and GATK, 

obtaining similar results to the pileup method described above. In addition, EVORhA (Pulido-Tamayo et 

al. 2015) detected multiple haplotypes, corroborating evidence of mixed infections. 

 

False-positive test for diversity detection: The level of mitochondrial diversity within each host specimen 

was investigated to confirm that the diversity of this uniparentally-transmitted genome is low (Chapter 1). 

Mitochondrial alignments were processed as described for symbionts. 

 

Evaluation of diversity detection: To evaluate the extent of intra-host diversity observed by the 

sequencing coverage of each specimen, rarefaction curves were computed. Alignment coverage was 

subsampled randomly at 1, 5, 10, 20, 30, 50, 70, and 90% coverage with the view command in SAMTools 

1.0 (H Li et al. 2009). Alignments were converted to pileup files for variant calling. Variants were tallied 

for each subsample and plotted against subsample size by fraction and absolute coverage in R (R Core 

Development Team 2012) . Allele frequency spectra were also computed for each subsample.  

 



	   89	  

Analysis 

Genome-wide pairwise nucleotide diversity: Genetic diversity was measured by calculating pairwise 

nucleotide diversity (π) (Nei & W H Li 1979) by site and averaging across 10 kb non-overlapping 

windows: 

π =  

 

Where n is the total number of individuals sampled, xi is the number of individuals with allele i, a is the 

total number of sampled alleles at site j of l total sites, and L is the sequence length. Diversity was 

calculated within host specimens from the Illumina read alignments and between hosts from alignments 

of whole-genome consensus sequences (from Chapter 1).  

 

Allele frequency spectra: Folded allele frequency spectra (AFS) were calculated from allele counts and 

the distributions were plotted using the hist function in R (R Core Development Team 2012). AFS were 

plotted for all segregating sites that passed the filters, as well as just for sites segregating between 

symbionts from different hosts in the symbiont population at large and the subpopulation of origin.  

 

Simulated mixed infection: Mixed infections were simulated by mixing symbiont consensus sequences 

called from host individuals. Symbiont consensus sequences for MA16, MA36, RI38, RI39, and RI53 

(from Chapter 1) were used to generate simulated Illumina read sets with wgsim (150 bp reads, 2x106 

reads/specimen, 350 bp apart, 0.01 error rate; [H Li et al. 2009]). These reads were mapped to the 

reference symbiont genome with Stampy as described above. These pseudo-monoclonal samples were 

mixed in 10/90 and 30/70 ratios, and variants were called and analyzed as described above. 

 

€ 
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Variant linkage: To test whether the alleles contained in the observed allele frequency modes were 

derived from the same chromosomes, and thus constituted novel haplotypes, read linkage patterns were 

investigated. Alleles within frequency modes were extracted and tested for presence on the same read or 

read pair with custom perl scripts. Each alignment file was parsed read-by-read, recording reads aligning 

to variant site positions. For each read pair, the number of variant sites contained in the pair was divided 

by the number of variant sites within the read pair range to compute the fraction of variant sites found on 

the same chromosome. The significance of the variant distribution among reads was calculated with the 

chi-squared test using the Statistics::Distributions (http://search.cpan.org/~mikek/Statistics-Distributions-

1.02/Distributions.pm, accessed May 5, 2015) perl module, with degrees of freedom equal to the number 

of variants in range minus 1, and a 5% significance cutoff. Expected values (chance of observing all 

variants sites on one read pair by chance) were equal to the product of variant allele frequencies within 

the read range. 

 

Haplotype gene ontology (GO) analysis: GO terms were annotated in the S. velum symbiont reference 

genome using Blast2GO (Conesa et al. 2005). Blast results for amino acid sequences for each gene was 

obtained with command line blast (blastp, evalue 1e-6). Genes with high numbers of variant sites were 

identified for intra-host allele frequency modes or intra-host populations. Gene sets exhibiting high 

amounts of variation were tested for over enrichment in specific functions relative to the reference 

genome by gene ontology (GO) analysis in Blast2Go (implementing the protocol in Al-Shahrour et al. 

2004). Both p-values and false discovery rates (FDR) were calculated, and results were filtered by FDR < 

0.05. Enrichment results were compared between gene sets variant in intra-host populations and between 

host-populations to assess whether these results are largely independent, or if intra-host enrichment is a 

byproduct of between-host enrichment. The abundance of variant gene functional types was also 

investigated by comparing gene product abundances and visualized with word clouds (woordle.net). 
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Results: 

 Genetic diversity of symbiont populations within individual S. velum bivalves was evaluated 

using deep-coverage whole genome shotgun Illumina sequencing. Symbiont population structure within 

hosts was analyzed by calculating pairwise diversity and allele frequency spectra (AFS) for genome-wide 

data. These analyses revealed genetic variation in symbiont genomes (Figures 3.1, 3.3, 3.4, Table 3.1), but 

not in mitochondrial genomes, which are maternally transmitted and clonal (Appendix 3 Table A3.2). 

Variation was localized to specific regions of the symbiont genome and co-localized to the same bacterial 

chromosomes in intra-host symbiont populations, suggesting the presence of recombinant chromosomes 

in many of these populations (Figure 3.5). Some of these variants may have a functional significance, as 

they were enriched in terms for different biological processes (Figure 3.6, Table 3.2). 

 

Intra-host diversity was adequately sampled 

Rarefaction curves plotted for intra-host symbiont diversity at subsampled depths of sequencing 

coverage indicate that common as well as rare genotypes were detected (Figure 3.2A, B). Specimens with 

high-frequency variants (>10% allele frequency; i.e., MA16, MA18, and RI53) exhibited plateaus around 

50x coverage. Past this point, as well as along the entire curves in lower-diversity specimens, the detected 

intra-host diversity increased linearly with coverage. This is partially due to the minimum 5x coverage 

required to call a variant, resulting in more low-frequency variants distinguished from errors at higher 

coverage. Plotting AFS (see below) for each subsample revealed that high-frequency variants are still 

detected at lower coverage, while higher coverages reveal rare (low frequency) variants (Figure 3.2C). 

Given that high-frequency variants are detected starting at 50x coverage, additional specimens that were 

sequenced at this coverage or greater in Chapter 1 were analyzed to better estimate the rate of high 

frequency variation in intra-host symbiont populations (Figure 3.4).  
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Figure 3.2. Rarefaction 
curves detecting S. velum 
intra-host symbiont variant 
sites at increasing sequencing 
coverage. (A) Variant sites 
detected versus the percent of 
reads randomly subsampled. 
(B) The plot in (A) converted 
to absolute coverage. High-
diversity specimens, MA16, 
MA18, and RI53, are denoted 
by solid lines, and other 
specimens are plotted in 
dashed lines. (C) AFS of 
subsampled read sets for the 
three most diverse specimens. 
Percent of reads subsampled 
are written along the top. A 
minimum of 50x coverage 
was found to recover most 
high-frequency variants. 
 

 

 

Intra-host symbiont diversity is common 

Particular regions of the symbiont genome exhibited variation in particular specimens, despite 

nucleotide diversity being low overall across the genome (Figure 3.1B and Table 3.1). For most of the 

specimens, average pairwise diversity within a host is an order of magnitude lower than between hosts, 

even from a given geographic locality. However, several specimens were found to exhibit higher diversity 

at specific regions along the genome (MA16, MA18, RI53, RI47, RI51, MD16, NC10, and NC18; 

Figures 3.3 and 3.4). Many of the variable sites in intra-host populations corresponded to sites detected 

between hosts within a geographic subpopulation (population scales III vs. II in Figure 3.1A). Consistent 

with this observation, the amount of symbiont genetic diversity within a host was correlated with the 

amount between hosts within a subpopulation (Pearson’s correlation coefficient = 0.12). This suggests 

that the diversity within a host may be influenced by the diversity found between hosts, e.g., via 

horizontal transmission.  
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Intra-host allele frequency spectra are multimodal, revealing high-frequency variants 

An allele frequency spectrum (AFS) is a population genetic summary statistic that reveals 

information about the demographic processes that have occurred in a population, such as population size 

changes, migration, substructure, and selection (Nielsen 2005; Galtier et al. 2000). Variants that arose by 

mutation while populating the gill will be at very low frequency, and should not be segregating in the 

population under both infinite- and finite-sites models of mutation (Hudson 1983; Yang 1996). In 

contrast, if genetic variation arose by a mixed infection and was inherited through the oocytes, it would be 

segregating in the between-host symbiont population (esp. in the same geographic locality) and may be at 

intermediate frequencies in the host. 

Plotting the symbiont AFS for each host specimen revealed that some intra-host populations 

exhibit multimodal frequency distributions (Figure 3.3A, B, G and 3.4B, C, J, N, P). In all specimens, low 

frequency alleles were at highest abundance and were not segregating between hosts (grey bars in Figure 

3.3 and 3.4 plots), consistent with vertical transmission. Some specimens also exhibited second frequency 

modes at higher frequencies, which were comprised almost entirely of sites segregating between host 

individuals in the specimen’s subpopulation (colored bars in Figure 3.3 and 3.4 plots). In particular, the 

two specimens from Massachusetts, MA16 and MA18, and one specimen from Rhode Island, RI53, 

(Figure 3.3A, B, and G, respectively) exhibited strong multimodality. Others exhibited potentially 

overlapping low-frequency modes in which one mode consisted of sites segregating in the subpopulation 

(e.g., Figure 3.3 C, J, L and M). In deeply sequenced specimens as well as more lightly sequenced 

specimens, approximately 20% of S. velum specimens exhibited a high allele frequency mode (204x-

1,115x coverage: 3/13 specimens (Figure 3.3) and 52-118x coverage: 3/16 specimens (Figure 3.4)). Most 

of these frequency peaks contained fewer segregating sites than occur on average between symbiont 

haplotypes between hosts (Table 3.1).  
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Figure 3.3. Folded allele frequency spectra for S. velum symbiont populations within host specimens (A-
M) and simulated mixed infections (N, O). (A-M) All variant sites detected in each host specimen are 
plotted as grey bars. The subset of these sites segregating in the S. velum symbiont population (between 
hosts within or between subpopulations - I and II in Figure 3.1A) are re-plotted in white and the subset of 
sites only segregating between hosts within the subpopulation the specimen was collected from (II in 
Figure 3.1A) are re-plotted in the color corresponding to the subpopulation locality (as in the map in 
Figure 3.1A). Simulated mixtures of two symbiont haplotypes sharing 99.97% identity mixed at (N) 
90:10% and (O) 70:30% ratios. 
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Figure 3.4. Folded AFS for lower coverage S. velum intra-host symbiont populations.  
All variant sites detected in each host specimen are plotted as grey bars. The subset of these sites 
segregating in the S. velum symbiont population (between hosts within or between subpopulations - I and 
II in Figure 3.1A) are re-plotted in white and the subset of sites only segregating between hosts within the 
subpopulation the specimen was collected from (II in Figure 3.1A) are re-plotted in the color 
corresponding to the subpopulation locality (as in the map in Figure 3.1A). 
 

