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1 Abstract 

 

Eukaryotes are habitats for bacterial organisms where the host colonization and dispersal among 

individual hosts have consequences for bacterial ecology and evolution. Vertical symbiont 

transmission leads to geographic isolation of the microbial population and consequently to genetic 

isolation of microbiotas from individual hosts. In contrast, the extent of geographic and genetic 

isolation of horizontally transmitted microbiota and its consequences in shaping population pan-

genomes is poorly characterized. Here we show that chemosynthetic symbionts (Sulfur-oxidizing 

or SOX and Methane-oxidizing or MOX) of individual Bathymodiolus brooksi mussels constitute 

genetically isolated subpopulations. The reconstruction of core genome-wide strain sequences 

from high-resolution metagenomes revealed distinct phylogenetic clades. Nucleotide diversity 

and strain composition vary along the mussel lifespan, and individual hosts show a high degree 

of genetic isolation. By additionally reconstructing population pan-genomes, we reveal that gene 

content differences between mussel symbiont communities reflect the differences in strain 

composition; thus, strains belonging to the same monophyletic group share most of their genes. 

Furthermore, for both symbionts, the accessory gene content is over-represented in functions 

related to genome integrity. Compared to SOX, the MOX pan-genome is larger and has a smaller 

fraction of accessory genes. We find that MOX contains more genes related to cell motility and 

mobile genetic elements. Altogether, our results suggest that the uptake of environmental bacteria 

is a restricted process in B. brooksi, where self-infection of the gill tissue results in serial founder 

effects during symbiont evolution. We suggest that this geographic isolation among symbiont 

populations from individual mussels limits the exposure of symbionts to mobile genetic elements. 

In addition, the differences between both species suggest that the two symbionts have different 

ecological traits, where the association of MOX with the host occurred more recently and has a 

more facultative character that may involve an active free-living phase. We conclude that bacterial 

colonization dynamics over the host life cycle are an important determinant of population structure 

and genome evolution of horizontally transmitted symbionts. 
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2 Zusammenfassung (abstract in German) 

 
Eukaryoten sind Wirte von bakteriellen Organismen. Dabei hat die Besiedlung von Wirten und die 

Ausbreitung zwischen einzelnen Wirten Auswirkungen auf die Ökologie und Evolution der 

Bakterien. Die vertikale Übertragung von Symbionten führt zur geografischen Isolation der 

mikrobiellen Population und folglich zur genetischen Isolation der Mikrobiota einzelner Wirte. Im 

Gegensatz dazu ist das Ausmaß der geografischen und genetischen Isolation bei horizontal 

übertragenen Symbionten und die Konsequenzen für Pangenome von Populationen 

unzureichend charakterisiert. Die vorliegende Arbeit zeigt, dass chemosynthetische Symbionten 

(Schwefeloxidierend oder SOX und Methanoxidierend oder MOX) von einzelnen Muscheln der 

Art Bathymodiolus brooksi genetisch isolierte Subpopulationen bilden. Aus hochauflösenden 

Metagenomen wurden Strains, die das gesamte Kerngenom spannen, rekonstruiert. Diese 

Strains weisen deutlich getrennte phylogenetische Gruppen auf. Nukleotiddiversität und Strain-

zusammensetzung variieren über die Muschellebensdauer und einzelne Wirtsmuscheln weisen 

einen hohen Grad an genetischer Isolation auf. Mithilfe einer Rekonstruktion von Pangenomen 

kann gezeigt werden, dass Unterschiede im Gengehalt zwischen Symbiontenpopulationen die 

Unterschiede in der Strain-zusammensetzung widerspiegeln. Demzufolge teilen Strains, die zur 

gleichen monophyletischen Gruppe gehören, die meisten Gene. Des Weiteren weist der variable 

Gengehalt beider Symbionten einen Überrepräsentierung von Funktionen, die im 

Zusammenhang mit Genomintegrität stehen, auf. Im Vergleich zu SOX ist das Pangenom von 

MOX größer und weist einen geringeren Anteil variabler Genen auf. MOX enthält mehr Gene, die 

mit Zellmotilität und mobilen genetischen Elementen zusammenhängen. Die Ergebnisse legen 

nahe, dass die Aufnahme von Bakterien aus der Umwelt ein restriktiver Prozess in B. brooksi ist, 

bei dem eine Selbstinfektion des Kiemengewebes zu fortlaufenden Gründereffekten während der 

Symbiontenevolution führt. Es wird vermutet, dass wegen der geografische Isolation zwischen 

den Symbiontenpopulationen einzelner Wirtsmuscheln die Symbionten mobilen genetischen 

Elementen wenig ausgesetzt sind. Darüber hinaus deuten die Unterschiede zwischen beiden 

Arten darauf hin, dass die beiden Symbionten unterschiedliche ökologische Merkmale aufweisen, 

wobei die Assoziation von MOX mit dem Wirt in jüngerer Zeit aufgetreten ist und einen 

fakultativeren Charakter aufweist, der auch eine aktive freilebende Phase der Symbionten 

beinhalten kann. Schlußfolgernd ist die Dynamik der bakteriellen Kolonisierung innerhalb des 

Lebenszyklus des Wirts eine wichtiger Faktor für die Populationsstruktur und die Genomevolution 

horizontal übertragener Symbionten. 
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3 Introduction 

 

Bacteria inhabit most eukaryotes where their presence has consequences for key aspects of the 

host biology (McFall-Ngai et al. 2013), such as host development (McFall-Ngai 2014), nutrition 

(Shabat et al. 2016), or behavior (Schretter et al. 2018). From the bacterial perspective, animals 

constitute an ecological niche where microbial communities utilize the resources of their host 

habitat (Costello et al. 2012). The microbiota biodiversity over the host life cycle is determined by 

bacteria colonization dynamics and by host properties, including biotic and abiotic factors. For 

example, the microbiota can be affected by the host diet (David et al. 2014) or the host 

physiological state -e.g., hibernation (Sommer et al. 2016) or pregnancy (Koren et al. 2012). In 

addition, changes in the host environmental conditions such as temperature (Jones et al. 1998) 

or the availability of reduced compounds (Riou et al. 2008) can influence the microbiota 

community composition.  

Microbiota dispersal over the host life cycle depends on the level of fidelity between the 

host and its microbiota. In faithful interactions, vertically transmitted bacteria are transferred from 

adults to their progeny during early host developmental stages, while in less faithful interactions, 

horizontally transmitted bacteria are acquired from the environment throughout the host life cycle 

(Bright and Bulgheresi 2010). Strictly vertically transmitted bacteria are specialized in their host 

niche and their association with the host imposes an extreme geographic isolation. Bacterial 

inheritance over host generations imposes a strong bottleneck on the microbiota population and 

leads to reduced intra-host genetic diversity (Wernegreen 2015). Examples are monoclonal or 

biclonal populations observed in symbiotic bacteria inhabiting grass sharpshooter (Woyke et al. 

2010) and pea aphids (Guyomar et al. 2018). Furthermore, the geographic isolation of vertically 

transmitted bacteria leads to genetic isolation and to symbiont genome reduction over time as a 

consequence of genetic drift (Boscaro et al. 2017). In contrast, dispersal is expected to be higher 

for horizontally transmitted bacteria, where host-associated subpopulations are connected to one 

another through the environmental pool (Klose et al. 2015). Nonetheless, the genetic diversity of 

horizontally transmitted microbial populations may also be reduced due to bottlenecks during 

symbiont transmission and host colonization. Stochastic effects in the colonization of horizontally 

transmitted bacteria may manifest themselves in differences in microbiota strain composition 

among hosts (Hagen and Hamrick 1996; Vega and Gore 2017). This would lead to structured 

symbiont populations where the geographic isolation of the microbiota depends on the degree of 

symbiont dispersal among individual hosts. Geographic isolation between individual hosts over 
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the host life span would then lead to genetic isolation of the symbiont populations and to symbiont 

population structure. Genomic variation and genetic isolation have been observed for horizontally 

transmitted symbionts of the human gut microbiome (Schloissnig et al. 2013) and of the honey 

bee gut microbiome (Ellegaard and Engel 2019). Moreover, structured symbiont populations can 

also emerge within an individual host, as observed for Vibrio fischeri colonizing the squid light 

organ, where different light organ crypts are infected by a specific strain (Wollenberg and Ruby 

2009). The degree of dispersal of horizontally transmitted symbionts remains understudied; 

hence, whether populations from different microbiomes are intermixing or are genetically isolated 

is generally unknown. 

Here we study the microbiota strain composition of horizontally transmitted endosymbionts 

across individual Bathymodiolus brooksi deep-sea mussels. Bathymodiolus mussels live in a 

nutritional symbiosis with chemosynthetic sulfur-oxidizing (SOX) and methane-oxidizing (MOX) 

bacteria. The symbionts are acquired horizontally from the seawater and are harbored in 

bacteriocytes within the gill epithelium (Dubilier et al. 1998; Won et al. 2003). Most Bathymodiolus 

species harbor only a single 16S rRNA phylotype for each symbiont, including B. brooksi 

(Duperron et al. 2007). A recent metagenomic analysis of Bathymodiolus species from 

hydrothermal vents in the mid-Atlantic ridge showed the presence of different SOX strains with 

differing metabolic capacity (Ansorge et al. 2019). Mussel gills constantly develop new filaments 

that are continuously infected (Wentrup et al. 2014). However, whether the new gill filaments in 

Bathymodiolus brooksi are colonized predominantly by environmental bacteria or by symbionts 

from older filaments of the same host remains unknown. These two alternative scenarios are 

expected to impose different degrees of geographic isolation on the symbiont population: in 

continuous environmental acquisition, the level of inter-host dispersal is high while self-infection 

limits the symbiont dispersal. Here we studied the impact of tissue colonization dynamics of 

horizontally transmitted intracellular symbionts on the degree of symbiont diversity. Furthermore, 

we quantified the level of genetic isolation among communities across individual mussels and its 

impact on symbiont genome evolution.  

We implemented a high-resolution metagenomics approach that captures genome-wide 

diversity for both symbionts in multiple Bathymodiolus brooksi individuals from a single site. The 

field of metagenomics underwent a tremendous expansion in the last decade. Metagenomes are 

the product of untargeted sequencing of the genomic content present in an environmental sample 

(Quince, et al. 2017). It has been crucial for the discovery of unculturable species by sequencing 

partly their genomes -i.e., 16S rRNA sequencing- or by inferring the genomic content of the whole 
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species (commonly known as metagenome assembled genomes or MAGs) (Parks et al. 2017). 

Although sequencing became more affordable with time, metagenomics analyses are 

computationally challenging, mainly because of the need for assembling short reads into whole 

genomes.  

Nonetheless, new methods are continuously being introduced that enable to explore the 

genetic diversity present in the environment at unprecedented levels. Metagenomics is a very 

promising field, where not only we can study the whole variation in populations (including 

polymorphisms and strain specific genes), but also their extrachromosomal elements (Nielsen et 

al. 2014; Sibbesen et al. 2018). Here we used a deconvolution method that enabled us to 

reconstruct strain sequences from mussel metagenomes, and therefore study the strain diversity 

across individual mussel hosts (Quince, et al. 2017).  

Geographic isolation promotes the fixation of mutations; therefore, it can importantly 

determine the evolution of bacterial genomes. While the impact of population structure on the 

fixation of single-point mutations has been extensively studied -e.g., in human gut microbial 

populations (Schloissnig et al. 2013) - the effect that it has on the gain and loss of genes in the 

population is often overlooked. The term pan-genome refers to all DNA sequences that are part 

of a population or species and encompasses the core genome, which includes genes present in 

all the individuals, and the dispensable or accessory genome, that contains genes present only 

in specific strains (Medini et al. 2005; Tettelin et al. 2005). Differences in the accessory genomes 

may involve functional differences among strains. These functional differences are very often 

associated to niche adaptation and the formation of ecotypes -e.g., in Procclorococcus, the 

adaptation of different ecotypes to high and low light exposure derives from the accessory region 

of their genomes (Kettler et al. 2007).  

Although the role  of accessory genes in adaptation is well known, the main evolutionary 

driver shaping gene content variation in species pangenomes is very controversial. Two recent 

articles were published nearly simultaneously and presented opposite conclusions on this matter; 

one of the studies argues, within a population genetics framework, that pan-genomes are the 

product of adaptive selection. They concluded that large pan-genomes will be found in 

populations with large effective population size (Ne) because selection is here more efficient in 

fixing adaptive newly acquired alleles (McInerney et al. 2017). On the other hand, the positive 

correlation between Ne and pan-genome size was suggested to result from genetic drift. The 
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authors of this work argue that populations with high Ne have a higher nucleotide diversity, and 

this might be possible to extrapolate also to gene content variation (Andreani et al. 2017).  

There are two underlying molecular mechanisms that shape gene content variation: gene 

gain and gene loss. Gene loss occurs frequently in host-associated bacteria, (McCutcheon and 

Moran 2012; Bolotin and Hershberg 2015). Especially in vertically transmitted symbionts, 

populations are strongly affected by geographic isolation, what translates into a pervasive gene 

loss. Symbiont populations undergo bottlenecks during their transmission to new hosts, what 

leads to the fixation of non-sense mutations in non-essential genes by drift, and subsequent 

pseudogenization (Moran 2002). A very interesting example is the symbiosis between the 

bacterium Buchnera and its aphid host. Here, genes for the synthesis of essential amino acids 

became non-essential for the symbiont, as the metabolic pathway could be complemented by 

functions from the insect, and got lost (Hansen and Moran 2011). 

On the other hand, genes can be acquired de novo via horizontal gene transfer (HGT) 

from other bacteria, which belong to either same or, less frequently, to different species (Popa et 

al. 2011). Function gain via HGT is commonly described among host-associated microbes. For 

instance, HGT among bacteria from the intestinal tract in humans has been shown to be involved 

in the acquisition of antibiotic-resistance genes (Huddleston 2014) and genes involved in the 

synthesis of insecticidal molecules have been shown to be horizontally transferred among strains 

of the plant symbiont Burkholderia (Pinto-Carbó et al. 2016). HGT is carried out by the action of 

mobile genetic elements (MGEs), which include any form of DNA that can “jump” within or 

between genomes. MGEs include insertion sequences, and their derivate transposons (IS 

elements), bacteriophages, plasmids and integrative and conjugative elements (ICEs) or 

sequences that are embedded into outer-membrane vesicles (OMVs). HGT rate is positively 

correlated with sequence similarity and for that reason it is more frequent among individuals of 

the same species than among individuals from different species. Nevertheless, HGT is also 

limited by ecological barriers, such as, for example, geographic distance (Popa and Dagan 2011). 

One example is the pan-genome of the species Sulfolobus islandicus, where clusters of 

accessory genes could be associated to the biogeography of this bacterium (Reno et al. 2009). 

MGEs have been suggested to play an important role in mediating niche adaptation of 

endosymbiotic bacteria. In this regard, the “intracellular arena” hypothesis posits that the host cell 

serves as an arena for the endosymbionts, where these horizontally acquire genes that are part 

of an intracellular-specific gene pool (Newton and Bordenstein 2011; Brockhurst et al. 2019). 
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Bacterial genomes from species with different ecology differ in their averaged GC content, 

therefore, GC-content is typically used as a proxy to identify genes that have been acquired via 

HGT (Lawrence and Ochman 1997). GC-content has also been shown to vary between core and 

accessory regions of the genome, independently of HGT. Core genomes maintain lower AT-

content than accessory genomes by purifying selection. Nevertheless, it is debated whether 

selection or genetic drift is the main mechanism involved in generating low AT accessory 

genomes (Bohlin et al. 2017). A recent study shows that introducing lower AT-content plasmids 

to E.coli cells decreases the host’s fitness and thus suggests that accessory genomes may also 

be selected to contain higher AT-content than core genomes (Dietel et al. 2018). AT-rich genome 

is furthermore a characteristic from endosymbiotic bacteria. These have been shown to be higher 

in AT-content compared to free-living microbes, and mutational AT-bias has been suggested to 

be the main driver behind this variation (Moran 1996). Most mutations in the genome occur by 

oxygen radicals that lead to the mismatching of DNA. Repair mechanisms will then bias the 

composition towards AT-richer sequences, which are energetically more expensive (Wang et al. 

1998). For symbiotic bacteria, the small population sizes make random drift more effective, 

leading to the fixation of these mutations and therefore giving rise to AT-rich genomes. 

The presence of multiple symbiont strains inhabiting the same mussel host brings us a 

unique opportunity to study how geographic isolation affects the exposure of the population to 

MGEs, and how this geographic isolation impacts the flexibility of the symbiont population pan-

genomes. We ask how the strains are functionally different in order to better understand how 

symbiont diversity is generated. Additionally, we seek genes that may have been transferred 

between the two co-occurrent symbionts of deep-sea mussels and helped these bacteria to adapt 

to a symbiotic lifestyle.  

  



 13 

4 Methodology. 

 

For the development of this thesis, we have implemented a gene-based bioinformatics pipeline 

with the aim to analyze deeply sequenced metagenomes from deep-sea mussels at an 

unprecedented strain-level resolution. This pipeline can be divided into three modules, the first 

module consists of all the steps between the sequencing and the generation of a non-redundant 

gene catalog (NRGC). The second module focuses on identifying single-copy core genes (SCCG) 

and estimation of the frequencies of all single-nucleotide variants (SNVs) in the population. The 

third module of the pipeline aims to infer the population pangenomes. The last two modules 

converge in the identification of strain-specific genomes and the study of population structure 

(Fig. 1).  
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Figure 1: Metagenomics pipeline used in this thesis to analyze pan-genomes of two symbiotic 

species from the deep mussel Bathymodiolus brooksi. The pipeline consists of three main 

modules; the first module is meant to reconstruct a non-redundant gene catalog (NRGC) that 

contains all genes in the community. The second module infers single-copy core genes (SCCG) 

for the two metagenomic species and the frequency of the variants found among them. The 

third module identifies the accessory genomes. Posterior analyses involve the study of strain 

composition and population structure. 23 mussels have been sampled from a single cold seep 

in the northern Gulf of Mexico. These mussels are distributed into three distinct clumps (A, B 

and C). Symbiont-containing gills are extracted, homogenized and their metagenomes are 

sequenced. Per-sample assemblies and ORF predictions are performed. NRGC is 

reconstructed across samples. We used a canopy-based algorithm to bin genes into 

metagenomic species. SCCG are identified as those within a certain coverage range across all 

samples. SNVs are identified on these SCCG. We linked contigs across samples by using 

genes as connectors to reconstruct population pangenomes. We use SNV frequency 

covariation and gene content variation across samples to infer strain genomes. Additionally, 

we use this information to study population structure and degree of selection. 

 

4.1 Collection and sequencing 

Collection of samples and sequencing was performed thanks to our collaborators Rebecca 

Ansorge, Jillian M. Petersen and Nicole Dubilier from the symbiosis department at the Max Planck 

Institute for Marine Microbiology in Bremen, Germany.  

Here, twenty-three individuals of Bathymodiolus brooksi mussels were collected during a 

research cruise with the E/V Nautilus from the cold seep location GC853 at the northern Gulf of 

Mexico in May 2015. The mussel distribution at the cold seep was patchy and mussel individuals 

were collected from three distinct clumps within a radius of 131 meters (coordinates clump a: 

28.1237, -89.1404 depth: -1073m, clump b: 28.1241, -89.1401 + depth: -1073m, clump c: 

28.1237, -89.1404 + depth: -1073 to 1078m) (Fig. 4). The gills from each mussel individual were 

dissected immediately after retrieval and homogenized with sterilized stainless steel beads, 3.2 

mm in diameter (biostep, Germany). A subsample of the homogenate for sequencing analyses 

was preserved in RNA later (Sigma, Germany) and stored at -80°C. DNA was extracted from 

these subsamples as described by (Zhou et al. 1996). TruSeq library preparation and sequencing 

using Illumina HiSeq2500 was performed by the Max Planck Genome Centre in Cologne, 
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Germany, resulting in 250 bp paired-end reads with a median insert size of 400 bp. The raw reads 

were deposited in NCBI under BioProject PRJNA508280. 

 

4.2 Construction of the non-redundant gene catalog 

Illumina paired-end raw reads from the samples were trimmed for adapters and filtered by quality 

using BBMap tools (Bushnell 2014). Only reads with more than 30bp and quality above 10 were 

kept. This results in 37.7 million paired-end reads per sample on average (Supplementary Table 

1).  

We assembled each of the metagenomic samples individually using metaSPAdes (Nurk et 

al. 2017). Genes were predicted ab initio on contigs with metaProdigal (Hyatt et al. 2012). These 

predicted genes were clustered by single-linkage according to sequence similarity using BLAT 

(Kent 2002) (at least 95% of sequence identity in at least 90% of the length of the shortest protein 

and e-value < 10-6). To reduce the potential inflation caused by the single-linkage clustering, we 

applied two additional filters to discard hits: the maximum ratio allowed between the two compared 

sequence lengths must be 4 and hits between partial and non-partial genes are discarded. These 

filters are meant to remove spurious links between sequences due to the presence of commonly 

spread protein domains. This clustering was performed in two successive steps; first, we obtained 

sample-specific gene catalogs by performing intra-sample clustering. This is meant to reduce 

sequence redundancy, resulting in an average of ~676 000 non-redundant genes per sample 

(Supplementary Table 1). Second, one-sided similarity search was performed across all pairs of 

sample catalogs. This resulted in 1 156 207 clusters (26.5%) and 3 207 869 (73.5%) singletons, 

which make up a catalog of 4 364 076 million non-redundant genes. For each of the clusters, we 

reconstructed a consensus sequence as a cluster representative. To this end, we took the 

majority nucleotide at each position (ties were resolved randomly). 

 

4.3 Taxonomic annotation of gene catalog 

Taxonomic annotation of the gene catalog was performed by aligning the translated genes to the 

non-redundant protein NCBI database (date: 24/05/18) using diamond (Buchfink et al. 2015) (e-

value<10-3, sequence identity  30%) and obtaining the best hit. Genes were annotated as MOX-

related if their best hit is Bathymodiolus platifrons methanotrophic gill symbiont (NCBI Taxonomy 
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ID 113268) or Methyloprofundus sedimenti (NCBI Taxonomy ID 1420851). For SOX, the 

genomes of thioautotrophic symbionts belonging to four different Bathymodiolus species were 

used for annotation (NCBI Taxonomy IDs: 2360, 174145, 113267 and 235205). In addition, the 

gene catalog was screened for mitochondrial genes using best blastp hits against the 

Bathymodiolus platifrons mitochondrial protein sequences (NC_035421.1) (Sun et al. 2017) (all 

e-values <10-40). The gene catalog was also screened for symbiont marker genes by best blastp 

hits to a published protein database for Bathymodiolus azoricus symbionts (Ponnudurai et al. 

2017) (80% of protein identity and 100% of query coverage). This allowed the identification of 86 

SOX and 39 MOX marker genes. The marker gene coverages are generally uniform across a 

sample, however, a high variance in coverage is present in two of the samples (Fig. 5). Since the 

binning method relies on the covariation of coverage across samples, the presence of a high 

variance in coverage can interfere with the proper clustering of genes, thus, two samples were 

discarded from further analysis (Dsc1, Dsc2). 

 

4.4 Population pan-genomes reconstruction 

Differences in strain composition creates different assembly fragmentation pattern across 

samples. Additionally, regions of the genome that are present only in certain strains tend to lay 

on independent contigs. Here, we restore the linkage between contigs that are part of the original 

same genome and identify, from all the genes present in the catalog, the accessory and multi-

copy genes belonging to SOX and MOX symbiont species. To this end, we use a network traverse 

approach, where the genes identified as Single-Copy Core (SCCG) are initial seeds. The first 

layer of the pan-genome will be filled with all the genes that are found in the contigs where the 

SCCG are located. Note that for the pan-genomes reconstruction only genes of the non-discarded 

samples are considered. Thus, the size of SCCG sets from the second chapter differs from those 

from the first chapter, as singletons that originate from discarded samples were not further 

considered. Then, in an iterative manner, the genes from the recently added layer are seeds to 

expand the network. The search will conclude when no additional genes can be added to the pan-

genome. This approach relies on clusters of homologous genes that are identified as one gene 

present across samples. For this reason, the presence of genes that can be found multiple times 

in the genomes -as it is the case for transposases- or the misclassification of different genes within 

the same cluster, may be responsible for the spurious linkage of genome fragments that do not 

belong to the same genome. In order to avoid such artifacts, we will only consider genes as seeds 
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if they originate from clusters with a global sequence identity no lower than 0.95. Additionally, the 

clusters should not be composed by more than one gene per sample.  