Simulated data 

 We ran simulations to ground our expectations for what the shape of the AFS looks like under a 

demographic scenario of a mixed symbiont infection. Mixed symbiont infections should be evident as 

multimodality in the AFS, reflecting the number of variant sites between them as well as the relative 

frequencies of the genomes in the population. Data arising from mixed infections of two different 
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symbiont haplotypes (99.97 - 99.99% identity) was simulated and, as expected, produced AFS with two 

distinct frequency modes with the second mode at the lower frequency haplotype (Figure 3.3N, O).  

 

Alleles at similar frequency are present on the same chromosomes 

 Extracting alleles contained in allele frequency classes segregating in other hosts and plotting 

them along the genome revealed that these variant sites are not randomly distributed along the genome, 

but group in haplotype blocks and co-localize to the same read/read pair (i.e., chromosome) more than 

would be expected by chance (Figure 3.5 and Table 3.1). We define haplotype blocks to be sets of variant 

sites correlated in allele frequency and position along the genome that are present (linked) on the same 

chromosome. Two measures of haplotype linkage on reads were calculated from the data: 1) the 

proportion of reads with all possible variant sites within the aligned region present and 2) the proportion 

of reads with a significantly associated haplotype (chi-squared p-value < 0.05). There are four pairwise 

outcomes of these metrics. If both 1 and 2 are high (near 100%) support is high for all variant sites tested 

being in the same haplotype. If 1 is high and 2 is low (< 90%), most sites tested are likely on the same 

chromosome, but the associations are insignificant because the minor alleles are near 50% frequency, 

making it likely for them to co-occur (e.g., NC18). If 1 is low and 2 is high, then some, but not all, of the 

tested sites are likely linked on a chromosome (e.g., KB18). Lastly, if both 1 and 2 are low, then the 

extracted alleles likely are likely not from the same chromosome (e.g., 42% allele frequency in NC2). The 

majority of frequency classes exhibited high values for both measures 1 and 2 (see light grey columns in 

Table 3.1). Variant sites extracted from specimens without multiple allele frequency modes exhibited a 

wider range of patterns, suggesting that only some of these sets represent haplotypes in the host (see dark 

grey columns in Table 3.1). 
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Figure 3.5. Intra-host variant sites from frequency modes described in Figure 3.3, plotted by symbiont 
segregating site along the genome. The frequency mode characterizing each set of variant sites is labeled 
to the left of the plot. Each site is plotted transparently, showing that sites cluster at particular positions 
along the genome. Vertical grey lines in plots mark breaks between scaffolds 1-4 in the symbiont 
reference genome. Plot labels are colored in Figure 3.1A.  
 

Some variants may be functionally significant 

 Identifying the genes in which variant sites occur suggest that some substitutions might confer a 

functional change. Only four intra-host gene sets were enriched for any GO term (Tables 3.1 (far right 

column) and 3.2), and these gene sets were largely non-overlapping (Figure 3.6B). Between-host gene 

sets were enriched for several GO terms, and many were common among the subpopulation sets (Table 

3.2 and Figure 3.6A). The most abundant functions were transposition (p <=1.0e-5), DNA recombination 

(p <= 5.7e-5), and DNA integration (p <= 3.2e-2) (see Table 3.2 for all p-values). To further examine 

these data, intra-host gene sets were searched for an abundance of particular genes/functional products, 

which may be acting on their own and not within an overall enriched pathway. While hypothetical 
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proteins were by far the most common annotation (690 of 1452 variant genes), the next most common 

terms were involved in trans-membrane transport and signaling (Figure 3.6C).  

Figure 3.6. Variant gene 
overlap in intra-host 
populations (A) and 
between-host populations 
(B) of S. velum symbionts. 
(C) Word cloud depicting 
term abundance by text size 
of gene product names for 
variant genes in intra-host 
haplotypes, excluding 
hypothetical proteins 
(690/3277 terms).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3.2. Variant gene sets significantly enriched for GO terms (FDR < 0.05) at two population levels. 
Datasets are either intra-host variant sites (or subset in an allele frequency mode) or between-host variant 
sites for geographic subpopulations. In cases of nested GO terms, the most significant term was 
presented.  
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Discussion: 

Intra-host diversity can now be investigated 

 The relative abundance of genetic diversity in intra-host symbiont populations has been a topic of 

much speculation (e.g., Yuan Li et al. 2013; Luyten et al. 2006; Vautrin et al. 2008; Wollenberg & Ruby 

2009; Woyke et al. 2010; Frank 1996), but has not been feasible to examine robustly until very recently. 

Symbiont cells are pooled together within or among host cells, making these populations technically 

difficult to sample. Furthermore, the low genetic variation within populations of bacteria compared to that 

observed between strains/taxa makes selecting informative genetic markers difficult. These factors made 

previous methods to assess intra-host diversity too laborious and expensive to be practical, such as multi-

locus assays utilizing clone libraries (e.g., Luyten et al. 2006; Fujiwara et al. 2001; Fay et al. 2009). The 

recent advent of low-cost short-read sequencing technologies, such as the Illumina HiSeq platform used 

in this study, have provided a means to sample intra-host populations deeply across symbiont genomes. 

Our study demonstrates clearly the utility of these methods for examining patterns of within-host 

symbiont genetic diversity. 

 

The shape of intra-host genetic diversity 

 Populations of S. velum symbionts within single host specimens were found to contain substantial 

genetic diversity through high depth-of-coverage whole genome sequencing, indicating most of these 

populations are not monoclonal. The amount and patterns of diversity varied widely among intra-host 

populations, from few low frequency variants to numerous high frequency variants. Examination of the 

AFS for intra-host populations revealed multimodal distributions enriched in variant sites segregating 

between hosts. Alleles from these distributions were found on the same reads far more often than 

expected by chance, indicating that they form distinct chromosomal haplotypes. While distantly located 

variant sites could not be tested with these data, being positioned more than an Illumina library insert 

length apart (ca. 350 bp, see Table 3.1), the correlation between position and allele frequency over short 
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distances detected in the read data suggests that most variant sites in a frequency mode are linked. These 

lines of evidence strongly suggest that multiple distinct symbiont haplotypes co-exist within a host 

individual. These results are in stark contrast with strains of V. fischeri, which cannot co-colonize a light 

organ crypts (Wollenberg & Ruby 2009; Sun et al. 2016). In addition, constituents of the zebrafish 

microbiome cannot colonize the intestine if the same taxon is already present (Stephens et al. 2015). 

These comparisons indicate that either the S. velum symbiont genomes are more divergent in function 

than nucleotide identities would suggest, or symbionts have acquired a mechanism to prevent competition 

between genotypes, as is reported for Wolbachia (Mouton et al. 2003). 

 Collectively, these data suggest that horizontal transmission events have shaped the genetic 

structure of S. velum symbiont intra-host populations. A symbiont population within a host can acquire 

genetic variants by either mutation or horizontal transmission of symbionts (i.e., migration from another 

intra-host or environmental population). It is extremely unlikely that the variation seen in S. velum intra-

host populations could have arisen by mutation for three reasons: 1) The overall number of variant sites 

found should be extremely low if all or most are attributable to mutations that occurred while dividing 

during host development (Lynch 2010). 2) Random mutations would occur in different genomes, so the 

majority of variant sites would not be expected to occur on the same read pair. 3) In general, if variant 

sites were generated by mutation, they should rarely occupy the same position as sites found in other 

hosts in the population (Hudson 1983). In contrast, variant sites acquired from mixed infections will be 

comprised of sites segregating between host populations, as we observed in many of the S. velum 

specimens. Consistent with these interpretations, simulated data show that the AFS of mixed infections 

produce multimodal AFS (Figure 3.3N, O). Interestingly, the intra-host populations exhibited an 

abundance of mutations at the second lowest frequency class, compatible with the demographic model of 

a single recent bottleneck event (Luikart et al. 1998), indicating that other demographic or selective 

effects are also needed to explain the data. In total, these data resemble allele frequencies are shaped by 

admixture between populations (Falush et al. 2003), further supporting that symbiont populations within 

S. velum hosts have been shaped by mixed infections.  
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The population genetic structure seen in intra-host symbiont populations of S. velum today 

appears to be a mixture of vertically transmitted and recently recombinant haplotypes. Given that 

diversity within a host is less than that generally seen between hosts (Table 3.1), and is less than the 

simulated mixtures, these data suggest that the horizontal transmission events occurred in previous host 

generations and vertical transmission has to homogenized genetic diversity in the population (Vautrin et 

al. 2008). As diagramed in Figure 3.7, the haplotype block genetic structure may have been produced by 

mixed infection events followed by recombination and inheritance. The variability in intra-host 

population diversity among specimens collected from the same locality suggests that these mixed 

infections are more recent than the migration events that brought these hosts to their habitats. It is also 

possible that recombinant symbiont genotypes may occur in the environment, in which case these could 

be examples of mixed infections in the sampled generation. More information is needed about the life 

history of the S. velum symbionts to distinguish these alternative explanations. 

 

Sources and sinks of intra-host variation 

 The questions of how symbionts are capable of horizontal transmission, recombination, and 

inheritance of variant genotypes are important to understanding the mechanistic basis of this interaction. 

Novel symbionts may enter adult gills via endocytosis, as has been reported for the horizontally 

transmitted symbionts of Codakia (Gros et al. 1998). Alternatively, horizontal acquisition may occur 

earlier in development. For example, hydrothermal vent tubeworms have been shown to acquire their 

symbionts through their tegument after settling on the seafloor and undergoing metamorphosis 

(Nussbaumer et al. 2006). Following horizontal transmission, homologous recombination could take 

place within host cells via uptake of DNA from lysed symbiont cells or conjugation (Halkett et al. 2005). 

Recombination within a host has been reported for a range of bacterial pathogens (e.g., E. coli, 

Streptococcus pneumoniae, etc. [Didelot et al. 2016]). Alternatively, recombination could occur between 

symbiont lineages out in the environment prior to colonization of host tissues, potentially mediated by 

phages in addition to DNA uptake or conjugation (Frost et al. 2005; Rosen et al. 2015).  
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Figure 3.7. Model of intra-host symbiont population admixture via horizontal transmission. Top: Moving 
in columns from left to right representing host generations: Each circle depicts a host containing 
symbionts (yellow) with one of two haplotypes, shown in black or pink. Bottom: (A,B) Allele frequency 
spectra for the intra-host populations in each host generation. Under solely vertical transmission, only low 
frequency variants produced by mutation in this host or a recent ancestor are present. (C) When a 
horizontal transmission event occurs, all variant sites in the new symbiont (pink) are at the frequency of 
that genotype in the population. If recombination occurs between the two genotypes in the mixed 
infection, the recombinant genotype (pink tract in black haplotype) may be inherited by the next 
generation of host, and will have a number of variant sites proportional to the length of the recombinant 
tracts (dashed lines in D) at a frequency equal to the frequency of the recombinant haplotype in the intra-
host population. 
 