 

4.5 Orthologous genes identification 

We identified orthologous sequences between SOX and MOX genes. For that purpose, we 

extracted reciprocal best blast (Altschul et al. 1990) hits between the translated sequences of 

SOX and MOX pan-genomes. Then, full-length protein sequence alignments were conducted with 

the Needleman-Wunsch algorithm implemented in EMBOSS (Needleman and Wunsch 1970; 

Rice et al. 2000), and pairs of genes with pair-wise identities of at least 30% were assigned as 

orthologous.  

 

4.6 Functional annotation 

Genes that have been identified as belonging to one of the symbiont species were functionally 

annotated. To this end, protein homology search was conducted by blasting translated gene 

sequences to the symbionts-related protein database previously published (Ponnudurai et al. 

2017). Hits with an e-value < 10-10 and at least 40% of protein sequence identity were kept. For 

genes with no hit to the database, functional annotation was performed by using eggNOG-mapper 

v2 (Huerta-Cepas et al. 2019). 

 

4.7 Estimation of the gene catalog coverages 

To estimate the gene abundances, we mapped the reads of each metagenomic sample to the 

gene catalog using bwa mem (Li and Durbin 2009). Reads below 95% of sequence identity or 

mapping quality of 20, as well as not primary alignments were discarded. Coverage per position 

for each gene in the catalog across samples was calculated using samtools depth (Li et al. 2009) 

and the gene coverage is given by the mean coverage across positions. We first downsampled 

the reads in each sample to the minimum number of reads found (33M, Supplementary Table 

1) and calculated mean coverage per gene to perform the binning and the analyses of coverage 

variance across symbiont marker genes (see above).  
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4.8 Genome binning and symbiont core genome identification 

Next, we performed co-abundance gene segregation by using a canopy clustering algorithm 

(Nielsen et al. 2014), which clusters genes into bins that covary in their abundances across the 

different samples. This approach allows to recover from chimeric associations obtained in the 

assembly process and to automatically separate core from accessory genes. Gene coverages 

across samples were used as the abundance profiles for binning. First, genes with a Pearson 

correlation coefficient (PCC) > 0.9 to the cluster abundance profile were clustered. Then, clusters 

with PCC > 0.97 between their median abundance profiles were merged and outlier clusters for 

which the coverage signal originates from less than three samples were removed. In addition, we 

removed a gene from a cluster if Spearman correlation coefficient to the median canopy coverage 

profile is lower than 0.7. Finally, overlaps among the clusters were removed by keeping a gene in 

the largest of the clusters in which it has been found.  

This enabled us to cluster 900 310 genes into 98 944 co-abundant gene groups (3 to 699 

genes) and three MetaGenomic Species (MGSs, ≥700 genes). An additional filter was applied to 

the MGSs to obtain final bins by removing outlier genes based on their coverage (Fig. 2). To this 

end, we used the Median Absolute Deviations (MAD) statistic as a cutoff to discard highly or lowly 

covered genes.  We removed genes that are at least 24 times MAD far from the median in at least 

one sample. The bins after outlier gene removal constitute the core genomes of the MGSs. We 

checked for the completeness of the symbiont bins with CheckM, by screening for 

Gammaproteobacteria universal single copy marker genes (Parks et al. 2015).  

 

4.9 SNV discovery on the core genomes 

To perform single nucleotide variant (SNV) discovery, we mapped the downsampled reads 

individually for each sample to the gene catalog. Because sample size has been shown to 

influence variant detection (Subramanian 2016), we normalized the data across samples. To this 

end, we normalized each sample to the smallest median coverage found in a sample (482x 

coverage for SOX, 36x coverage for MOX and 568x for mitochondrial genes). LoFreq was used 

for probabilistic realignment and variant calling of each sample independently (Wilm et al. 2012). 

SNVs detected with LoFreq have been hard filtered using the parameters suggested by GATK 

best practices (Broad Institute). Briefly, SNVs with quality by depth below 2, Fisher’s exact test 

Phred-scaled probability for strand bias above 60, root mean square of mapping quality below 40, 
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root mean square of base quality above 30, mapping quality rank sum test below -12.5 and read 

position rank sum test below -8 are kept for further analyses.  

The resulting SNVs can be fixed or polymorphic in a sample. Polymorphic SNVs are 

characterized by the allele frequency of the alternative allele whereas fixed SNVs have an allele 

frequency of 1. Here, we define SNVs as polymorphic in a metagenomic sample if their frequency 

is between 0.05 and 0.95 in the sample.  

 

4.10 Measures of population structure 

SNV data is used for calculating intra-sample and inter-sample nucleotide diversity () as applied 

before to human gut microbiome species (Schloissnig et al. 2013). Intra-sample nucleotide 

diversity () is given as: 

𝜋(𝐻, 𝐺) =
1

|𝐺|
∑

|𝐺|

𝑖=1

∑

𝐵1∈{𝐴𝐶𝑇𝐺}

∑
𝑋𝑖,𝐵1

𝐶𝑖

𝑋𝑖,𝐵2

𝐶𝑖 − 1
𝐵2∈{𝐴𝐶𝑇𝐺}\𝐵1

 

where H corresponds to the sample, G to the bacterial genome, |G| is the length of the analyzed 

genome and Xi,Bj  is the count of a specific nucleotide Bj at a specific locus i with coverage Ci. Inter-

sample nucleotide diversity () is then given as follows, where H1 and H2 correspond to the two 

samples compared: 

𝜋(𝐻1 , 𝐻2, 𝐺) =
1

|𝐺|
∑

|𝐺|

𝑖=1

∑

𝐵1∈{𝐴𝐶𝑇𝐺}

∑
𝑋𝑖,𝐵1,𝑆1

𝐶𝑖,𝑆1

𝑋𝑖,𝐵2,𝑆2

𝐶𝑖,𝑆2𝐵2∈{𝐴𝐶𝑇𝐺}\𝐵1

 

 

To estimate the degree of genetic isolation based on gene content, we have derived the intra and 

inter-sample gene diversity measures, based on the previous formulas. Here, we estimate the 

probability of finding presence and absence of certain gene when sampling two genomes from a 

sample: 

𝐺𝑒𝑛𝑒 𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦(𝑆, 𝑃) =
1

|𝐺|
∑ (

𝑖(𝐶𝑠 − 𝑖)

𝐶𝑠(𝐶𝑠 − 1)
)

|𝐺|

𝑖=1
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Where G is the number of genes in the pan-genome, i is the coverage of gene i in sample S and 

Cs is the median coverage of core genes in sample S. Note that the difference between accessory 

gene coverage and median core coverage in a sample is always positive -i.e., Cs-Δi   = min(0, Cs). 

The inter-sample gene diversity was estimated as follows: 

𝐺𝑒𝑛𝑒 𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦(𝑆1, 𝑆2, 𝑃) =
1

|𝐺|
∑ (

𝑖,𝑆1(𝐶𝑆2 − 𝑖,𝑆2)

𝐶𝑖,𝑆1𝐶𝑖,𝑆2
) (

𝑖,𝑆2(𝐶𝑆1 − 𝑖,𝑆1)

𝐶𝑖,𝑆2𝐶𝑖,𝑆1
)

|𝐺|

𝑖=1

 

Where S1 and S2 correspond to the two samples compared.  

Finally, these diversity measures are used to estimate the fixation index (FST), which measures 

genetic differentiation based on the nucleotide diversity present within and between populations.  

𝐹𝑆𝑇(𝑆1, 𝑆2, 𝐺) = 1 −
𝜋𝑤𝑖𝑡ℎ𝑖𝑛

𝜋𝑏𝑒𝑡𝑤𝑒𝑒𝑛
= 1 −

𝜋(𝑆1,𝐺)+𝜋(𝑆2,𝐺)

2 𝜋(𝑆1,𝑆2,𝐺)
  

The scripts to calculate genome-wide inter and intra-sample nucleotide diversity () and fixation 

index (FST) across all inter-sample comparisons from pooled SNV data have been deposited at 

https://github.com/deropi/BathyBrooksiSymbionts. 

 

4.11 Strain deconvolution 

We reconstructed the strains for the core genomes with DESMAN (Quince, et al. 2017). The SNVs 

with two states and their frequencies in each sample are used by DESMAN to identify strains in 

the core genomes that are present over multiple samples. Thereby, the program uses the SNV 

frequency covariation across samples to assign the SNV states to a specific genotype. For SOX, 

we ran the strain deconvolution five times using different seed numbers and 500 iterations. Due 

to computational limitations, a subset of 5 000 SNVs was used and the haplotypes considering 

the whole SNV dataset were inferred a posteriori. The five replicates were run for an increasing 

number of strains from seven to twelve. The program uses posterior mean deviance as a proxy 

for model fit. A posterior mean deviance lower than 5% was reached in the transition from eleven 

to twelve strains, therefore the number of inferred SOX strains is eleven. We did not run fewer 

numbers of strains because of the presence of large posterior mean deviances between runs with 

a small strain number. Additionally, we ran DESMAN for the SOX dataset that was subsampled 

to the MOX coverage with no replicates and eleven strains were found using posterior mean 

https://github.com/deropi/BathyBrooksiSymbionts
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deviance. For MOX, we ran four replicates using the whole SNV dataset and 500 iterations. The 

runs were performed by using an increasing number of strains from two to seven, reaching the 

optimal number of six strains. The consensus gene sequences of each strain were concatenated 

to generate the strain core genomes, which were used for further analyses. Splits network of the 

strain genome sequences were reconstructed using SplitsTree (Huson 1998) and uncorrected 

distances. The position of the root in the splits network was estimated by the minimum ancestral 

deviation (MAD) method (Tria et al. 2017), which uses maximum likelihood phylogenetic trees 

inferred with IQ-TREE (Nguyen et al. 2015).  

 

4.12 Measures of community composition  

To study the microbial community composition, we estimated α- and β-diversity accounting for 

strain relatedness in addition to species richness and evenness. α-diversity was estimated using 

phylogeny species evenness (PSE) (Helmus et al. 2007) implemented in the R package ‘Picante’ 

(Kembel et al. 2010). β-diversity was estimated using the weighted Unifrac distance, which is 

implemented in the R package ‘GUniFrac’ (Chen 2018). This measure quantifies differences in 

strain community composition between two samples and accounts for phylogenetic relationships. 

 

4.13 Allele frequency spectra estimation 

The unfolded allele frequency spectra were calculated from biallelic SNVs for each of the bacterial 

species within individual samples. The unfolded allele frequency spectrum estimation relies on 

the presence of ancestral states in the population. Because we have no information about the 

ancestry relationship among the strains present in the samples, we made one main assumption 

in this regard: the ancestral SNV state in the population corresponds to the one which is present 

in the higher number of strains. Ties are resolved by arbitrarily assigning one tip of the tree as 

ancestral state: M2.2 for MOX and S4 for SOX.  

 

4.14 pN/pS and Neutrality Index estimation 

We estimated pN/pS for both bacterial populations, which is a variant of dN/dS that can be used 

based on intra-species SNVs. To this end, we first calculated the expected ratio of 
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nonsynonymous and synonymous mutations for each gene by accounting for each possible 

mutation occurring in each of the codons. Then, we estimated the observed nonsynonymous to 

synonymous ratio by using the biallelic SNVs. These two measures are later compared, resulting 

in the pN/pS ratio. pN/pS was estimated genome-wide as well as individually for each of the genes 

in the two symbiont species. The per-gene pN/pS calculation results into undefined estimates for 

genes with no synonymous mutations. To circumvent this limitation, we added 1 to the number of 

observed synonymous mutations in each gene, which is a standard correction for dN/dS ratios 

(Stoletzki and Eyre-Walker 2011). 

The neutrality index (NI) accounts for differences in the ratio of nonsynonymous to 

synonymous variants between divergent and polymorphic SNVs in order to quantify the departure 

of a population from neutral evolution (Rand and Kann 1996). 𝑁𝐼 =
𝑝𝑁/𝑝𝑆

𝑑𝑁/𝑑𝑆
, where pN, and pS are 

the number of polymorphic synonymous and nonsynonymous sites, respectively, and dN and dS 

are the number of divergent synonymous and nonsynonymous sites, respectively. For a 

coalescent population that evolves neutrally, the nature of fixed mutations that are involved in the 

divergence of the strains should not be different from that of the polymorphic mutations. An excess 

of divergent nonsynonymous mutations (NI<1) indicates that the population underwent positive 

selection or a large demographic change in the past (Rand and Kann 1996).  

Here we used the NI to analyze if differences in selection have been involved in the evolution 

of SOX and MOX strains. Different strains are typically found in more than one sample, and this 

supports the notion that SNVs that characterize the strains constitute substitutions. We estimated 

NI by considering two different levels of divergence and polymorphism. First, we defined as 

divergent all those SNVs that have two possible states among the strains and as polymorphic all 

the invariant SNVs. Second, we used a more restrictive level of divergence. We excluded putative 

recently acquired SNVs from the set of divergent SNVs, by discarding those that have multiple 

states among strains from the same group. Polymorphic SNVs are all the remaining. The scripts 

to calculate the allele frequency spectra, pN/pS and NI have been deposited at 

https://github.com/deropi/BathyBrooksiSymbionts. Statistics and plotting were done in R. 
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5 Chapter I: on the population structure of deep-sea mussel symbionts. 

 

Bathymodiolus brooksi is known to horizontally acquire their symbionts from the seawater. 

Understanding whether this filtering of bacteria occurs in a continuous or restricted manner is 

interesting because different degrees of bacterial dispersal impacts population structure. 

Consequently, colonization dynamics affects gene flow and shapes the genetic diversity of 

symbiont populations. Here, we inferred the degree of dispersal across bacterial populations that 

inhabit individual mussels by studying the extent of population structure revealed by the core 

genomes.  

The contents of this chapter are published in ISME Journal: 

Romero Picazo, D., Dagan, T., Ansorge, R. et al. Horizontally transmitted symbiont populations 

in deep-sea mussels are genetically isolated. ISME J 13, 2954–2968 (2019). 

https://doi.org/10.1038/s41396-019-0475-z 

 

5.1 Results 

5.1.1 SOX is the dominant community member in the Bathymodolus microbiota. 

In order to investigate the community composition, we quantified the relative abundance of the 

microbiota species based on their genomic coverage in the metagenomes. To compare the 

relative abundances of the two symbionts across the different mussels, we quantified the ratio of 

SOX to MOX abundance, as well as the symbiont abundance relative to the mitochondrion gene 

abundance. For this purpose, we annotated twelve B. brooksi mitochondrion genes by sequence 

similarity to the B. platifrons mitochondrial genome (Sun et al. 2017) (Fig. 2f). Our results show 

that SOX has a similar abundance as the mitochondrion, with a median of SOX to mitochondrion 

ratio of 1.06 (n=19). In contrast, MOX is much less abundant compared to the mitochondrion, with 

a median ratio of 0.0618 (n=19). The two ratios have a low variation across mussel shell sizes 

(Fig. 3a,b). The comparison of SOX and MOX abundance shows that the SOX coverage is on 

average 19-fold higher than that of the MOX. This shows that SOX is more abundant in the mussel 

microbiota (Fig. 3c). The comparison among sampling clumps shows a higher SOX to MOX ratio 

in sampling clump c compared to the other two (Fig. 3c). This observation is most likely explained 

by differences in the availability of H2S and CH4 among clumps, which is a known determinant of 

SOX and MOX abundance in Bathymodiolus (Riou et al. 2008). Thus, SOX is the dominant 
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member in metagenomes of the mussel microbiota analysed here, where differences in the SOX 

to MOX ratio among the mussel metagenomes are likely determined by environmental factors. 

 

5.1.2 Gene-based metagenomics binning recovers SOX and MOX core genomes  

To study the evolution of the SOX and MOX genomes in Bathymodiolus mussels we used a high-

resolution metagenomics approach. Twenty-three adult B. brooksi individuals of shell sizes 

ranging between 4.8 cm and 24.3 cm were sampled from a single location at a cold seep site in 

the northern Gulf of Mexico. Shell size correlates with mussel  age (Schöne and Giere 2005); thus, 

analyzing mussels within a wide shell size range allowed us to study the symbiont population 

structure across adult hosts of different ages.  

The mussels were sampled from three separate mussel ‘clumps’ (small mussel patches 

residing on the sediment) that were at most 131m apart (Fig. 4). Such a ‘patchy’ distribution has 

often been observed in deep-sea mussels (Van Dover 2002). To obtain a comprehensive 

representation of the bacterial diversity in individual mussels and to accurately infer strain-specific 

genomes, homogenized gill tissue of each mussel was deeply sequenced (on average, 37.8 

million paired-end reads of 250bp per sample, Supplementary Table 1). The resulting 

metagenomic sequencing data was analyzed by a gene-based binning approach (Nielsen et al. 

2014). 

The prediction of protein-coding genes from the assembled metagenomes yielded a non-

redundant gene catalog of 4.4 million genes that potentially contained every gene present in the 

samples. This includes genes from the microbial community and from the mussel host. In the 

metagenomics binning step, genes that covary in their abundance across the different samples 

were clustered into metagenomic species (MGSs). Our analysis revealed two MGSs that 

comprise the SOX and MOX core genomes (Fig. 2). The distribution of gene coverage in 

individual samples shows that genes in each core genome have a similar abundance within each 

mussel. This confirms the classification of the SOX and MOX MGSs as core genomes. The MOX 

core genome is the largest MGS and it contains 2 518 genes with a total length of 1.97 Mbp. A 

comparison to Gammaproteobacteria marker genes shows that it is 96.2% complete. 

Furthermore, it contains 1 568 genes (62.3%) that have homologs in MOX-related genomes. The 

SOX core genome contains 1 439 genes, has a total length of 1.27 Mbp and is considered as 

80.2% complete. It contains 1 188 genes (82.6%) with homologs in SOX-related genomes.  
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Figure 2: Coverage of symbiont bins. Empirical cumulative distribution function (ECDF) of 

MAGs and mitochondrion. Samples are additionally labeled with the location where they have 

been sampled and the shell size. 19 samples (A-R) are used for the analysis of population 

structure and the remaining 4 samples (Dsc1-Dsc4) were discarded during the analysis; Dsc1 

and Dsc2 were discarded before the binning due to high variance in symbiont marker gene 

coverages (Dsc1_a13.6: median coverage=217.41 and SD=98.14 for SOX marker genes, 

median coverage=70.47 and SD= 41.3 for MOX marker genes; Dsc2_a23.5: median 

coverage=1368.28 and SD=785.73 for SOX marker genes, median coverage=44.60 and 

SD=185.12 for MOX marker genes). Dsc3 and Dsc4 were discarded after binning due to low 

coverage (median coverage < 15x for MOX core genes and median coverage <350x for SOX 

core genes). Median and standard deviation (SD) across genomes were estimated using only 

non-discarded samples. a, SOX incl. outlier genes (1 910 genes, median coverage range: 482-

2 822, SD range: 157-891), b, MOX incl. outlier genes (2 618 genes, median coverage range: 

36-157, SD range: 97-298), c, SOX (1 439 genes, median coverage range: 486-2 849, SD 

range: 52-294), d, MOX (2 518 genes, median coverage range: 36-157, SD range: 6-21), e, 

a b

c d

e f
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MGS3 (1 449 genes, median coverage range: 0-10, SD range: 0-11), no outlier genes detected. 

Total genome length of 1.31 Mbp. The third MGS could not be assigned to a taxonomic level; 

the top three genera found are Oceanicella (Taxonomy ID:1233054) with 61 genes (4.21%), 

Neomegalonema (Taxonomy ID 356797, 26 genes, 1.79%), and Micavibrio (Taxonomy ID 

213485, 26 genes, 1.79%). This unknown species is present in very low abundance and was 

mainly found in sample O. f, Mitochondrion (median coverage range: 568-4 784; SD range: 78-

618). 

 

 

Figure 3: Relative symbiont abundances across mussels. Note that the y-axis (ratio) is 

displayed in log scale. Coverages are estimated by calculating the mean coverage across all 

genes for SOX, MOX, and mitochondria, respectively. 
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In addition to the SOX and MOX core genomes, our analysis revealed a third MGS of 

1,449 genes (Fig. 2e) that was found in low abundance in a single mussel and, in addition, 98 

944 co-abundant gene groups (CAGs, 3-699 genes). Of the 23 metagenomes, four samples were 

discarded during the metagenomics binning. Two samples were discarded prior to the binning 

due to high variance in symbiont marker gene coverages and two samples were discarded after 

binning due to low coverage for both symbionts (Figs. 2,5). To gain insight into the SOX and MOX 

population structure between hosts, we compared the characteristics of the core genomes across 

the remaining 19 samples. The analysis of the core genome coverages shows that SOX is the 

dominant member of the mussel microbiota. The differences in the SOX to MOX ratio among the 

mussel metagenomes are likely explained by differences in the availability of H2S and CH4 among 

clumps, which is a known determinant of SOX and MOX abundance in Bathymodiolus (Riou et 

al. 2008) (Supplementary Information, Fig. 3).  

To study symbiont diversity below the species level, we analyzed single-nucleotide 

variants (SNVs) that were detected in the core genomes of the two symbionts. In this analysis, 

we considered SNVs that are fixed in a metagenome as well as polymorphic SNVs, i.e., SNVs, 

where both the reference and the alternative allele are observed in a single metagenome. We 

found 18 070 SNVs in SOX (SNV density of 14 SNVs/kbp, 49 multi-state, 0.27%) and 4 652 SNVs 

in MOX (SNV density of 2.4 SNVs/kbp, 5 multi-state, 0.11%). The number of polymorphic SNVs 

per sample ranges from 162 (0.9%) to 11 064 (61%) for SOX and from 27 (0.58%) to 3,026 (65%) 

for MOX (Supplementary Table 1), thus, most SNVs are polymorphic in at least one sample. It 

is important to note that the observed difference in strain-level diversity between SOX and MOX 

cannot be explained by the difference in sequencing depth (Supplementary Information). These 

results are in agreement with previous reports of SOX genetic diversity in other Bathymodiolus 

species (Ansorge et al. 2019). We further revealed that there is genetic diversity in the MOX 

symbiont.  
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Figure 4: Sampling information. a, sampling clumps. b, sampling location at the Gulf of Mexico, 

different color shades represent sampling depth in meters. 
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Figure 5: Gene coverages for a, 86 SOX and b, 39 MOX marker genes. The two core genomes 

were validated by screening for the presence of known SOX and MOX marker genes 

(Ponnudurai et al. 2017). These genes encode for protein functions in the methane and 

sulfur/thiosulfate metabolism pathways, such as methane monooxygensase (PmoB), methanol 

dehydrogenase (XoxF), intracellular sulfur-oxidation proteins (Dsr), sulfur-oxidation proteins 

(Sox), and adenylsulfate reductase (Apr), as well as for proteins associated to the carbon 

metabolism, such as malate, succinate and formate dehydrogenases (Mdh, Sdh, and Fdh). A 

total of 39 MOX and 86 SOX marker genes are present in the gene catalog. 

 

a

b
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5.1.3 Bathymodiolus microbiota is composed of SOX and MOX strains from several 
clades. 

Diversity in natural populations of bacteria is characterized by cohesive associations among 

genetic loci that contribute to lineage formation and generate distinguishable genetic clusters 

beyond the species level (Shapiro and Polz 2014). The formation of niche-specific genotypes (i.e., 

ecotypes) has been mainly studied in populations of free-living organisms such as the 

cyanobacterium Prochlorococcus spp. (Kashtan et al. 2014). Here we consider a strain to be a 

genetic entity present in multiple hosts and characterized by a set of variants that are linked in 

the core genome. To study lineage formation in symbiont populations associated with 

Bathymodiolus mussels, we reconstructed the strain core genomes from strain-specific variants 

that show similar frequencies in a metagenomic sample. 

The SNVs found in multiple samples and their covariation across samples were used for 

strain deconvolution of the core genomes using DESMAN (Quince, et al. 2017). This revealed 

that SOX is composed of eleven different strains with a mean strain core genome sequence 

identity of 99.52%. Phylogenetic reconstruction shows that the eleven strains cluster into four 

clades, which are separated by relatively long internal branches (Fig. 6b). Notably, 849 out of the 

total SNVs found on the SOX core genome (4.7%) could not be assigned to any particular strain. 

Thus, the resulting strain alignment is invariant for each of these positions and they are termed 

invariant SNVs from here on. For MOX, six strains with a mean core genome sequence identity 

of 99.88% were reconstructed. The phylogenetic network shows that the six strains cluster into 

two clades comprising three strains each (Fig. 6e). Of the total SNVs, 1 138 (24.4%) are invariant 

in the strain alignment. The overall MOX branch lengths are shorter than those of SOX. 