The genetic variation acquired or generated in the gill could be passed on to new generations of S. 

velum if symbionts migrate from the gill to colonize oocytes in the ovary. This is similar in principle to 

how the bacterial symbionts of lice colonize oocytes from the adult mycetome (Perotti et al. 2007) or how 
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Buchnera contained in bacteriocytes migrate to brooded embryos (Braendle et al. 2003). Movement 

between host tissues could induce a reduction in genetic diversity independent of the transmission 

bottleneck, as has been reported for intra-host populations of the Dengue virus transferring between hosts 

and host tissues (Sim et al. 2015). These are just some of the possible mechanisms enabling and 

perpetuating genetic variation in symbiont populations within host individuals. More information is 

needed about the cellular and developmental routes of symbiont transfer in marine invertebrates in 

general, and S. velum in particular, before any more can be known about how genetic variation is 

generated and perpetuated in host individuals in this association. 

 

Functional consequences of intra-host variation 

 Variant haplotypes could have arisen due to selective advantage or via neutral processes in intra-

host populations. A few specimens contained haplotypes with variant sites in gene sets enriched for 

specific cellular processes such as protein localization and RNA metabolism. These pathways do not 

overlap with those enriched between symbionts from different hosts from different subpopulations. Some 

of these genes containing genetic variants may provide functional benefit within the intra-host 

environment. For example, microscopic evidence suggests that the gill environment is quite 

heterogeneous, with cells at the base of gill filaments being much closer to the mucus-producing 

hypobranchial gland than cells towards the tips (pers. obs.). Variants arising via horizontal transmission 

and subsequently decoupled by recombination could be specifically adapted to particular regions of the 

gill, enabling their persistence in the population. In support of this idea, specific tissue localization of 

different symbiont taxa has been observed in the gills of thyasirid clams (Fujiwara et al. 2001). However, 

finding no GO term enrichment in any of the other tested variant gene sets suggests that these variant 

haplotypes may have arisen by chance and have yet been lost from or fixed in the population. 

 The persistence of multiple symbiont haplotypes within a host could enable the evolution of 

symbiont genome complementation. Bacterial genomes are prone to streamlining, losing genes and 

becoming auxotrophic for processes supplemented by other sources (biological or inorganic) in the 
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ecosystem (Giovannoni et al. 2014; D'Souza et al. 2014). Symbiotic bacteria are especially prone to this 

type of genome evolution, not only losing functions supplied by the host (Bennett et al. 2014), but 

evolving complementary gene sets with other symbionts co-inhabiting the host (Rao et al. 2015; López-

Madrigal et al. 2014). Complementation can also occur from one ancestral genome, producing two, non-

identical but complementary genomes, as has occurred in cicadas symbionts (Van Leuven et al. 2014). 

Recombination between symbionts in mixed infections could provide the raw material for symbiont 

complementation. 

 

Conclusion 

 Deep coverage whole-genome sequencing presents a new and relatively simple way to interrogate 

the within host diversity of symbiont populations. This study has shown that, contrary to predictions, 

intra-host symbiont populations of S. velum bacterial symbionts contain substantial genetic diversity that 

bears evidence of having been acquired during mixed infections. Additional associations will need to be 

tested to ascertain the prevalence of intra-host diversity and how it is influenced by transmission mode. 

Diversity at this scale is important because, e.g., if diversity within a host is high enough, patterns 

inferred for symbiont populations between hosts may be incorrect (Worby et al. 2014).  

While it was unclear whether the diversity detected within S. velum symbiont populations has functional 

implications, its existence suggests this is a possibility. At minimum, recombinant diversity within 

symbiont populations increases the ability for purifying selection to remove deleterious alleles and evolve 

fitter genotypes from an otherwise isolated lineage of vertically transmitted symbionts (e.g., earthworms 

[Kjeldsen et al. 2012]). Horizontal transmission may be one mechanism by which symbionts are 

maintained and genome erosion is prevented over evolutionary time. 
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CONCLUSION 
 
 

 Symbiotic interactions between microbes and eukaryotes are a repeated theme in 

evolutionary adaptation to novel environments and niches. From sap-feeding insects on land to 

hydrothermal vent communities in the sea, these associations have shaped both organisms 

themselves and the communities in which they live. However, these associations are not static, 

but require reliable mechanisms of transmission between host generations in order to persist over 

millions of years. Historically, symbioses have been characterized as either vertically inherited or 

horizontally transmitted through the environment, but as more is learned about the nature of these 

mechanisms, it is becoming obvious that transmission mode is more than just a binary character 

trait. The work I conducted in this thesis sheds light on the nature of symbiont transmission and 

its impact on symbiont evolution. 

 

Evidence in support of mixed transmission modes  

 Modes of transmission between host generations have dramatic effects on host and 

symbiont evolution in symbiotic interactions ranging from parasitism to mutualism (Mushegian 

& Ebert 2015; McFall-Ngai et al. 2013). Surprisingly little is known about the mechanisms or 

dynamics of this process for many associations. In particular, transmission fidelity, i.e., 

departures from strict vertical transmission, is an important concept that has been largely 

neglected. Its importance stems from the prediction that as the frequency of horizontal 

transmission events increase in a vertically transmitted associations, the genetic signatures of 

vertical transmission (e.g., gene loss and genome size reduction) are likely attenuated (Allen et al. 

2009; Williams & Wernegreen 2012; Moran & Bennett 2014). Until now, data supporting the 

existence of mixed modes of transmission and their impact symbiont genome evolution has been 

limited (e.g., Itoh et al. 2014; Stewart et al. 2008; Sipkema et al. 2015; Lemaire et al. 2011; 

Oliver et al. 2010). The evidence presented in this thesis provides robust support for the 
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hypothesis that mixed transmission modes exist and that they persist in populations of hosts and 

symbionts. Furthermore, this work shows that mixed transmission modes impact symbiont 

population structure and genome evolution.    

In Chapter 1, I used population genomics to show that signatures of past horizontal 

transmission events are evident in the S. velum chemosynthetic symbiosis and have resulted in 

dynamic genome evolution. Three major lines of evidence support this conclusion. 1) Symbiont 

and mitochondrial genomes have not co-diversified. If symbionts were exclusively transmitted 

through the oocytes along with mitochondria, then the genomes of these two cytoplasmic 

components should be completely correlated. Theory has shown that relatively few horizontal 

events need to occur to erode the signal of co-diversification between mitochondria and 

symbionts (Brandvain et al. 2011; Sánchez et al. 2000). The finding that symbiont and 

mitochondrial genomes have not co-diversified demonstrates that symbionts are transmitted 

separately in these obligate symbioses at least some of the time. 2) Symbiont genomes recombine, 

as evidenced by the decay of linkage disequilibrium between alleles with genomic distance. This 

finding strongly suggests horizontal transmission occurs because divergent symbiont lineages 

must come into contact for recombination to be detectable (Halkett et al. 2005). Recombination 

following DNA contact mediated by transformation, conjugation, or transduction (Frost et al. 

2005) could occur within the host or between free-living symbionts out in the environment. 

Divergent symbionts must have come from different hosts or from a free-living population 

because the small effective population sizes and transmission bottlenecks caused by vertical 

transmission eliminate the possibility of such divergent lineages occurring in a single host 

(Vautrin et al. 2008). In support of this conclusion, DNA sequences from within an individual 

host exhibited low diversity across most of the genome (see Chapter 3 and discussion below). 3) 

Symbiont genome structure is dynamic across populations and is correlated with mobile element 

activity. Mobile elements do not stay active in a host cell indefinitely, but start to degrade by 

mutation as soon as they are inserted (Cerveau et al. 2011). Therefore, finding transcriptionally 
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active mobile elements in addition to structural variation correlated with mobile element position 

indicates that many of these elements have recently entered the symbiont genomes. As these 

elements have an extremely low probability of entering symbiont cells while they are inside a 

host cell, within a host-derived membrane, horizontal transmission is one of the only ways in 

which they could have been acquired (Bordenstein & Reznikoff 2005). Taken together, these 

results provide strong support that horizontal transmission occurs in symbiont populations. 

In Chapter 2, I collected molecular and microscopical evidence for vertical symbiont 

transmission through adult S. velum tissues to spawned eggs. Symbiont 16S rRNA was detected 

in S. velum by in situ hybridization, showing that the gills contain an extremely high abundance 

of symbionts, whereas they are at very low abundance in the ovary. Symbiont signal 

unambiguously localized to cells comprising the acinal wall and along the perimeter of some 

mature oocytes. Symbionts were detected and quantified in spawned eggs by qPCR of the 

symbiont rhlE gene (specific primers were designed with a novel method of generating specific 

marker candidates in Appendix 1). Consistent with microscopy data, symbionts were detected in 

the majority of eggs and were at low abundance: 50-100 genomes per egg. This amount is quite 

low compared to estimates for other symbiotic bacteria transmitted through the egg, which 

number in the hundreds to thousands (Mira & Moran 2002; Hosokawa et al. 2007; Kaltenpoth et 

al. 2010; Serbus et al. 2012). Given the relatively small number of symbionts contained in each S. 

velum egg, and that not all mature oocytes in ovaries contained symbionts, it is plausible that 

symbionts are not passed to each and every egg, and that horizontal transmission makes up for 

this inefficiency (similar to Ott et al. 2014; Itoh et al. 2014). Alternatively, symbionts may enter 

oocytes just prior to spawning, and the few negative results for eggs are due to over bleaching, 

low DNA extraction efficiency, or PCR failure. Despite these unanswered questions, these results 

indicate that on average, S. velum transmits symbionts to its eggs.  

 All together, these studies indicate that symbionts are vertically transmitted to offspring, 

but horizontal transmission events occur at reasonably high frequencies from symbiont 
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populations contained in contemporary hosts or out in the environment. Finding that symbiont 

genome structure is impacted by horizontal transmission events underscores the importance of 

mixed transmission mode for symbiont evolution. The ability to acquire new genes by horizontal 

gene transfer or mobile element insertion provides novel genetic material to maintain, improve, or 

incorporate new functions into the symbiosis (Frost et al. 2005; Juhas et al. 2009; Wiedenbeck & 

Cohan 2011). 