Furthermore, a pair of SOX strains differ by at most ~8 200 SNVs (0.44% different positions 

genome-wide) while two MOX differ by at most ~2 700 SNVs (0.19% different positions genome-

wide) (Fig. 6), thus, SOX has higher genome diversity compared to MOX. We note that the SOX 

and MOX strain diversity is lower in comparison to coexisting strains of the free-living marine 

cyanobacterium Prochlorococcus - e.g., Prochlorococcus clades C1 and C3 differ in 3.2% of the 

positions (Kashtan et al. 2014). The absence of phylogenetic informative positions in the SOX 

and MOX ribosomal protein-coding genes serves as another evidence for the low SOX and MOX 

diversity (Supplementary Information, Fig. 7). Importantly, the observed difference in strain 

diversity between MOX and SOX cannot be explained by the difference in sequencing coverage 

(Supplementary Information, Fig. 8).  
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Figure 6: Symbiont strain abundances (a, d), symbiont strain relationships (b, e), and example 

allele frequency spectra (c, f). a, b, c, 11 strains reconstructed for SOX. These cluster into four 

clades, with four, two times three and one strain per clade, labelled by shades of green, red, 

blue, and yellow. The strains differ by between 669 SNVs (strains S2.2 and S2.3, sequence 

identity 99.95%) and 8 171 SNVs (strains S3.2 and S4 sequence identity 99.36%). Minimum 

number of SNVs between strains of different clades is 6 451 (strains S1.1 and S2.1, sequence 

identify 99.49%). d, e, f, 6 strains reconstructed for MOX. These cluster into two clades, labelled 

by shades of red and blue. Strains differ by between 105 (strain M2.2 and M2.3, sequence 

identity 99.99%) and 2 677 SNVs (strain M1.1 and M2.1, sequence identity 99.81). The 

minimum number of SNVs differentiating strains from different clades is 2 224 (strains M2.2 

and M1.3, sequence identity 99.85%). a, d, Stacked barplot of relative strain abundances for 

each individual mussel. Mussel individuals are labeled with an assigned letter (A-S), followed 

by the sampling clump (a, b or c) and the shell size (cm). b, e, Splits network of the strain 

genome sequences. Scale bar shows the number of differences per site. The red dots indicate 

the position of the root. c, f, Example of derived allele frequency spectra (sample E). Different 

colors represent different strain clades (see also Supplementary Fig. 2). 

 

To study the community assembly at the strain level, we examined the strain distribution 

across individual mussels. Each SOX strain could be identified in between three and eight 

samples (frequency ≥5%; Fig. 6a). Only one or two strains were detected with a frequency of at 

least 5% in small mussels (≤7 cm), two to nine strains in medium-sized mussels (7.2 cm – 14.1 

cm) and one to two strains in large mussels (14.6 cm – 24.1 cm). Notably, only strains from clades 

S1 and S2 are present in large mussels (≥14.6 cm). One of the large mussels (S) is an exception 

as it hosts three SOX strains and contains strains from both clades S1 and S2. Six mussels have 

one dominant SOX strain (frequency ≥90%). Five of these are large mussels (M, N, P, Q, R) and 

only one is a small mussel (C). The dominant strain is either S1.4, S2.1, or S2.2 (Fig. 6a; 

Supplementary Table 1). The MOX strain composition across mussels shows that each MOX 

strain occurs (frequency ≥5%; Fig. 6d) in four to 17 mussels and each mussel contains two to 

four MOX strains. Additionally, strains of clade M2 are dominant in ten of the mussels. 

To investigate the degree of genetic cohesion within strain clades in the population, we 

studied the allele frequency spectrum (AFS) of each mussel. A visual inspection of the derived 

allele frequency spectra revealed multimodal distributions for both symbiont populations. The 



 33 

modes reach high allele frequencies and are associated with the main phylogenetic clades; this 

suggests that the clades constitute cohesive genetic units (Fig. 6c,f; Supplementary Fig. 1). The 

presence of high-frequency modes is especially apparent for SOX in medium-sized mussels that 

contain multiple strains. To identify sample-specific strain sequences, we reconstructed dominant 

haplotypes (major allele frequency ≥90%) for the samples that contain a dominant strain (strain 

frequency ≥90%). By comparing dominant haplotypes among samples containing the same 

dominant strain, we found that these can contain between 42 and 74 differential SNVs 

(Supplementary Table 1). This suggests that the fixation of variants within individual mussels 

contributes to the observed population structure. Noteworthy, the downsampling of SOX to MOX 

coverage levels has an impact on the AFSs, which do not reveal as strong modes as the full 

coverage dataset (Supplementary Fig. 3). 

Overall, our results revealed that the symbiont populations are composed of strains that 

cluster into a few clades, which appear to be maintained by strong cohesive forces. In addition, 

the strains are shared among multiple mussels, and multiple strains are capable of dominating 

different hosts. This suggests that stochastic processes are governing the symbiont community 

assembly, as previously proposed for other Bathymodiolus species (Ho et al. 2017).   
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Figure 7: Splits networks and phylogenetic tree showing strain relationships based on a 

sequence alignment of ten ribosomal protein-coding genes. a, SOX splits network. The number 

of variant sites in the alignment is 26 out of 3 489 (0.7%), where nine sites are parsimony 

informative. Six variants are located at the first codon position and 20 variants are located at 

the third codon position. b, MOX splits network.  The number of variant sites in the alignment 

is 3 out of 3 147 (0.1%), where none is parsimony informative. One variant is located at each 

codon position. c, Maximum likelihood phylogenetic tree reconstructed from the concatenated 

SOX and MOX merged alignment. The branch labels represent bootstrap values. The scale 

indicates the number of substitutions per site. The inferred length of the branch splitting SOX 

and MOX species ancestors is 1.75 substitutions per site. 

 

 

Figure 8: Splits network for SOX strains reconstructed using the full data set (colored) and 

SOX strains reconstructed after normalizing SOX to the median MOX coverage (black). 
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5.1.4 SOX strains evolve under purifying selection while MOX evolution is characterized 
by neutral processes 

To study the evolution of SOX and MOX strains in Bathymodiolus, we examined the selection 

regimes that have been involved in the formation of cohesive genetic SOX and MOX units. The 

core genome-wide ratio of pN/pS is higher in MOX (pN/pS of 0.425) in comparison to SOX (pN/pS 

of 0.137), which indicates that the strength of purifying selection is higher for SOX. In addition, we 

estimated pN/pS for each of the symbiont core genes. This revealed that MOX genes are 

characterized by large pN/pS and small pS values, while SOX genes have small pN/pS and large 

pS values (Fig. 9). The relative rate of nonsynonymous to synonymous substitutions has been 

shown to depend on the divergence of the analyzed species (Rocha et al. 2006; Kryazhimskiy 

and Plotkin 2008). For populations of low divergence, SNVs comprise substitutions that have 

been fixed in the population and mutations that arose recently. The latter include slightly 

deleterious mutations that were not yet purged by selection, resulting in an elevated ratio of 

nonsynonymous to synonymous replacements. Thus, this ratio is not suitable for analyzing closely 

related genomes, which is usually the case when studying variation within bacterial species.  

To circumvent the bias in pN/pS, we tested for differences in selection regimes in the 

evolution of SOX and MOX strains using the neutrality index (NI). NI is used to distinguish 

between divergent and polymorphic SNVs and to quantify the departure of a population from the 

neutral expectation. An excess of divergent nonsynonymous mutations (NI<1) indicates that the 

population underwent positive selection or an important demographic change in the past (Rand 

and Kann 1996). We estimated NI by considering two different levels of divergence and 

polymorphism. In the first level, all identified strains are considered as diverged taxonomic units; 

in the second level, we disregard the small-scale strain classification and consider only the clades 

as diverged taxonomic units (Table 1). Considering all strains as divergent, we observed a low 

NIMOX (<1), which suggests that MOX evolved under a neutral (NI~1) or positive selection regime. 

NIMOX increased when considering the clades as diverged, which suggests that the low NIMOX 

observed at the strain level is the result of an excess of nonsynonymous SNVs within the strain 

clades that may constitute transient polymorphisms. Thus, the excess of nonsynonymous 

mutations observed for MOX is biased by the low level of divergence; hence, similar to the pN/pS 

ratio, it cannot serve as an indication for positive selection. On the other hand, we found that 

purifying selection is in action for SOX (NISOX>1), i.e., the divergent SNVs are enriched for 

synonymous SNVs in comparison to the polymorphic SNVs. Similar to MOX, when using the 

clades as divergent, NISOX slightly increases. This increase indicates that the SNVs that differ 
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between clades are more likely to be substitutions in comparison to those that differ among within-

clade strains.  

Altogether, these results suggest differences in the selection regimes during the evolution 

of the SOX and MOX strains. While the SOX core genome is shaped by purifying selection, we 

cannot detect deviation from the neutral expectation in the MOX core genome. These differences 

likely stem from the different divergence levels among the strains of both symbiont species 

populations. The association of SOX with Bathymodiolus mussels is considered to be ancient in 

chemosynthetic deep-sea mussels whereas the MOX association is thought to have evolved 

secondarily during Bathymodiolus diversification (Lorion et al. 2013). This agrees with the larger 

degree of divergence observed here for SOX. Since we observed no evidence for positive 

selection on the symbiont core genomes, we suggest that the strains constitute cohesive genetic 

units within one ecotype (Achtman and Wagner 2008), where all strains are functionally equivalent 

at the core genome level. Notwithstanding, the strains might be linked to differences in the 

accessory gene content, as observed, for example, in the free-living cyanobacterium 

Prochlorococcus spp. (Kashtan et al. 2014) and in SOX symbionts of other Bathymodiolus 

species (Ansorge et al. 2019). 
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Table 1. Neutrality index (NI) for the symbiont core genomes.  

a, divergent SNVs are all those SNVs that differ between at least two strains, i.e., all identified 

strains are considered as diverged taxonomic units, and polymorphic SNVs are all the invariant 

SNVs. b, Divergent SNVs have the same state inside a strain clade and are not invariant and 

polymorphic SNVs are all the remaining, i.e., only the clades are considered as diverged 

taxonomic units. 

a 

 SOX MOX 

 divergent polymorphic divergent polymorphic 

nonsynonymous SNVs 5004 990 2115 704 

synonymous SNVs 10577 1450 1313 515 

nonsynonymous 
SNVs/synonymous SNVs 

0.47 0.68 1.61 1.37 

NI 1.44 0.85 

b 

 SOX MOX 

 divergent polymorphic divergent polymorphic 

nonsynonymous SNVs 2549 3455 1041 1778 

synonymous SNVs 6370 5657 649 1179 

nonsynonymous SNVs/synonymous 
SNVs 0.40 0.61 1.60 1.51 

NI 1.52 0.94 
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Figure 9: pS and pN/pS across genes for both symbionts. Density plots of the distributions are 

given in the margins. Note the log scale of both axes. Median MOX pS (0.0029) is smaller than 

median SOX pS (0.015) (Wilcoxon rank sum test, p-value < 10-6). Median MOX pN/pS (0.28) 

is larger than median SOX pN/pS (0.12) (Wilcoxon rank sum test, p-value < 10-6.). Only genes 

with SNVs are considered (1 117 genes for SOX and 1 359 genes for MOX). 
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5.1.5 Intra-sample diversity is higher for SOX than for MOX. 

The association with the host limits the dispersal of bacterial populations where the association 

across generations is likely maintained by symbiont dispersal between host individuals. If 

symbionts are not continuously taken up from the environment, each individual host constitutes 

an isolated habitat over its lifetime (Costello et al. 2012). Geographic isolation between habitats 

results in genetic isolation and contributes to the formation of cohesive associations of genetic 

loci (Shapiro and Polz 2014). Previous studies showed that geographic isolation during vertical 

transmission can lead to the reduction of intra-host genetic diversity in the bacterial populations 

(Wernegreen 2015). Nonetheless, the degree of isolation remains understudied for horizontally 

transmitted microbes. To characterize the contribution of geographic isolation to strain formation 

in the Bathymodiolous symbiosis, we next studied the degree of genetic isolation. Our sample 

collection of mussels covering a range of sizes (and thus ages) enabled us to compare symbiont 

genome diversity among individual hosts of different age within a single sampling site, thus 

minimizing the putative effect of biogeography on population structure. The host species B. 

brooksi is ideal for such an analysis as it grows to unusally large sizes and possibly lives longer 

than many other Bathymodiolus species. To study differences in genome diversity of the two 

symbionts across individual mussels, we estimated the intra-sample nucleotide diversity () and 

the ecological measure α-diversity at the resolution of the SOX and MOX strains.  