 

Mixed modes of transmission have shaped symbiont populations within hosts 

 Symbiont population sizes reach enormous numbers within host tissues (e.g., S. velum 

contain 109 bacterial cells per gram of gill tissue [Cavanaugh 1983]), presenting the possibility for 

genetic variation to exist within the tissues of a host individual. Variation at within host tissues 

could be generated by a mixed infection in the present generation or, alternatively, through 

mutation or recombination between mixed infections in previous generations, which was retained 

despite transmission bottlenecks (Remigi et al. 2014; Pinto-Carbó et al. 2016). Within-host 

genetic variation presents an important component of the evolutionary pressures faced by 

symbionts. For example, competition between bacterial genotypes within a host will select for 

more adaptive phenotypes, but what this means for the intact association depends on the nature of 

the interaction between hosts and symbionts as well as the capabilities encoded in the symbiont 

genome (Frank 1996; de Roode et al. 2005; Douglas 2010; Bennett & Moran 2015; Vautrin et al. 

2008; Vautrin & Vavre 2009). If there is minimal genetic conflict between the partners, then 

phenotypes will be more likely to adapt for the benefit of the symbiosis (Vautrin et al. 2008). 

However, if symbiont reproduction is not tied to a particular host, conflict will select for 

genotypes that take advantage of the association to increase symbiont reproduction rate, often at 

the host’s expense (West et al. 2015). Clearly, knowledge of the diversity of symbiont 

populations within host tissues is important to understanding the evolutionary drivers of symbiont 

genotypes. 
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 In Chapter 3, I showed that symbiont genetic diversity within individual hosts has been 

shaped by horizontal symbiont acquisition. Approximately 20% of the deeply sequenced samples 

contained at least two different symbiont haplotypes. These variant sites were clustered at 

particular positions along the genome and were less abundant than what is observed for 

symbionts collected from different host individuals. This suggests that these haplotypes arose by 

recombination between a resident and a horizontally acquired symbiont during a mixed infection 

or during an extracellular life stage. While some of these variant haplotypes may confer 

functional changes, such as alterations in transcription or membrane transport, others are likely to 

be functionally neutral, or perhaps even deleterious. Genetic variation of this nature in a 

population of symbionts within a single host suggests that selection may act at this population 

scale. 

 

Symbiont transmission modes: A continuous character trait 

Traditionally, transmission mode has been considered a binary trait with associations 

maintained by either horizontal or vertical transmission. In light of these results and the literature 

reviewed in the introduction, it may be more accurate to view symbiont transmission as a 

spectrum between strict vertical and exclusive horizontal transmission. Some symbionts, such as 

the primary symbionts of sap-feeding insects, exhibit extremely strict vertical transmission with 

no evidence of horizontal events in their history (Baumann 2005), whereas, other vertically 

transmitted associations exhibit variable frequencies of horizontal transmission. For example, the 

vertically transmitted Calyptogena magnifica chemosynthetic symbiosis exhibits evidence of far 

less frequent horizontal events than the S. velum symbiosis (Stewart et al. 2008). Indeed, we 

should expect a high amount of variance among symbiont transmission modes because symbiosis 

is a highly convergent trait, having evolved innumerable times over the history of life (Kondorosi 

et al. 2013; Kleiner et al. 2012; Bittleston et al. 2016). These different symbiont lineages and/or 

symbiont-host combinations may have affinities for particular transmission strategies. 
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Alternatively, the environment may play a large role in permitting horizontal transmission to 

occur, as water is a much easier medium for a bacterium to move through than air (Taylor et al. 

2002; Boulos et al. 1999; Hobbie et al. 1977) (and see (Normark & Ross 2014) for a full 

discussion of this concept). As we learn more about symbiont transmission modes and their 

fidelities, it is useful to view transmission strategy as a spectrum rather than a bimodal trait to 

better understand what factors influence it. 

 

Future directions in mixed mode research 

 The results of this thesis prompt additional questions regarding how mixed transmission 

modes evolve, are maintained, and what impacts they have on the evolutionary trajectories of 

hosts and symbionts, as well as microbial diversity at large. Some of the potential directions for 

my future research are discussed below: 

Viewing these interactions from the level of the host + symbiont holobiont, mixed 

transmission modes may require unique accommodations in the cell biology of one or both 

members of the association. This is because symbionts must be appropriated to reproductive 

tissues while still retaining the ability for the bacteria enter host cells and to exit with passage 

through the environment. Research on how the cellular mechanisms allowing both routes to 

persist reveal how mixed modes can evolve and persist over time.  

From the perspective of symbiont population genetics, it is important to know how 

symbiont populations within and between hosts respond to evolutionary pressures over time. 

Specifically, simulations could be used to estimate how long it would take for vertical 

transmission to erode evidence of mixed infections in prior host generations, both in symbiont 

populations within host tissues and between. At the scale of between-host symbiont populations, 

the potential function of mixed transmission modes can be tested to determine whether there is an 

adaptive advantage to mixed modes. Whether these dual modes are maintained or are simply a 
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byproduct of symbionts accidentally “leaking” into the environment will be important to 

understanding the evolution and persistence of the mixed transmission strategy.  

Lastly, at the scale of the whole bacterial ecosystem, the impact of mixed transmission 

modes on bacterial genetic diversity should be investigated. Symbioses with mixed transmission 

modes exhibiting high rates of horizontal transmission should exhibit higher overall rates of 

horizontal gene transfer and homologous recombination with environmental bacteria due to an 

increased probability of gene flow between these genomes. If true, this process would introduce 

symbiosis-adapted genes into environmental bacteria and environmentally adapted genes in to 

symbionts.  

The field of symbiosis is ripe with compelling questions remaining to be addressed that 

will inform on the cellular, evolutionary, and mechanistic processes governing symbiotic 

interactions from mutualists to pathogens.  
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Abstract:  

Symbiotic associations between bacteria and eukaryotes have evolved hundreds if not thousands 

of times among a wide diversity of taxa. Furthermore, these associations are not static, but have changed 

over time, resulting in host-switching events and symbiont loss. This evolutionary flexibility means that 

some symbiotic taxa are very closely related to free-living bacteria or infect a wide range of host species. 

These close relationships make differentiating between these bacteria using traditional genetic markers, 

such as the 16S rRNA, difficult. Knowledge of symbiont presence in the environment is important to 

understanding symbiont life histories and evolutionary pressures. To address the need for specific genetic 

markers for the identification of bacterial taxa in mixed samples, we designed SpecificMarkerID, a perl 

script that identifies candidate genes for the design of highly specific primer sets. This method was found 

to identify candidates efficiently, requiring minimal testing of primer sets to identify suitable ones for use. 

To exhibit the functionality of this method, we used SpecificMarkerID to design primer sets for the 

specific detection of the chemosynthetic bacterial symbionts of the bivalve Solemya velum in 

environmental samples, revealing that these symbionts can be found at low abundance in sediment 

samples. Exposure to the environment introduces the opportunity for symbiotic bacteria to acquire genes 

via horizontal gene transfer and mobile element insertion, making knowledge of whether symbionts are 

found in the environment important to understanding their evolution. SpecificMarkerID is suitable for use 

on any group of bacteria with a sequenced genome belonging to a well-represented taxon in NCBI and 

will be instrumental to completing our knowledge of symbiont life-history strategies. 
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Introduction: 

Host association has evolved independently in a wide diversity of bacterial taxa many times over 

the history of life. While many symbiont clades exhibit evidence of long-term association (e.g., Buchnera 

symbionts of aphids evolved 160-280 mya [Shigenobu & Wilson 2011]), others represent more recently 

established relationships. In some of these, bacteria have adopted a host-associated lifestyle from a 

formerly free-living condition (e.g., pentatomid stinkbugs [Hosokawa et al. 2016]). These relationships 

may be facilitated by genes pre-adapted to the host environment, such as the ability to colonize host-

generated detritus in Vibrio species (i.e., bioluminescent V. fischeri from the bobtail squid [Mandel et al. 

2012]). In other associations, symbiont taxa have evolved novel host relationships over time by switching 

from one host species to another (e.g., bean bugs [Kikuchi, Hosokawa & Fukatsu 2011a] and Sodalis 

insect symbionts [Weiss et al. 2006]), indicating that the ability to infect novel hosts is retained in some 

taxa. Additionally, some symbiotic species undergo a free-living stage outside of their hosts during which 

they are acquired by a new host of the same species (e.g., Harmer et al. 2008; Steenhoudt & 

Vanderleyden 2000; Green-García & Engel 2012; Klose et al. 2015; Gomes et al. 2014). These examples 

illustrate the dynamic nature of microbial symbioses, which necessitates the need to identify the microbial 

players at a range of taxonomic scales, from phyla to strains. 

The majority of genetic markers that have been developed to detect and identify bacteria in 

samples containing diverse bacterial genotypes are highly conserved. The most commonly employed 

markers include the 16S ribosomal RNA, cell division protein (ftsZ), RNA polymerase subunit B (rpoB), 

and DNA gyrase (gyrB) genes, among others (see Liu et al. 2012; Muyzer et al. 1993; Kim et al. 2010; Li 

et al. 2009). These markers are sufficient for the detection of symbiont taxa that are highly divergent from 

their closest relatives, however they often prove inadequate for distinguishing more recently evolved 

symbionts that share high sequence identity with their free-living relatives or other symbiont taxa (e.g., 

bathymodiolin mussels [Duperron et al. 2016] and hydrothermal vent tubeworms [Klose et al. 2015]). In 

addition, these loci are generally invariant below the species level (e.g., parastrachiid stinkbugs 
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[Hosokawa et al. 2010]), and therefore useless in inferring population-level processes. Thus, a method is 

needed to identify candidate markers that are evolving fast enough to resolve strain-level genetic 

variation, but are conserved enough to enable the design of primer sets effective across the genetic 

diversity within the group of interest (GOI).  

The wealth of genetic data now available for unculturable as well as culturable bacterial taxa 

enables candidate markers for specific bacterial detection to be identified in silico. In principle, a genetic 

marker specific to a GOI will be distantly related to bacteria outside of the group being targeted, while 

being conserved within the group. The only limitation to this approach is the completeness of taxonomic 

sampling for each locus being tested. Therefore, the information contained in the genome sequence and 

annotation for the GOI can be leveraged against a large database of bacterial sequences (e.g., NCBI non-

redundant nucleotide database) to identify genes that are well sampled from many bacterial taxa and have 

a low percent identity to sequences outside of the GOI. In addition, if population-level genetic variation 

has been sampled, it can be incorporated to further filter for loci that exhibit low variability within the 

GOI. We employed these strategies in the method described below (Figure A1.1) to identify candidate 

markers for specific primer design for the gammaproteobacterial chemosynthetic symbiont of the marine 

bivalve Solemya velum. This bacterium is closely related to free-living bacteria at the 16S rRNA locus 

(Cavanaugh et al. 2013; Chapter 1, Figure 1.1), making earlier attempts to specifically detect it in the 

environment ineffective (unpublished data). To demonstrate the utility of this approach, the designed 

primers were used to assess whether this bacterium is present in environmental samples unassociated with 

host tissues. SpecificMarkerID is a perl script dedicated to identifying candidate markers for species-

specific primer design and can be downloaded from GitHub. 
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Figure A1.1. SpecificMarkerID workflow. First, genes are extracted from the genome supplied by the 
user for the GOI. Each gene is then blasted against the NCBI nr database, retaining all significant hits. 
The blast output is then filtered, removing genes with few hits or high percent identity to non-GOI 
sequences. The remaining genes are sorted by the number of hits (proxy for extent of locus sampling) and 
percent sequence identity (proxy for sequence conservation between species), and then output for primer 
design. If population-level variation is known, output gene lists can be further sorted by the number of 
variant sites within the population (proxy for sequence conservation within species).  
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Methods: 

1. Implementation 

 BLAST needs to be installed locally and the nucleotide database of choice (e.g., nonredundant 

nucleotide database) needs to be downloaded. As input, SpecificMarkerID requires at minimum a genome 

consisting of a fasta sequence and general feature file (gff) containing the annotation for the GOI. 

Optionally, population-level variation can be input as a vcf file. First, the fasta sequence and gff 

annotation are read and parsed to extract the sequence for each gene in the genome. Next, each gene is 

blasted against the nonredundant NCBI nucleotide database (Camacho et al. 2009), recording all hits with 

evalues less than 1e-4.  Blast results are then parsed and filtered to retain genes with a minimum of 100 

hits with at most 80% average percent identity to non-GOI sequences. The remaining genes are then 

sorted and output by descending number of hits and increasing average percent identity. If given a vcf 

file, the output will also be sorted by increasing number of variant sites within each gene. The output 

format is a tab-delimited file reporting the gene id, number of hits, average percent identity, and 

(optionally) the number of variant sites. From this, the user can select genes starting from the top of the 

file (i.e., genes optimizing: maximum hits, minimum % identity, minimum population-level variation) for 

primer design and testing. 

 

2. Example marker design 

Collections: Sediment and seawater samples were collected from habitats of the symbiotic 

chemosynthetic bivalve Solemya velum along the east coast of North America (Figure A1.2A and Table 

A1.1). Sediment samples were sampled from each locality and flash frozen in a dry ice-ethanol slurry for 

later extraction with the PowerSoil or PowerMax extraction kit (Mo Bio). Sediment samples were taken 

from below the sediment surface near S. velum burrows. 130-400 ml of seawater were filtered through a 

0.22 mm nitrocellulose filter (Millipore) and flash frozen for later extraction with the PowerWater kit (Mo 



	   129	  

Bio). In addition, gill samples from two adult S. velum from Point Judith, RI were obtained and extracted 

with the DNeasy Blood and Tissue kit (Qiagen) for primer testing and as positive controls in qPCR. 

 
Figure A1.2. S. velum symbiont and habitat test data. A) Collection localities for S. velum sediment and 
water samples. B) Counts of qPCR-quantified loci for individual samples per gram sediment, milliliter 
seawater, or gram gill tissue. Samples are color-coded along the x-axis by type (top color: S. velum 
habitat sediment=orange, GA sediment=brown, S. velum habitat seawater=blue, S. velum gill=purple) and 
collection locality (bottom color: as in A), and ordered by increasing abundance. Top plot: Eubacterial 
16S rRNA. Bottom plot: symbiont rhlE (yellow bars) and mitochondrial atp6 (white bars). C) Average 
counts of eubacterial 16S rRNA (eub), symbiont rhlE (sym), and mitochondrial atp6 (mito) for each 
sample type.  
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Table A1.1. Environmental samples collected to test for the presence of S. velum symbionts in the S. 
velum habitat. Seawater samples using a 100 µm prefilter before the filter used for DNA extraction are 
indicated with an asterisk. A large and a small gram + volume set were collected from RI. 
 

Marker design: Candidate markers were designed using the S. velum symbiont genome (Dmytrenko et al. 

2014) and population variant data (Chapter 1), returning 853 genes (of 2741) passing the filtering cutoffs.  

Eight genes were selected from the top of this list for primer design with NCBI primer blast (Ye et al. 

2012), checking thermodynamics with the IDT Oligoanalyzer (www.idtdna.com). One primer set for each 

locus was ordered from IDT. See Table A1.2 for primer information. 

 

 
Table A1.2. Primer sets generated with SpecificMarkerID for specific detection of the S. velum symbiont 
and results for specificity tests. Specificity of each primer in each set that produced a single band was 
tested by Sanger sequencing and is indicated in the far right column ((F/R): F=forward primer, R=reverse 
primer). Markers and primer sets passing all tests for symbiont specificity are highlighted in grey. 
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Test sediment: First, the minimum detectable dilution of symbiont-containing gill DNA was ascertained 

by creating and amplifying a dilution series from 1:100 to 1:100,000 gill DNA in dH2O with PCR, 

utilizing the 16S-ITS primer set from (Stewart et al. 2009). A 1:2000 dilution (0.04 ng/ul) was found to be 

the optimal minimum concentration reliably detected by conventional PCR. This concentration of gill 

DNA was spiked into a sediment sample DNA extract from Rhode Island that failed to amplify with 

symbiont or host mitochondrial primers, but tested positive using eubacterial 16S rRNA primers. This 

spiked sample was used for primer testing to assess the specificity of symbiont primers in the presence of 

other bacterial sequences. 

 

PCR primer test: Each primer set was tested on gill DNA at the melting temperature provided by IDT 

minus 2°C to ensure that a single band amplified from symbiont mixed with host DNA. For all end point 

PCR assays, either AccuStart HiFi Taq (Quanta Biosciences) or EconoTaq (Lucigen) was used. Reactions 

using AccuStart were performed with an initial denaturation at 94ºC for 1 min, followed by 30 cycles of 

94ºC for 20 seconds, primer set annealing temperature for 30 seconds, and 68ºC for 1.5 minutes. 

Reactions using EconoTaq with an initial denaturation at 94ºC for 2 min, followed by 30 cycles of 94ºC 

for 30 seconds, primer set annealing temperature for 30 seconds, and 58ºC for 1 minute, followed by a 

final extension at 72ºC for 10 min. 1 µl of DNA was used in a reaction volume of 50 µl containing 0.5 

µM of each primer and 200 µM dNTPs. 6 of 8 primer sets exhibited single bands of the appropriate size 

(Table A1.2). Next, primer specificity was assessed by amplifying the spiked sediment sample with the 

primer sets that exhibited single bands across an annealing temperature gradient from 55.5-70°C. The 

PCR products from the highest annealing temperature that successfully amplified were Sanger sequenced 

and analyzed in Geneious (Geneious 8.1 (http://www.geneious.com, [Kearse et al. 2012]) to assess 

specificity (see Figure A1.3).  
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Figure A1.3. Chromatograms from PCR products amplified using candidate specific primer sets designed 
for the S. velum symbiont. Loci IDs are indicated in the far left column (see Table A1.2). Screen shots of 
chromatograms displayed in Geneious for amplicons sequenced with the forward primer (left 
chromatogram column) and reverse primer (right chromatogram column) for each primer set tested. 
 

3. Example experiment: Quantify S. velum symbiont DNA in environmental samples 

qPCR standard curve: Standard curves were made for the symbiont rhlE (09960) gene as well as the S. 

velum mitochondrial atp6 and eubacterial 16S rRNA genes. Gill DNA was amplified with the 09960 

primer set and a newly designed primer set to S. velum atp6 (70F: 5’-TGAGCAGGAACTTTATGGGTT-

3’; 522R: 5’-AAGAACCACATGCCCAGCTC-3’). Eubacterial primers (16V4F: 5’ 
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GTGCCAGCMGCCGCGGTAA-3’; 16SV4R: 5’-GGACTACHVGGGTWTCTAAT-3’) amplified the 

V4 region of the E. coli K12 16S rRNA sequence. These PCR products were cloned using the CloneJET 

PCR cloning kit with OneShot Top10 competent cells (Thermo Fisher Scientific). Plasmids were purified 

with an EZNA plasmid extraction kit (Omega), linearized with PstI restriction enzyme (NEB), re-purified 

with an EZNA Cycle Pure PCR cleanup kit (Omega), and quantified by Qubit (Thermo Fisher Scientific). 

Standard curves were made by serial dilution of linearized plasmids to make a 10-fold series from 1 copy 

to 1x108 copies of template per volume added to the qPCR reaction. 

 

qPCR assays: Reactions were performed using a Stratagene Mx3005P qPCR machine using PerfeCTa 

SYBR Green FastMix (Quanta Biosciences) with 0.3 uM of each primer and 4 µl of template DNA in a 

20 µl reaction volume. DNA extracts from sediment, water, and gills were tested. ROX was used as the 

reference dye. A 3-step cycling protocol with 40 cycles was used. Annealing temperatures were as 

follows for the three primer sets: 65ºC for 09660, 62ºC for atp6, and 55ºC for 16S rRNA V4 region. 

Standards were run in triplicate on each 96 well plate, discarding any replicate that differed by more than 

0.5 CT from the other two replicates. No template controls were also run returned no CT on all plates. 

Assays were required to have R2 > 0.98 and efficiencies > 85% for their results to be included. A subset 

of 09960 and atp6 qPCR products were Sanger sequenced directly and matched S. velum sequences from 

among the localities. qPCR data were analyzed with MxPro qPCR software (Stratagene) and R (R Core 

Development Team 2012). 

 

Results: 

Multiple specific primer sets were designed from the selection of only eight candidate gene loci, 

demonstrating the efficacy of the method implemented in SpecificMarkerID (Table A1.2). Eight loci were 

initially selected so as to balance efforts spent on primer design and reagent cost with the need to identify 

at least one specific primer set in this attempt. This testing effort was more than adequate for designing 



	   134	  

specific primers to the S. velum symbionts. Two of the primer sets produced amplicons from gill DNA 

demonstrating multiple bands in gel electrophoresis and were excluded from later tests, but these loci 

could be reused if new primers were designed. The remaining six primer sets were tested on symbiont-

spiked sediment DNA, producing unambiguous chromatograms indicative of highly specific 

amplification for both primers for three loci (JV46_12670, JV46_09960, and JV46_18880; see Figure 

A1.3 and Table A1.2). For each of the other three loci, one of the two primers produced unambiguous 

chromatograms, whereas the other primer of the pair generated sequences with chromatograms consisting 

of jumbled traces, indicating they had not specifically amplified the S. velum sequence (e.g., JV46_14840, 

JV46_21670, and JV46_15080). If additional specific primer sets were needed, new primers could be 

designed to pair with the successful primer for these loci.   