We found a high variability of SOX among different mussels (intra-sample SOX between 

5.2x10-5 and 3.6x10-3, Table 2, Fig. 10). Furthermore, SOX and the SOX α-diversity are 

significantly positively correlated (ρ2=0.98, p<10-6, Spearman correlation, Fig. 10a); hence, the 

intra-sample strain diversity is well explained by the nucleotide diversity. The variability in SOX 

agrees with the three age-related groups observed before for the number of SOX strains across 

mussel size. Small mussels (≤7cm) and large mussels (14.6cm – 24.1cm) have a low SOX and 

harbor one to two strains. Medium-sized mussels (7.2cm – 14.1cm) have a high SOX and harbor 

two to nine strains. The community in the largest mussel is an exception, as it has a high SOX, 

similar to medium-sized mussels, which can be explained by the presence of three strains from 

two clades.  

The MOX nucleotide diversity is significantly lower in comparison to SOX (intra-sample 

MOX between 5.6x10-6 and 7.0x10-4, Table 2, Wilcoxon signed rank test, p=0.015, Fig. 10). Similar 

to SOX, the MOX α-diversity is significantly positively correlated with MOX (ρ2=0.89, p<10-6, 

Spearman correlation) (Fig. 10b). One group of mussels harbors only MOX strains from clade 2 
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and is characterized by low MOX nucleotide diversity (A, C, J, L, M, P, Q, R, S, MOX between 

5.6x10-6 and 2.1x10-5), while the other group habors MOX strains from both clades and is 

characterized by high MOX nucleotide diversity (B, D, E, F, G, H, I, K, N, O, MOX between 1.4x10-

4 and 7.0x10-4). These groups are not associated with mussel size. Taken together, we observed 

a strong correlation between the nucleotide diversity  and α-diversity for both symbionts. Notably, 

 is based on all the detected SNVs whereas the α-diversity is based only on the strain 

composition and relatedness. Thus, the strong correlation demonstrates that the strain diversity 

captures most of the core genome-wide nucleotide diversity. 

A comparison of the  values estimated here to other microbiome studies shows that 

higher SOX have been observed in other Bathymodiolus species (mean between 2.2 x10-3 and 

3.9x10-3) (Ansorge et al. 2019). The average SOX and MOX nucleotide diversity estimated here 

is within the range of values observed in the clam Solemya velum microbiome where the symbiont 

transmission mode is thought to be a mixture of vertical and horizontal transmission (Russell et 

al. 2017). Furthermore, our estimates are lower than those observed for most bacterial species in 

the human gut microbiome that are considered to be horizontally transmitted (Schloissnig et al. 

2013).  

 

5.1.6 Geographic isolation of bacterial communities associated with individual mussels. 

Symbiont transmission mode is an important determinant of the community assembly dynamics 

(Bright and Bulgheresi 2010). For horizontally transmitted microbiota, similar community 

composition among hosts may develop depending on factors that affect the community assembly 

such as the environmental bacterial biodiversity or the order of colonization (Sprockett et al. 

2018). To study the degree of geographic isolation between mussel hosts, we calculated genome-

wide fixation index FST and the ecological measure β-diversity at the strain resolution across the 

metagenomic samples for the two symbionts. Small FST indicates that the samples stem from the 

same population whereas large FST indicates that the samples constitute subpopulations.  

Our results revealed generally high pairwise FST values, indicating a strong genetic 

isolation between individual mussels (mean pairwise FST
SOX

 of 0.618, mean pairwise FST
MOX

 of 0.495, 

Fig. 10); hence, most mussels in our sample harbor an isolated symbiont subpopulation of SOX 

and MOX. The SOX β-diversity is significantly positively correlated with FST
SOX

(ρ2=0.7, p <10-6, 
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Spearman correlation). We observed groups of mussels that are characterized by a low pairwise 

FST
SOX

 within the group and a high pairwise FST
SOX

 with symbiont subpopulations from other mussels. 

This population structure is also represented in the distribution of β-diversity (Fig. 10). Thus, 

mussels from the same group harbor genetically similar SOX subpopulations and a similar strain 

composition. Examples are one group of mussels including L, O, P, and Q that contains only 

strains of clade S2 and another group including the mussels M, N, and R that contains only strains 

of clade S1 (Fig. 10a). Notably, both groups are composed of large mussels only that are 

characterized by a low SOX.  

The distribution of pairwise FST
MOX

 revealed two main groups: one mussel group is 

characterized by high pairwise FST
MOX

 and low MOX while the other group is characterized by lower 

FST
MOX

 and high MOX (Fig. 10b). These correspond to the previously described groups, where one 

contains mussels with a low MOX and strains from clade M2 and the other group contains mussels 

with a high MOX and strains from both clades. We did not observe an association between MOX 

β-diversity and FST
MOX

 (p>0.05, Spearman correlation), which can be explained by the high 

proportion of invariant SNVs in MOX. Unlike SOX, the analysis of FST
MOX

 did not reveal groups of 

mussels with a low FST
MOX

 within the group and a high FST
MOX

 with other mussels. However, the 

pattern of β-diversity uncovered groups have a low β-diversity and a low nucleotide diversity. One 

group comprising large mussels (P, Q, S) is characterized by the presence of strain M2.3 and the 

absence of clade M1. Another group (A, C, J, L, M, R) containing mussels of different sizes is 

characterized by the dominance of strains M2.1 and M2.2 and the absence of clade M1.  Thus, 

the comparison of strain composition across mussels revealed that the MOX population is 

structured similarly to SOX. However, unlike SOX, the MOX groups are not associated with 

specific mussel shell sizes. 

The high FST values and the population structure we observed here reveal population 

stratification, that is especially pronounced for SOX. One possible factor that influences symbiont 

population structure is host genetics, whose impact on the composition of horizontally transmitted 

microbiota has been debated in the literature. Studies of the mammal gut microbiome showed 

that the host genotype had a contribution to the microbiome composition in mice (Benson et al. 

2010), whereas the association with host genetics was reported to be weak in humans (Rothschild 

et al. 2018). Analyzing 175 SNVs in 12 mitochondrial genes, we detected no association between 

mussel FST and symbiont FST for any of the two symbionts (Supplementary Information, Fig. 
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11). Consequently, we conclude that the strong population structure observed for SOX and MOX 

cannot be explained by mussel relatedness (i.e., host genetics) or clump distribution. 

Our results provide evidence for a strong genetic isolation between the symbiont 

subpopulations associated with individual mussels. This finding is consistent with the observed 

individual-specific symbiont strain composition. In contrast, much lower FST values were found for 

SOX populations in other Bathymodiolus species sampled from hydrothermal vents (mean FST 

per site between 0.05 and 0.17), which implies a weaker genetic isolation in these vents (Ansorge 

et al. 2019). Our analysis of cold seep B. brooksi data revealed SOX subpopulations with low 

genetic isolation that are observed using both FST, which takes all SNVs into account, and β-

diversity at the level of strains. In contrast, only β-diversity disclosed subpopulations for MOX. 

Thus, strain-resolved metagenomics resolves similarities between individual mussel microbiomes 

below the species level. 
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Figure 10: Symbiont population structure for a, SOX and b, MOX. Top left triangle: Intra-sample 

 and symbiont fixation index (FST) based on SNVs. Lower right triangle: α- and β-diversity 

based on reconstructed strains. Rows and columns are labelled by sample name, sample 

location, and shell size. Heatmap hierarchical clustering is based on Euclidean distance of FST. 

a, SOX: mean pairwise FST is 0.618. Two groups show an extreme degree of isolation: mean 

pairwise FST of group composed of M, N, R, is 0.313; mean pairwise FST of group composed of 

L, O, P, Q is 0.308; mean FST of sample pairs where one sample is M, N, or R and the other 

sample is L, O, P, or Q is 0.969. b, MOX: mean pairwise FST is 0.495. The clustering displays 

two groups: mean pairwise β-diversity of group composed of A, B, C, D, E, F, G, H, I, J, L is 

0.099; mean pairwise β-diversity of group composed of K, M, N, O, P, Q, R, S is 0.383. 

 

 

Figure 11: Mitochondria diversity. a, splits network (Huson 1998) (using Uncorrected P 

distances) based on the dominant haplotypes. We retrieved dominant mitochondrial haplotypes 

for each of the mussels by identifying SNVs with alternative frequency >0.5 and assigning the 

alternative nucleotide to these positions. b,c, relationship between b, SOX and c, MOX FST and 

mitochondria FST.  
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Table 2. Nucleotide diversity (), Fixation Index (FST), and pN/pS calculations for both symbiont 

populations.  

 

 SOX MOX 

Intra-sample  range 5.2x10-5-3.6x10-3 5.6x10-6-7.0x10-4 

intra-sample  mean 1.4x10-3 ± 1.3x10-3 (s.d) 2.7x10-4 ± 2.8x10-4 (s.d) 

intra-sample  median 6.7x10-4 1.4x10-4 

Pairwise FST range 0.151-0.986 0.096-0.898 

Mean pairwise FST 0.618 0.495 

pN/pS 0.137 0.425 

 

 

5.1.7 Individual-specific microbiota genetic variants cannot be explained by host 
genetics. 

Mitochondrial genes have been previously used to identify lineages in Bathymodiolus mussels 

(Breusing et al. 2017). Here, we used genetic variants in the mitochondrion genome as a marker 

to investigate the contribution of mussel relatedness to the observed genetic isolation of the 

symbiont communities. Analysing the twelve mitochondrial genes, we detected 175 SNVs with a 

density of 15.6 SNVs/kbp (intra-sample Mitochondria between 9.5x10-6 and 7.7x10-5, mean 3.3x10-5 

± 2.2x10-5, s.d.). We found that most of the mitochondrial SNVs are fixed (frequency≥0.95) with 

an average of 99.8% fixed SNVs per sample. The phylogeny of the dominant mitochondrial 

haplotype for each sample shows no clustering of individuals according to sample clump or 

mussel size (Fig. 11), which indicates that the mussel individuals analyzed here belong to the 

same population. The high proportion of fixed SNVs results in high FST values (Fig. 11b,c), which 

is expected for vertically transmitted mitochondrial genomes. We further used the FST values to 

detect associations between mussel genetics and symbiont diversity. Our results reveal no 

association between mussel FST and symbiont FST for any of the two symbionts (Fig. 11b,c). 

Consequently, we conclude that the population structure observed for SOX and MOX cannot be 

explained by mussel relatedness or location. 
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5.2 Discussion  

Our analysis revealed strong genetic isolation among subpopulations of symbiotic bacteria found 

in individual mussel hosts, indicating geographic isolation between mussels. The genetic isolation 

is independent of host genetics and of the mussel location in clumps. We hypothesize that the 

geographic isolation occurs through a restricted uptake of SOX and MOX symbionts from the 

environment over time. The lack of evidence for strong adaptive selection in SOX and MOX strains 

suggests that the inter-host population structure results from neutral processes rather than host 

discrimination against different strains. Here, we propose a neutral model for symbiont community 

assembly that explains how restricted symbiont uptake and colonization impose barriers to the 

symbiont dispersal, which can, over time, lead to inter-host population structure and contribute to 

the formation of cohesive genetic units within the symbiont population (Fig. 12). In our model, 

bacteria are acquired from the environmental symbiont pool in post-larvae mussels. The 

symbionts colonize every tissue in the beginning, to later restrict their localization to the gill tissue, 

as suggested by previous studies (Wentrup et al. 2013). Environmental symbiont acquisition in 

later developmental stages may occur due to symbiont loss and replacement driven by 

environmental changes or increased gill growth rate, which might explain the observed increase 

in symbiont diversity for middle-size mussels. The absence of clump-specific effects indicates the 

existence of a joint environmental pool across all sampled locations. The presence of a symbiont 

environmental pool was suggested before based on the detection of symbiont genes in adjacent 

seawater (Fontanez and Cavanaugh 2014; Ikuta et al. 2016). Nevertheless, the loss of central 

metabolic enzymes suggests that bacteria disperse in a dormant state (Ponnudurai et al. 2017). 