Using the primer set designed for the rhlE gene (JV46_09960) to amplify symbiont DNA from 

environmental samples revealed that symbionts are not at high abundance in the environment and often 

co-occur with host mitochondrial DNA (Figure A1.2B and C). Sediment samples exhibited high numbers 

of bacteria, as detected by amplifying the 16S rRNA. Sediment samples from the S. velum habitat 

contained on average 3.65 +/- 9.38 x 103 copies of symbiont rhlE, 4.17 +/- 7.80 x 103 copies of 

mitochondrial atp6, and 3.57 +/- 3.91 x 108 copies of eubacterial 16S rRNA per gram. Water samples 

contained on average 0.14 +/- 0.24 x 10-1 copies of symbiont rhlE, 0.61 +/- 1.07 copies mitochondrial 

atp6, and 8.54 +/- 0.12 x104 copies of eubacterial 16S rRNA per milliliter. Sediment samples from 

collecting sites off of Georgia where no S. velum were found did not amplify with the symbiont primers, 

and only one detected mitochondrial sequence. Symbiont abundance was loosely correlated with 

mitochondrial abundance (correlation coefficient of 0.14), however very few samples amplified the 

symbiont sequence exclusively. The Sanger sequenced symbiont and mitochondrial sequences (10 rhlE 

and 18 atp6) were identical to known genotypes in the population. Furthermore, symbiont sequences from 

sediment were identical to the sequences identified from gill tissue for each locality (from Chapter 1). 

Eubacterial abundance was also only slightly correlated with symbiont abundance (correlation coefficient 

of 0.11), indicating that symbiont detection was not hindered by DNA quality or extraction efficiency. If 
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that were the case, one would expect samples with few symbionts to also have few amplifiable sequences 

in general. These results support the presence of symbiont DNA in the environment, which may have 

arisen via host tissue sources (e.g., gametes, degrading gill tissue, etc.). 

 

Discussion: 

Many symbionts have life histories that include a free-living stage or are closely related to free-

living taxa, which have the potential to influence the evolution of symbiotic taxa as well as free-living 

bacteria. Exposure to the environment, be it seawater, soil, plant tissues, etc., enables recombination and 

horizontal gene transfer between bacterial lineages (Thomas & Nielsen 2005). These forms of gene flow 

can even occur while bacteria are associated with a host if they are exposed to the environment, as has 

been reported for numerous constituents of the human microbiome (Smillie et al. 2011; Hehemann et al. 

2010; Xu et al. 2007). Introduction of genetic material through these routes provides the opportunity for 

the evolution of novel adaptive phenotypes (Remigi et al. 2014; Stecher et al. 2012; Kleiner et al. 2012) 

as well as the ability to rescue genes that have acquired deleterious mutations (Takeuchi et al. 2014). In 

order to evaluate the potential for gene flow between symbiotic bacteria as well as between symbiotic and 

free-living bacteria, novel markers are needed to assess the presence and abundance of symbiotic bacteria 

in the environment.  

The workflow implemented in SpecificMarkerID effectively identifies loci for specific primer 

design to use in detecting and quantifying bacteria in environmental samples. Only a few candidate loci 

need to be tested to generate specific primers for assays to detect the presence and abundance of GOI. 

This number will vary depending on the divergence from free-living relatives, with more divergent 

symbionts requiring fewer loci be tested compared to recently host-associated taxa. However, the 

relatively close relationship of the S. velum symbionts to free-living clone isolates (<=95% identity) 

indicates that this method will even be useful for taxa very recently diverged from their free-living 
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ancestors. This method of identifying loci in a target genome for specific detection among a 

heterogeneous mixture of sequences will prove useful for many studies of environmental microbiology. 

Applying the SpecificMarkerID method to detect the S. velum symbiont in environmental 

samples demonstrated the utility of designing specific primers for bacterial GOI. These results indicated 

that S. velum symbionts are not at high abundance independent of host tissues in sediment or water 

samples from the S. velum habitat. Bacterial 16S rRNA sequences were detected in all environmental 

samples, and their abundance was on the order of what is expected for sediment and water samples 

(average 109 per gram of soil and 106 per ml of water [Taylor et al. 2002; Boulos et al. 1999; Hobbie et al. 

1977]) indicating that PCR inhibitors or poor extraction efficiency did not affect quantification. Many 

sediment samples failed to amplify with the symbiont primers, and those that did often also amplified 

with the mitochondrial primers. This suggests that symbionts do not occur at high abundance free of their 

host. However, these results do not preclude a low abundance of “free-living” symbionts, as symbionts 

may have been incidentally sampled along with host cells. In either case, finding even a few symbionts in 

the environment is consistent with evidence that these symbionts are occasionally horizontally transmitted 

between hosts (Chapter 1), and supplements missing information regarding the life history of this 

symbiotic bacterium.  

 This method will be useful in future studies to determine whether other symbiotic taxa can be 

detected independent of their host in environmental samples such as seawater, sediment, plant fluids and 

tissues, or soil (e.g., Gros et al. 2012; Caspi-Fluger et al. 2012; Kikuchi, Hosokawa & Fukatsu 2011b). 

This knowledge will expand what is known about symbiont life history strategies, horizontal transmission 

routes between hosts, and evolutionary pressures faced by symbiotic taxa. 
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Supplemental tables for Chapter 1: 

Population genomics reveals mixed transmission modes and dynamic genome evolution 

in an obligate animal-bacterial symbiosis 
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Table A2.1. Illumina sequencing information for the 61 S. velum samples and 3 outgroup 
Solemya species. Specimen names are constructed from the abbreviation for the state collected 
from followed by a unique number and the tissue extracted (e.g. MA16gill is the genomic gill 
DNA extracted from specimen 16 collected from Massachusetts). For outgroup solemyid species, 
read counts mapped to the S. velum symbiont and mitochondrial references and de novo 
assemblies are both listed (S. velum reference/de novo assembly). 
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Table A2.2. De novo genome assembly statistics for the three outgroup Solemya species 
symbionts and mitochondria and the symbionts of S. velum population specimens, compared to 
the S. velum symbiont reference (in grey). Specimen names as described for Table S1. 
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scaffold region genes 
transcribed 
ME count 

subpopulations 
with deletions 

1 
138913-
154476 

transposases (4), hypothetical proteins (12), 
diguanylate cyclase, NAD-dehydrogenase, sigma 
factor, EAL protein NA 

MA*, RI*, NJ, 
MD, NC 

1 
209125-
213302 hypothetical proteins (4) none NJ, NC 

1 
295840-
312421 

hydrolase, pyruvate ferredoxin oxidoreductase, L-
threonine ammonia lyase, hypothetical proteins 
(4), thiosulfate reductase, nitrate/TMAO reductase none NJ, MD, NC 

1 
374560-
379717 transposase and hypothetical proteins (6) NA 

MA*, RI*, NJ, 
MD, NC 

1 
381792-
382344 sulfurtransferase none MD  

1 
390856-
393363 hypothetical proteins (2) none MD 

1 
421468-
423395 hypothetical protein none NJ 

1 
425656-
431340 transposase, diguanylate cyclase (2) 0 NC 

1 
542288-
564477 

glycosyltransferase, dehydrogenases (4) ,2-
hydroxy-3-oxopropionate reductase, 
amidotransferase, transporters (5), hypothetical 
proteins (7) none 

MA, RI, NJ, 
MD, NC 

1 
566019-
573962 

transposase, diguanylate cyclase (2), hemerythrin, 
hypothetical proteins (3) NA 

MA, RI, NJ*, 
MD*, NC 

1 
900822-
901801 cAMP-dependent protein kinase none MD 

1 
962892-
965529 pyruvate:ferredoxin oxidoreductase none MD 

1 
1201000-
1203000 

flavocytochrome c sulfide dehydrogenase and 
hypothetical protein none NJ 

2 
36589-
43465 

transposases (3), transporters (2), hypothetical 
proteins (3) 1 

MA**, RI, NJ, 
MD, NC 

2 
82662-
84993 transposase, hypothetical protein NA 

MA*, RI*, NJ*, 
MD*, NC 

2 
88975-
102224 ICE (13), hypothetical proteins (2) 5 

MA*, NJ, MD, 
NC 

2 
106628-
122876 

transposase (4), ICE (12), hypothetical proteins 
(2) 2 

MA**, RI, NJ, 
MD, NC 

2 
197616-
201038 

transposases (3), pyrophosphatase, hypothetical 
protein NA 

MA, RI*, NJ*, 
MD*, NC* 

2 
222495-
233025 

transposases (3), CoA-binding protein, 
acetyltransferase, cupin domain protein, 
hemerythrin, glycosyltransferase, hypothetical 
proteins (4) 2 

MA*, NJ*, 
MD, NC 

2 
273297-
280828 

outer membrane receptor, Fe/S binding protein, 
transporters (3), hypothetical proteins (3) none NJ, MD, NC 

2 
319131-
328797 

glucose-1-phosphate adenylyltransferase, sugar 
kinase, mannitol-1-phosphate dehydrogenase, 
transporters (4), hypothetical protein none NJ, NC 
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2 
373000-
403000 

PAS and HPt domain proteins, molecular 
chaperon, glutamate synthase, alkylphosphonate 
utilization protein, diguanylate cyclase, Mg-
chelatase, acetyltransferase, cytochrome, surface 
antigen, exonuclease, sulfurtransferase, 
hypothetical proteins (10) none NJ, NC 

2 
413308-
415910 transcriptional regulator, peroxiredoxin none MD  

2 
415941-
447787 

transposases (5), opacity protein, phosphatase, 
phosphohydrolase, transcriptional regulation, 
transporters (4), dehydrogenases (2), 3-ketoacyl-
CoA thiolase, NADH:flavin oxidoreductase (2), 
hypothetical proteins (16) NA 

MA, RI*, NJ, 
MD, NC 

2 
463525-
488152 

sigma factor, transporters (5), response regulator, 
PAS domain protein, dehalogenase, transposases 
(4), membrane protein, phosphohydrolase, 
flavoprotein, methylase (2),  hypothetical proteins 
(6) NA 

MA, RI, NJ, 
MD, NC 

2 
489565-
492389 transposases (2), hypothetical proteins (3) none NC 

2 
495016-
496684 Acyl-CoA synthetase, taurine dioxygenase none NC 

2 
511331-
516215 

sulfotransferase, sugar epimerase, hypothetical 
protein none NJ 

2 
530222-
535979 

transporter, cytochrome, cytochrome oxidases (2), 
hypothetical proteins (3) none NJ 

2 
586057-
587095 transposase NA 

MA, RI, NJ, 
MD, NC 

2 
597833-
599026 transposases (2) NA 

MA, RI, NJ, 
MD, NC 

2 
599654-
602438 transposases (2) 0 MA*, NC 

2 
637850-
639540 transposases (2) NA 

MA, RI, NJ, 
MD, NC 

2 
655426-
667024 

PAS domain protein, phage/plasmid primase, 
tyrosine recombinase, hypothetical proteins (7) 0 MA, NC 

2 
679637-
685659 

transposase, phosphatidylserine decarboxylase 
(2), GMP synthase, transcriptional regulator, 
molecular chaperone, hypothetical proteins (2) NA 