We hypothesize that the dormancy of free-living symbionts and the preservation of few symbiont 

cells inside bacteriocytes (Dubilier et al. 1998) contribute to the isolation of bacterial 

subpopulations inside the host cells from the overall population, which can lead to recombination 

barriers. Our results support the self-infection hypothesis (Wentrup et al. 2014), according to 

which, once the gill is first colonized, bacteria present in ontogenically older tissue infect newly 

formed gill filaments; thus, the uptake of symbionts from the environment is limited. In addition, 

decreased growth rate in older mussels may also lead to decreased symbiont uptake. This model 

plausibly explains the observed pattern of strong symbiont genetic isolation between mussels and 

of reduced SOX strain diversity in large mussels.  
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Notably, our results are in contrast to a recent study on other Bathymodiolus species from 

hydrothermal vents, that concluded that SOX populations from individual mussels of the same 

site intermix (Ansorge et al. 2019). This contrast may be explained by differences in the symbiont 

abundance in the seawater, which is expected to play a role in the colonization process. Our 

samples originate from a cold seep site with low mussel density (Fig. 4); thus, the concentration 

of symbionts in the surrounding seawater may be correspondingly low. The low symbiont 

abundance would cause a low probability of later infections and a prevalence of self-infection. In 

contrast, the symbiont abundance in the seawater at large and densely populated mussel beds 

at hydrothermal vents is expected to be higher, resulting in a higher probability of later infections.  

The colonization of new filaments over the mussel lifespan via self-infection entails serial 

founder events on the bacterial population. Throughout this process, new mutations arising in the 

symbiont population during the lifetime of the mussel can reach fixation due to genetic drift 

following population bottlenecks. This process is expected to lead to a reduction of symbiont 

genetic diversity over the mussel lifetime. Thus, individual mussels develop into independent 

habitats that harbor individual symbiont subpopulations, which are genetically isolated from other 

mussel-associated subpopulations and from the environmental pool. The evolution of vertically 

transmitted endosymbiont populations is similarly affected by serial founder effects (Reuter et al. 

2005), as we suggest here for horizontally transmitted bacteria. However, migration between host-

associated subpopulations and the environmental pool results in an increased effective population 

size for horizontally transmitted bacteria; thus, the population is not subject to the fate of genome 

degradation as commonly observed in vertically transmitted symbionts (Boscaro et al. 2017). 

Serial founder effects and recombination barriers due to geographic isolation are important drivers 

of lineage formation in bacteria (Achtman and Wagner 2008). Reduction of genetic diversity due 

to transmission bottlenecks is considered a hallmark of pathogen genome evolution (Didelot et 

al. 2016); examples are Yersinia pestis (Gonzalez et al. 2015) and Listeria monocytogenes 

(Zhang et al. 2017). Our model demonstrates that, similar to pathogenic bacteria, genome 

evolution of bacteria with a symbiotic lifestyle can be affected by serial founder effects due to self-

infection. 
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6 Chapter II: reconstructing the population pan-genomes of symbionts. 

 

Diversity in bacterial populations is comprised of single-nucleotide variants (SNVs) and gene 

content variation. In chapter I, we analyzed SNVs in core genes and showed that geographic 

isolation impacts importantly the diversity of deep-sea mussel symbiont populations. Gene 

content variation can be vertically inherited or acquired horizontally from mobile genetic elements 

(MGEs). Therefore, gene acquisition via horizontal gene transfer (HGT) is theoretically less 

restricted by geographic isolation. Here, we study how symbiont population structure impacts 

gene gain and loss dynamics in the population pan-genomes. Moreover, we are interested in 

studying the implications of differences in accessory genomes among strains for microbial 

community composition across individual hosts. To that end, we inferred the population pan-

genomes of the two co-occurring symbionts by combining the metagenomic assemblies of 19 

mussel samples.  

 

6.1 Results. 

6.1.1 SOX and MOX symbiont populations are characterized by differences in their pan-

genome sizes. 

Using a network approach to reconstruct pan-genomes from metagenomic samples, we could 

initially recover 2,570 and 2,907 genes for SOX and MOX populations, respectively. The quality 

of these pan-genomes has been assessed by studying the distribution of two different gene 

cluster features across the pan-genome layers; these are the cluster size and the cluster 

sequence identity (Table 3). As expected for genes that are not present in every single strain, the 

gene cluster size decreases as the layer of the network increases. This means that the genes 

could not be recovered from every sample, therefore supporting their status as accessory. 

Additionally, the median sequence identity of the clusters is close to one (>0.99), and this 

indicates that the gene clusters added to the pan-genomes are not very likely affected by 

contamination – i.e., presence of homologous genes from a different metagenomic species. This 

further supports the robustness of the reconstructed pan-genome network. Note that the gene 

cluster size standard deviation (SD) is relatively high in some instances, indicating the presence 

of potential paralogous genes. Some paralogous genes are multicopy genes that can be 

transferred at a relatively high rate within and between genomes -e.g., transposons. These might 
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create spurious associations between sequences that do not belong to the same genome. To 

prevent erroneous linkages, we do not consider non-redundant genes that have multiple copies 

per sample as seed to expand the next layers of the network. Nevertheless, as they belong to the 

bacterial genomes, we included them into the pan-genomes. 

We found that the pan-genome of SOX consists of five layers, where different numbers of 

genes are added (Table 3). From the total number of accessory genes recovered in the network, 

83 genes were discarded as they showed a coverage of 0 across samples. Additional three genes 

were rejected, as they could also be added to the MOX pan-genome, and therefore their origin 

was unclear. In total, the reconstructed pan-genome for SOX population comprises 2,484 genes; 

1,408 of them were previously identified as Single-Copy Core Genes (SCCG) and 1,076 are 

additional genes, which are potentially accessory. In total, the length of the genes in the SOX 

pan-genome is 2.27Mb. 

On the other hand, the MOX population pan-genome is larger than that of SOX, with 2,866 

genes, where 2,443 are SCCG and 423 are additional genes. Similarly to SOX, the coding fraction 

of the MOX pan-genome consists of 2.24Mb. Additionally, 38 genes were discarded, as no 

coverage was found across samples. Moreover, 3 genes were rejected as they were also linked 

to the SOX pan-genome. Note that the core genomes reported here contain fewer genes than the 

core genomes described in chapter I. This is because samples Dsc1-4 were used to construct 

the NRGC, but not for later analyses, including the pan-genome reconstruction.  

To have an estimation of the fraction of the population pan-genome that we could recover 

from our total sampling set, we calculated the number of new genes (the presence of a gene is 

positive when its coverage is at least 5% of the median coverage of the core genes) that are 

added to the pan-genome for each newly sampled mussel in the two species (Fig. 13).  We 

observed that, in the two species, the number of newly added genes per new sample reaches a 

plateau by sample size of 10 in SOX and 14 in MOX. This suggests that, most genes present in 

the population pan-genomes could be recovered with this sample size, although, this does not 

necessarily reflect the pan-genome size of the entire species. 
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Table 3: SOX and MOX population pan-genomes quality statistics shown per pan-genome 

layer. Cluster size indicates the number of genes that are comprised in each homology cluster, 

for which a representative is selected and included in the non-redundant gene catalog, and 

later in the pan-genome. Seqid: sequence identity of the multiple alignment of gene clusters. 

SD: standard deviation. 
 

layer  #genes Median cluster size SD cluster size Median seqid SD seqid 

SOX 

0 1408 19 5.04 0.99 0.01 

1 907 13 6.70 1.00 0.02 

2 202 3 39.06 1.00 0.06 

3 42 4.5 6.09 1.00 0.01 

4 6 3 14.81 1.00 0.09 

5 5 1 1.20 1.00 0.00 

MOX 

0 2443 19 3.87 1.00 0.01 

1 427 9 7.62 1.00 0.02 

2 26 5 5.61 1.00 0.00 

3 5 4 3.50 1.00 0.00 

4 6 3.5 1.11 1.00 0.00 
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Figure 13: SOX and MOX population pangenomes size and strain composition across mussel 

samples. Number of new genes added to the a, SOX and b, MOX pan-genomes per each newly 

sampled mussel. Number of c, SOX and d, MOX strains added for each sampled mussel. Each 

gray dot corresponds to an individual data-point for a specific permutation (analysis performed 

by permutating 1,000 times the order of the added mussels). Blue squares correspond to the 

median number of genes added across permutations. 
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6.1.2 Strain clades are characterized by differential gene content. 

In chapter I, we show that the deep-sea mussel symbiont populations are composed of multiple 

strains, which we characterized by a set of polymorphisms in their core genomes. Here, we aim 

to additionally identify the gene content of the strains. We previously proposed that the nucleotide 

diversity observed in the symbiont populations is mainly the product of neutral processes -namely, 

strong genetic isolation and genetic drift- rather than positive selection. Nevertheless, this 

conclusion was drawn regarding core genes. To study whether the presence of strain-specific 

functions could raise the frequency of determined strains in the population, we study the selective 

pressure on the accessory genome as well. Because the symbionts have a free-living phase, 

mobile gene elements mightcan potentially shape the symbiont genomes regardless of the strong 

population structure observed, by introducing genetic diversity in the form of newly acquired 

genes. Therefore, here we aim to study the contribution of gene gain and loss to the genetic 

diversity of symbiont populations relative to that of single point mutations. 

We first studied the degree of isolation (FST) between samples by using gene diversity, 

which is based on the measured frequency of each gene within and between samples (see 

methods). We found that the overall degree of isolation based on the presence of genes across 

samples is lower than that of the previously reported (mean gene content FST
SOX: 0.347, mean 

gene content FST
MOX: 0.124). The lower FST found in accessory genes compared to core genes 

indicates that strains differ more in their core-genes polymorphisms than in their gene content. 

The gene content pairwise FST shows a very similar clustering pattern to the one previously 

observed, where samples cluster according to strain composition (Fig. 14). Such a strong signal 

further supports the successful recovery of accessory genes from metagenomes and the lack of 

contamination. Just as in the comparison between SNVs-based FST and -diversity, larger clusters 

are formed when looking at gene content-based FST instead of SNVs-based FST (e.g., the annexing 

of samples A and C to the cluster formed by O, L, P, Q in SOX; Fig. 14a). This observation is 

explained by the significant positive correlation between gene diversity FST
 and -diversity in the 

two symbiont populations (Fig. 14c,d). Such a strong positive correlation suggests that gene 

content differences are mainly found among strain clades, since the degree of genetic isolation 

among subpopulations containing strains from the same clade is small.  

We studied how samples and accessory genes cluster according to their coverage across 

mussels. We found in both bacterial species, but especially in SOX, a very clear 

presence/absence pattern, where samples group according to the presence of genes and clades 
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(Fig. 15, 16). This observation further supports the hypothesis that gene content is mainly a 

characteristic of strain clades, rather than of the strains themselves. In addition, we identified, for 

SOX and MOX, two groups of 114 and 9 genes, respectively, that are found in all samples, with 

coverage similar to the SCCG median coverage (Fig. 15, 16). Those genes were previously 

discarded from the core pool, as they were coverage outliers, but will be added to the core set in 

the following analyses.  
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Figure 14: Symbiont population structure for a, SOX and b, MOX. Top left triangle: intra-

sample π and symbiont fixation index (FST) based on SNVs. Lower right triangle: FST and gene 

diversity based on gene content. Rows and columns are labelled by sample name. Heatmap 

hierarchical clustering is based on Euclidean distance of core-SNVs FST Correlation between 

gene content-based FST and -diversity for c, SOX and d, MOX symbionts rho and p-values 

shown for Spearman’s correlation test. Linear regression lines and 95% confidence intervals 

are shown.  
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Figure 15: Heatmap of SOX accessory genes coverage across samples. For representative 

purposes, coverage is limited to 1000x. Genes and samples are hierarchically clustered. The 

coverage shown is normalized to the median SCCG coverage among samples and 18 genes 

are not shown as they show no coverage across samples after normalization. The orange 

square covers a cluster of 114 genes which are covered across all samples and will be added 

to the core gene set.  
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Figure 16: Heatmap of MOX accessory genes coverage across samples. For representative 

purposes, coverage is limited to 100x. Genes and samples are hierarchically clustered. The 

coverage shown is normalized to the median SCCG coverage among samples and 4 genes 

are not shown as they show no coverage across samples after normalization. The orange 

square covers a cluster of 9 genes which are covered across all samples and will be added to 

the core gene set. 
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To link the accessory genes to the core genomes of the different symbiont strains, we 

identified samples with a dominant strain – i.e., samples where the frequency of the dominant 

strain is at least 0.7- and determined, in these samples, the presence of accessory genes 

whenever their frequency is of at least 0.5 (considering that the maximum frequency is the 

sample-specific SCCG median coverage).  

We linked 731 genes (76% of accessory genes) to 5 SOX strains dominant in 12 mussel 

samples (Fig. 17 Supplementary Fig. 2). Two of these strains belong to clade S2 (S2.1 and 

S2.2). We could identify the accessory genes of one strain for each of the remaining three clades 

(S1.4, S3.2 and S4). Strain assignment of genes was performed by merging the genes found 

across all samples where the particular strain was dominant. Similarly, clade-specific genes result 

from merging genes that are found across strains belonging to the same clade.  