MA*, RI*, NJ, 
MD, NC 

2 
778188-
779258 transposase NA 

MA, RI, NJ, 
MD, NC 

2 
783350-
784705 laminin(2), collegenase NA NC 

2 
795701-
797598 

CMP-N-acetylneuraminic acid synthetase, 
methyltransferase NA MA, RI, NJ 

2 
853656-
854838 translation elongation factor NA 

MA, RI, NJ, 
MD, NC 

3 
169719-
202969 

fibronectin domain proteins (2), flavocytochrome, 
EAL domain protein, diguanylate cyclases (2), 
transposase, transporter, hydrogenase associated 
proteins (10), Fe/S oxidoreductase, hypothetical 
proteins (8) NA 

MA, RI*, NJ, 
MD, NC* 

3 
218721-
228172 transporters (5), hypothetical proteins (4) 0 NC 

3 230983- PAS domain protein, ATPase, flagellar motor, NA MA*, RI*, NJ*, 
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232043 transposase, cheY receiver protein MD*, NC 

3 
247506-
255874 

diguanylate cyclase, heat shock protein, 
transposase, sulfurtransferase, methyltransferase, 
hydrolase, hypothetical proteins (2) NA 

MA*, RI*, NJ*, 
MD, NC 

3 
354894-
362964 

transposases (3), transporters (2), penicillin-
binding protein, CBS domain protein, 
hypothetical proteins (6) 1 

MA*, RI, NJ, 
MD, NC 

3 
367066-
370630 transposase (2), integrase, hypothetical protein 2 NC 

3 
370689-
378835 

transposase (2), hypothetical proteins (4), 
transcription regulation, threonine dehydratase, D-
3-hydroxyaspartate aldolase, 2-keto-4-pentenoate 
hydratase 1 MD 

3 
378896-
379599 transposase, opacity protein, tRNA-Met, RpoD NA 

MA, RI, NJ, 
MD, NC 

3 
472635-
485715 

tRNA-Ser, transposases (2), Che-Y receiver 
domain protein (2), outer membrane protein, 
hypothetical proteins (11), transcriptional 
regulation, integrase NA 

MA, RI, NJ, 
MD, NC 

3 
491404-
494643 transposase, hypothetical proteins (2) 1 NC 

3 
499482-
505152 transposase, hypothetical proteins (3) 

1 (highest 
expressed) MD 

 
Table A2.3. Deletions relative to the S. velum symbiont reference genome in each subpopulation 
by locality (state abbreviations as in Figure 1.2), highlighting mobile element content. Scaffold 
coordinates and the functional gene types followed by counts (copy # of gene functional type) 
contained in each polymorphic deletion are given. The number of expressed mobile elements 
(transposases, integrases, integrative conjugative elements [ICEs]) in each region is indicated: # = 
mobile elements transcribed, none = no mobile elements annotated in region, and NA = mobile 
element absent from the RI population (i.e., the source subpopulation of the transcriptome). In 
some cases, particular subpopulations only exhibited deletions of the mobile elements, in which 
case the subpopulation abbreviation is marked with an asterisk for each element deleted. Grey 
boxed regions are featured in main text Figure 1.7 (B and C). 
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Table A2.4. Novel 
genes in the S. velum 
symbiont de novo 
assemblies relative to 
the reference genome 
with high identity to 
divergent 
gammaproteobacteria 
(>60%). All genes 
presented occur on 
scaffolds with 
significant support for 
symbiont origin 
(minimum of five 
genes with high 
identity to the S. velum 
symbiont). A subset of 
these genes is 
suggestive of recent 
horizontal gene 
transfer, having greater 
than 98% identity to a 
gene from a genome 
with a distantly related 
16S (<90% identity to 
the S. velum symbiont). 
Genes were blasted 
against all bacterial 
taxa in the NCBI whole 
genome shotgun 
database (best hit 
overhang 0.1, best hit 
score edge 0.1, evalue 
1e-6, coverage and 
identity >60%).  
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ME 
type genome gene ID 

element 
family length copies  

transcript 
copy 
count 

IS reference JV46_17490 IS30 389 1 0 
IS reference JV46_28780 IS30 434 1 0 
IS reference JV46_09060 IS30 551 1 0 

IS reference 

JV46_18070, JV46_12410, JV46_18130, 
JV46_19450, JV46_13380, JV46_13580, 
JV46_13950, JV46_21090, JV46_14200, 
JV46_15980, JV46_22850, JV46_11140, 
JV46_08080, JV46_03320, JV46_09310, 
JV46_04930, JV46_04960, JV46_09350, 
JV46_09940, JV46_10030, JV46_10880, 
JV46_26090, JV46_24240, JV46_24430, 
JV46_24510, JV46_27830, JV46_27960, 
JV46_25380, JV46_28850 IS30 962 29 80 

IS reference JV46_05690 IS30 1160 1 0 
IS reference JV46_27890 IS481 761 1 6 
IS reference JV46_27880 IS481 1145 1 2 
IS reference JV46_18520 ISL3 1169 1 17 
IS reference JV_ISf_3 IS3/IS407 101 1 0 

IS reference 

JV46_04510, JV46_04700, JV46_02340, 
JV46_07720, JV46_02550, JV46_03090, 
JV46_08160(2), JV46_09020, JV46_04580, 
JV46_09400, JV46_10000, JV46_10250, 
JV46_10530, JV46_24960(2), JV46_20430(2), 
JV46_25600 IS3/IS407 278 17 6 

IS reference 

JV46_12510, JV46_04480, JV46_04640(1), 
JV46_02330, JV46_07730, JV46_02540, 
JV46_03080, JV46_08170(6), JV46_09040, 
JV46_04570, JV46_09410, JV46_10010, 
JV46_10270, JV46_10540, JV46_24950, 
JV46_20730, JV46_25590(12) IS3/IS407 806 17 19 

IS reference JV_ISf_40 IS3/IS407 1040 1 5 
IS reference JV46_02410 IS5/IS5 317 1 0 
IS reference JV46_07740 IS5/IS5 950 1 0 
IS RI50 PJRI50_sym_scf0-105   1247 1 0 
IS RI50 PJRI50_sym_scf0-111 ISL3 1622 1 0 
IS RI50 PJRI50_sym_scf0-112 ISL3 3080 1 0 
IS RI50 PJRI50_sym_scf1-33 ISL3 1838 1 2 
IS RI50 PJRI50_sym_scf23-4 IS3/IS150 257 1 1 
IS RI50 PJRI50_sym_scf23-5 IS3/IS150 1217 1 1 
ICE reference JV46_11440 ICEVchBan7 432 1 0 
ICE reference JV46_02460 ICEVchBan9 651 1 0 
ICE reference JV46_02530 ICEVchBan9 896 1 0 
ICE reference JV46_02500 ICEVchInd5 282 1 0 
ICE reference JV46_02520 ICEVchMex1 561 1 0 
ICE reference JV46_11400 ICEVflInd1 729 1 2 
ICE reference JV46_07690 ICEPalBan1 1389 1 1 
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ICE reference JV46_29370 ICEPdaSpa1 291 1 0 
ICE reference JV46_11420 ICEPdaSpa1 300 1 0 
ICE reference JV46_02450 ICEPdaSpa1 387 1 0 
ICE reference JV46_11390 ICEPdaSpa1 621 1 0 
ICE reference JV46_02420 ICEPdaSpa1 939 1 2 
ICE reference JV46_07670 ICEPdaSpa1 3567 1 3 
ICE reference JV46_11410 ICESpuPO1 549 1 2 
ICE reference JV46_02490 ICESpuPO1 627 1 0 
ICE reference JV46_07660 ICESpuPO1 648 1 4 
ICE reference JV46_02470 ICEPmiUSA1 1290 1 0 
ICE reference JV46_11380 R391 252 1 0 
ICE reference JV46_11430 R391 534 1 0 
ICE reference JV46_07760 SXT(MO10) 279 1 0 
ICE reference JV46_07750 SXT(MO10) 324 1 0 
ICE reference JV46_02480 SXT(MO10) 777 1 0 
ICE reference JV46_02430 ICEVchLao1 834 1 7 
ICE RI50 PJRI50_sym_scf1-35 ICEVflInd1 932 1 11 
ICE RI50 PJRI50_sym_scf1-36 ICEPmiUSA1 299 1 3 
ICE RI50 PJRI50_sym_scf1-37 ICEPdaSpa1 905 1 13 
ICE RI50 PJRI50_sym_scf1-38 |ICESpuPO1 449 1 0 
ICE RI50 PJRI50_sym_scf1-39 ICESpuPO1 455 1 1 
ICE RI50 PJRI50_sym_scf1-40 SXT(MO10) 743 1 0 
ICE RI50 PJRI50_sym_scf1-41 ICEVchMex1 425 1 0 
ICE RI50 PJRI50_sym_scf1-42 |ICEPmiUSA1 974 1 0 
ICE RI50 PJRI50_sym_scf1-43 ICEPmiJpn1 269 1 0 
IS RI50 PJRI50_sym_scf1-44 ICEVchMex1 1241 1 0 

        
Total 

elements 113 
      IS 80 
      ICE 33 
    Total elements expressed 25 
      IS transcripts 139 

     
ICE 

transcripts 49 

        
Total 

transcripts 188 
 
Table A2.5. Mobile elements by type in the S. velum symbiont reference genome and de novo 
assembled genomes from RI and the number of transcripts detected of each in a transcriptome 
from an individual from RI (data from Stewart et al. 2011). IS = insertion sequence, ICE = 
integrative conjugative element. Element families are derived from the ISsaga (Siguier et al. 
2006) and ICEberg (Bi et al. 2011) database nomenclature. For ME elements with multiple 
copies, the gene IDs of the copies expressed are in bold with the number of transcripts in 
parentheses. 
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Species/strain/isolate  NCBI accession taxon 
Alkalilimnicola ehrlichii MLHE-1  NR 074775.1 Gammaproteobacteria 
Allochromatium vinosum DSM 180 NC 013851.1 Gammaproteobacteria 
Alvinella pompejana epibiont clone APB13b  L35520.1 Epsilonproteobacteria 
Anodontia fragilis symbiont clone 2C  FJ752441.1 Gammaproteobacteria 

Azospirillum thiophilum strain DSM 21654 
NZ 
LAEL01000001.1 Alphaproteobacteria 

Bartonella henselae BM1374165 NZ HG969191.1 Alphaproteobacteria 
Bathymodiolus aff. brevior endosymbiont  DQ077891.1 Gammaproteobacteria 
Bathymodiolus brooksi symbiont clone GoM Chap  2.1  JF969170.1 Gammaproteobacteria 
Bathymodiolus childressi symbiont  AM236329.1 Gammaproteobacteria 
Bathymodiolus heckerae symbiont clone GoM Chap  1.1  JF969167.1 Gammaproteobacteria 
Bathymodiolus japonicus symbiont  AB036711.1 Gammaproteobacteria 
Bathymodiolus puteoserpentis Logatchev symbiont  AM083986.1 Gammaproteobacteria 
Bathymodiolus septemdierum symbiont  AB598130.1 Gammaproteobacteria 
Bathymodiolus thermophilus symbiont clone BT16S KF521928.1 Gammaproteobacteria 
Calyptogena extenta symbiont  AB479075.1 Gammaproteobacteria 
Calyptogena fausta symbiont  AB479081.1 Gammaproteobacteria 
Calyptogena kawamurai symbiont  AB479076.1 Gammaproteobacteria 
Calyptogena laubieri ssp. CM-2 M symbiont  AB479074 .1 Gammaproteobacteria 
Calyptogena nautilei symbiont  AB479080.1 Gammaproteobacteria 
Calyptogena pacifica symbiont  AF035723.1 Gammaproteobacteria 
Calyptogena phaseoliformis symbiont  AB479082.1 Gammaproteobacteria 
Calyptogena soyoae symbiont  AB479077.1 Gammaproteobacteria 
Candidatus Thioglobus singularis NZ CP006911.1 Gammaproteobacteria 
Chromobacterium violaceum ATCC 12472  NR 074222.1 Betaproteobacteria 
Codakia orbicularis symbiont   M99447.1 Gammaproteobacteria 
Coxiella burnetii  D89792.1 Gammaproteobacteria 
Cycloclasticus zancles  NR 121752.1 Gammaproteobacteria 
Dechloromonas aromatica RCB  NR 074748.1 Betaproteobacteria 
Desulfovibrio vulgaris RCH1 NC 017310.1 Deltaproteobacteria 
Escarpia laminata endosymbiont  AY129106.1 Gammaproteobacteria 
Geobacter sulfurreducens PCA NR 075009.1 Deltaproteobacteria 
Halorhodospira halophila NR 074856.1 Gammaproteobacteria 
Lamellibrachia satsuma symbiont clone KB45B-H30  KJ603241.1 Gammaproteobacteria 
Loripes lacteus symbiont clone 1C  FJ752446.1 Gammaproteobacteria 
Lucina nassula symbiont  X95229.1 Gammaproteobacteria 
Lucinoma aequizonata symbiont  M99448.1 Gammaproteobacteria 
Lucinoma aff. kazani symbiont  AM236336.1 Gammaproteobacteria 
Magnetospirillum magneticum  MGT-1 D17515.1 Alphaproteobacteria 
Maorithyas hadalis symbiont  AB188780.1 Gammaproteobacteria 
Marichromatium purpuratum 984 NZ CP007031.1 Gammaproteobacteria 
Methylobacter marinus strain A45  NR 025132.1 Gammaproteobacteria 
Methylobacter psychrophilus strain Z-0021  NR 025016.1 Gammaproteobacteria 
Methylobacter tundripaludum strain SV96  NR 042107.1 Gammaproteobacteria 
Methylococcus capsulatus str. Bath  NR 074213.1 Gammaproteobacteria 
Methylophaga frappieri JAM7 NR 121698.1 Gammaproteobacteria 
Myrtea spinifera clone L2-4 partial  FN600353.1 Gammaproteobacteria 
Olavius algarvensis associated proteobacterium 
Deltaproteobacteria 6  AM493255.1 Deltaproteobacteria 
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Petrasma sp. symbiont clone Mer MV 1 1 FM213426.1 Gammaproteobacteria 
Ridgeia piscesae endosymbiont  U77480.1 Gammaproteobacteria 
Riftia pachyptila endosymbiont  U77478.1 Gammaproteobacteria 
Rimicaris exoculata ectobiont clone Deltaproteobacteria S1-
6  FN658700.1 Deltaproteobacteria 
Rimicaris exoculata ectobiont clone Epsilonproteobacteria 
S1-4  FN658693.1 Epsilonproteobacteria 
Ruthia magnifica  NC 008610.1 Gammaproteobacteria 
Scaly snail symbiont isolate Monju NZ AP012978.1 Gammaproteobacteria 
Sedimenticola selenatireducens AK4OH1 NR 041877.1 Gammaproteobacteria 
Sedimenticola sp. SIP-G1  CP011412.1 Gammaproteobacteria 
Solemya elarraichensis symbiont  (this study) ** Gammaproteobacteria 
Solemya occidentalis symbiont  U41049.1 Gammaproteobacteria 
Solemya pervernicosa symbiont (this study) ** Gammaproteobacteria 
Solemya pervernicosa symbiont  AB499617.1 Gammaproteobacteria 
Solemya pusilla symbiont  U62130.1 Gammaproteobacteria 
Solemya reidi symbiont  L25709.1 Gammaproteobacteria 
Solemya terraeregina symbiont  U62131.1 Gammaproteobacteria 
Solemya velesiana symbiont  (this study) ** Gammaproteobacteria 

Solemya velum symbiont  
NZ 
JRAA01000003.1 Gammaproteobacteria 

Spiribacter UAH-SP71 NC 022664.1 Gammaproteobacteria 
Sulfurovum sp. NBC37-1  NR 074503.1 Epsilonproteobacteria 
Tevnia jerichonana symbiont AY129117.2 Gammaproteobacteria 
Thioalkalivibrio sulfidophilus HL-EbGr7  NC 011901.1 Gammaproteobacteria 

Thioalkalivibrio thiocyanoxidans ARh2 
NZ 
ARQK01000032.1 Gammaproteobacteria 

Thiobacillus denitrificans ATCC 25259  NR 074417.1 Betaproteobacteria 
Thiocapsa marina 5811 AF112998.1 Gammaproteobacteria 
Thiocystis violascens DSM198 NR 102951.1 Gammaproteobacteria 
Thioflavicoccus mobilis 8321  NR 102479.1 Gammaproteobacteria 
Thiohalobacter thiocyanaticus strain HRh1   NR 116699.1 Gammaproteobacteria 
Thiolapillus brandeum AP012273.1 Gammaproteobacteria 
Thiomicrospira crunogena XCL-2  NR 074329.1 Gammaproteobacteria 
Thiomicrospira pelophila  L40809.1 Gammaproteobacteria 
Thiomicrospira psychrophila strain SVAL-D  NR 042106.1 Gammaproteobacteria 
Thiomicrospira thermophila  AB166731.1 Gammaproteobacteria 
Thiothrix caldifontis strain G1  NR 116398.1 Gammaproteobacteria 
Thiothrix defluvii strain ben57  NR 114501.1 Gammaproteobacteria 
Thiothrix nivea  L40993.1 Gammaproteobacteria 
Thyasira flexuosa symbiont  L01575.1 Gammaproteobacteria 
Uncul bacterium clone 3M33 083  JQ287285.1 Gammaproteobacteria 
Uncul bacterium clone CK G5 12  EU487808.1 Gammaproteobacteria 
Uncul bacterium clone GoC Bac 153 D1 C0 M2  FJ813536.1 Gammaproteobacteria 
Uncul bacterium clone KZNMV-10-B26  FJ712513.1 Gammaproteobacteria 
Uncul bacterium clone OT-B17.13  AB252438.1 Gammaproteobacteria 
Uncul bacterium clone Out0bac82  GU302458.1 Gammaproteobacteria 
Uncul bacterium clone Out12bac92  GU302493.1 Gammaproteobacteria 
Uncul bacterium clone sediment deep24  GQ259267.1 Gammaproteobacteria 
Uncul bacterium cloneUT06 10 52B 51  AB525462.1 Gammaproteobacteria 
Uncul bacterium F20CH12 11 17 partial  HF558592.1 Gammaproteobacteria 
Uncul bacterium Suez Bac.24  AB530192.1 Gammaproteobacteria 
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Uncul Chromatiales bacterium  GU474885 Gammaproteobacteria 
Uncul Chromatiales bacterium clone TDNP Wbc97 24 4 116  FJ517068.1 Gammaproteobacteria 
Uncul Gammaproteobacteria clone 0V10  GU197445.1 Gammaproteobacteria 
Uncul Gammaproteobacteriaproteobacterium clone 82  FJ205280 Gammaproteobacteria 
Uncul Gammaproteobacteriaproteobacterium Sva0071  AJ240986 Gammaproteobacteria 
Uncul sediment bacterium clone JSS S04 308  HQ191047.1 Gammaproteobacteria 
Uncul Thioalkalispiraceae bacterium clone 1 76  KC009910.1 Gammaproteobacteria 
Uncultured bacterium clone 13 A01   268873.1 Gammaproteobacteria 
Uncultured bacterium clone A10 10.4 2  FJ717238.1 Gammaproteobacteria 
Uncultured bacterium clone D1 10.4 1  FJ717231.1 Gammaproteobacteria 
Uncultured bacterium clone MPC2 12   EU488606.1 Gammaproteobacteria 
Uncultured bacterium clone SIP13C 5D  KF741412.1 Gammaproteobacteria 
Uncultured Gammaproteobacteria proteobacterium clone 
TRAN-132   JF344548.1 Gammaproteobacteria 
Uncultured Gammaproteobacteria proteobacterium 
cloneA05   AB597527.1 Gammaproteobacteria 
Uncultured sediment bacterium clone JSS S04 526   HQ191083.1 Gammaproteobacteria 
Uncultured SUP05 cluster bacterium clone J8P41000 2H04  GQ351132.1 Gammaproteobacteria 
Vesicomya gigas symbiont  AF035726.1 Gammaproteobacteria 
Vesicomya lepta symbiont  AF035727.1 Gammaproteobacteria 
Vesicomya stearnsii symbiont  AB479079.1 Gammaproteobacteria 
Vesicomyosocius okutanii symbiont  AP009247.1 Gammaproteobacteria 
Wenzhouxiangella marina KCTC 42284  CP012154.1 Gammaproteobacteria 
 
Table A2.6. Accession numbers for sequences used in the 16S phylogenetic analysis (Figure 1.1). 
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APPENDIX 3 

 

Supplemental tables for Chapter 3: 

Intra-host bacterial genetic diversity exhibits evidence of mixed infections  

and recombinant haplotypes 
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Table A3.1. Sequencing information for intra-host samples. Specimens are named by collection locality 
with MA = Massachusetts, RI = Rhode Island, NJ = New Jersey, MD = Maryland, and NC = North 
Carolina. An asterisk marks specimens sequenced at a high depth-of-coverage. 
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Table A3.2. Diversity of mitochondrial populations between hosts compared to within hosts. Between 
host pairwise diversity (π) and segregating site counts were calculated from consensus sequences called 
from host individuals. Intra-host segregating sites are displayed as SNPs and indels. The total number of 
variant sites detected within a host individual is presented as well the subset of those sites segregating in 
symbiont genomes, and the subset of those that are specific to each subpopulation. 
	  