First of all, we found that the number of sample-specific genes is always smaller than 11, 

indicating that strain gene content assignment is highly consistent across samples 

(Supplementary Fig. 2). The clades differ in the number of accessory genes; S2 is the clade with 

a larger number of accessory genes, with 418 genes. It is followed by S4, with 322 genes. S3 and 

S1 contain almost the same number of accessory genes, with 295 and 293 genes, respectively. 

As expected, we observed that the two strains reconstructed for clade S2 share most of their 

accessory genome, with 356 genes common among strains, 20 genes present in S2.1 not found 

in S2.2 and 27 genes found in S2.2 not found in S2.1. Moreover, S2.1 and S2.2 contain 8 and 17 

exclusive genes, respectively. Additionally, S2 contains the most genes exclusive for the clade, 

where the strains share 133 genes that can be found nowhere else. This is followed by S3, which 

contains 71 genes that are not found elsewhere. S1 contains 65 clade-specific genes. And finally, 

S4 contains 59 genes that could not be found in any other clade. We also identified 68 genes 

present across all samples. 18 of these genes were found to have a coverage that is larger than 

the maximum coverage found among core genes, and therefore they were classified as potential 

paralogous genes. We found that mutations exceed gene content variation. For instance, the 

most distant strains (based on core SNVs), S3.2 and S4, differ by 8,171 SNVs, and 315 genes 

(171 only present in S4 and 144 only present in S3.2). This is also observed among strains of the 

same clade -e.g., S2.1 and S2.2 differ by over 669 SNVs, while they have less than 20 strain-

specific genes.  

For MOX, we could assign 276 accessory genes (66.67% of the accessory genes) to 3 

different strains covering the two phylogenetic clades -M2.2, M2.3 and M1.2- across 10 different 
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samples (Fig. 18). Similarly to SOX, the number of sample-specific genes never exceeds 10 

(Supplementary Fig. 1) and the strains within the same clade share most of their genes. M2.2 

contains 8 genes not present in M2.3 while M2.3 contains 13 genes not present in M2.2. M1 and 

M2 contain 144 and 211 accessory genes, where 65 are M1-specific and 132 are M2-specific. In 

addition, 79 genes were shared among all three strains. 34 out of these 79 genes were found to 

be potential paralogs, since their coverage is larger than the maximum coverage found among 

core genes.  

After re-defining both core gene sets, we found that the pan-genome of MOX population 

contains a larger number of total genes than that of SOX population with 2,866 and 2,484 genes, 

respectively. In addition, we observed that a larger fraction of the SOX pan-genome is accessory 

(38.73% in SOX versus 14.45% in MOX). Together, this may suggest that SOX underwent 

genome erosion to a bigger extent. Moreover, MOX contains a larger number of paralogs than 

SOX, what may reflect the presence of a larger number of transposons, as expected for a species 

that is closer to a more facultative stage of the symbiosis (Newton and Bordenstein 2011). We 

also found that in the two bacterial species, the gene content is mostly different among strain 

clades. The absence of many strain-specific genes within the clades suggests that gene 

acquisition might not be a very pervasive phenomenon in the population, as differences in gene 

content are concentrated in deeper branches of the symbionts phylogenies.  
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Figure 17: Interaction plots showing intersects for the gene content of 5 SOX strains. A total of 

731 genes could be assigned to 5 strains across 12 samples. Note that only intersections larger 

than 10 are displayed. a, Intersects among the 5 recovered strains. These strains have been 

reconstructed by merging the genes found across all samples dominated by the same strain 

(Supplementary Fig. 2). b, Intersects among the four different clades. Clade-specific gene 

sets have been reconstructed by merging the gene sets from strains belonging to the same 

clade. 
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Figure 18: Interaction plots showing intersects for the gene content of 3 MOX strains. A total 

of 276 genes could be assigned to 3 strains across 10 samples. Note that only intersections 

larger than 10 are displayed. a, Intersects among the 3 recovered strains. These strains have 

been reconstructed by merging the genes found across all samples dominated by the same 

strain (Supplementary Fig. 2). b, Intersects among the two different clades. Clade-specific 

gene sets have been reconstructed by merging the gene sets from strains belonging to the 

same clade. 
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6.1.3 Core and accessory genes show differential GC content and pN/pS.  

Core and accessory genomes have been shown to differ in their GC content. The primary force 

of evolution shaping the pangenomes is highly debated (Andreani et al. 2017; Bohlin et al. 2017; 

McInerney et al. 2017). Because GC-content is linked to bacterial ecology, it is characteristic for 

the species and can be used as a proxy to identify horizontally acquired genes (Lawrence and 

Ochman 1997). To explore the different hypotheses that link sequence composition and pan-

genome element type (core or accessory), and to better understand the origin of the accessory 

genomes in symbiont populations of B.brooksi, we studied the GC content and selection regimes 

acting on accessory genes and core genomes.  

Both SOX and MOX core genomes have a relatively low GC content (mean GCSOX: 0.374, 

mean GCMOX: 0.378), as expected for symbiotic bacteria (McCutcheon and Moran 2012). The 

unidentified MGS3 genome has a higher GC-content (mean GC: 0.423), suggesting that this 

species has a weaker association with the mussel host than the association previously described 

for MOX and SOX bacteria. Surprisingly, we found that although their medians are very similar, 

the core genes GC content distributions are significantly different for MOX and SOX bacteria 

(Wilcoxon rank sum test p-value = 0.03541). (Fig. 19). We found that the GC content of the 

accessory genomes belonging to both bacterial symbionts is significantly lower than that of their 

core genomes (Wilcoxon rank sum test p-value < 2.2x10-6). 

To further understand whether these differences in GC-content can be explained by HGT, 

we looked at the taxonomic annotation of the genes in the pan-genome (Table 5). For SOX 

symbiont, the top three annotated species matched between the core and the accessory genome. 

The closest species to B. brooksi SOX symbiont is Bathymodiolus thermophilus thioautotrophic 

gill symbiont, followed by Bathymodiolus azoricus thioautotrophic gill symbiont, and 

Bathymodiolus septemdierum thioautotrophic gill symbiont. We found that the closest species to 

the B. brooksi MOX symbiont is Bathymodiolus platifrons methanotrophic gill symbiont. It is 

closely followed by Methyloprofundus sedimenti. The core genome shows similarities to 

Methylomarinum vadi (2.254%) and finally, 2.174% of the accessory genome matches with 

Methylobacter tundripaludum. We found that the top annotated species are mostly shared 

between core and accessory genomes, and that the percentages of each top annotated species 

are relatively similar between core and accessory genes. This indicates that the reconstructed 

pan-genome network is not much affected by contamination. The observed reduction in the 
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fraction of annotated genes among the accessory genome is expected because genes that are 

rare in the population are usually underrepresented in public databases.  

 

  

Additionally, we studied the mutations occurring in the accessory genomes. We first 

looked at the number of single nucleotide variants (SNVs) per base pair in the accessory genes 

and compared it to that of the core genomes. We found that MOX genes have, overall, a lower 

SNVs/bp ratio than SOX genes. For both species, the SNVs/bp ratio between the core and 

accessory genomes is significantly different (Fig. 21). The pS observed in SOX accessory genes 

 

Figure 19: Empirical cumulative distribution of GC content of core and accessory genomes in 

SOX, MOX and the unidentified MGS3 (CAG4). Median core genome GCSOX: 0.380, SD: 

0.0401. Median accessory genome GCSOX: 0.331, SD: 0.0549. Median core genome GCMOX: 

0.380, SD: 0.0342. Median accessory genome GCMOX: 0.359, SD: 0.0487. Median genome 

GCCAG4: 0.423, SD: 0.0465.  
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is lower than that of SOX core genes, what suggests that the core genome is more diverged 

(Table 4). On the other hand, we observed that the median pS for MOX accessory genes is higher 

than that of MOX core genes. We speculate that differences in pS between MOX core and 

accessory genomes most likely are due to the overestimation of divergence in paralogous genes 

(Table 4). Indeed, we observed that the median pS estimated for genes that have been identified 

as potential paralogs is higher than for non-paralogous genes in both bacterial species (Fig. 22).  

We also estimated the degree of selection acting on the accessory genes and compared 

it to that of the core genomes. We observed a higher pN/pS value for SOX accessory genome 

compared to the SOX core genome. This suggests that the accessory genome of SOX is under 

lower selective constraints. The selective regime for the MOX accessory genome, measured as 

pN/pS, is highly similar to the one previously reported for the MOX core genome. This may be 

explained by a population undergoing stronger bottlenecks and/or having short divergence times 

(Table 4, Fig. 20). 

We found that the accessory genomes of both symbionts have a lower GC-content than 

their respective core genomes. In SOX, pN/pS estimates suggest that these differences may be 

because of a lower selective constraint acting on accessory genomes. The estimated pS is 

commonly used as a proxy to date populations. We found that SOX core genes show lower 

divergence compared to SOX accessory genes. This suggests that the accessory genomes have 

been present in the population less time than the core, probably, because they were acquired at 

some point by HGT. Surprisingly, we found that the accessory genome of MOX is more diverged 

than its core genome. It is very unlikely that accessory genes, which are not essential (i.e., genes 

that are not required for the organism survival), are older than essential, core genes. The recent 

transfer of genes from MOX to SOX population might give rise to such results, if recent transfer 

occurred, the variation that we observe might belong additionally to the SOX population and not 

exclusively to the MOX population. An alternative explanation might be that these genes are under 

a higher evolutionary rate than the core genomes. Intra-genome evolutionary rate differences 

haven’t been widely studied in bacteria.  was shown that methylated GpC d inucleotides have 

higher evolutionary rates in eukaryotes (Cargill et al. 1999), and this could also explain the 

differences observed in MOX. Nonetheless, we found that the accessory genes with higher pS 

correspond to potential paralogous genes. This suggests that there might be an overestimation 

of the number of mutations that accumulate in the group of paralogous genes, which are prevalent 

in the MOX pan-genomes. This overestimation is due to the potential mapping of metagenomic 

reads that belong to several paralogous genes onto the same representative sequence. 
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Therefore, the artifact comes from the joined estimation of mutations that actually occur at 

different positions of the genome. On top of that, paralogous genes are thought to accumulate 

more variants since redundancy on the function will relax the selective constraints in one of the 

duplicated copies (Kondrashov et al. 2002). It is therefore not possible to distinguish the actual 

variation due to divergence of paralogs from the overestimation of variants in duplicated genes. 

To further understand the origin of the accessory genes, we next looked at the function of the 

genes in the symbionts pan-genomes and identified orthologous pairs between the two co-

occurrent species. 

 

 

Figure 20. Distributions of pN/pS against pS shown for a, SOX and b, MOX populations. Dot 

color and shape indicates whether the gene is core or accessory. The distribution of estimated 

pN/pS for accessory SOX genes is significantly different than that of SOX core genes (Wilcoxon 

rank sum test p-value < 2x10-16), while there is no significant difference among MOX core and 

accessory genes (Wilcoxon rank sum test p-value = 0.3269). 
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Table 4: Distribution of variants and pN/pS estimates for SOX and MOX core and accessory 

genomes. 

 

 

  #genes #SNVs 
#genes 

with SNVs 
pN/pS 

median 

per-gene 

pN/pS 

median 

per-

gene pS 

MOX 

Core 2,452 4,665 1,641 0.421 0.279 0.00294 

Accessory 414 735 112 0.437 0.288 0.00380 

SOX 

Core 1,522 19,349 1,445* 0.135 0.114 0.0161 

Accessory 962 7,580 486 0.332 0.263 0.00976 
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Table 5: Taxonomic affiliation of each SOX and MOX pan-genome element type to the top-

three matched species. NA: Taxonomy not assigned. 

 

Pan-genome element Species #genes 
(percentage) 

 SOX Core 

Bathymodiolus thermophilus 
thioautotrophic gill symbiont 

1,172 (77%) 

Bathymodiolus azoricus thioautotrophic gill 
symbiont 

63 (4.139%) 

Bathymodiolus septemdierum 
thioautotrophic gill symbiont 

40 (2.628%) 

NA 141 (9.264%) 

SOX Accessory 

Bathymodiolus thermophilus 
thioautotrophic_gill_symbiont 

306 (31.81%) 

Bathymodiolus septemdierum 
thioautotrophic gill symbiont 

63 (3.534%) 

Bathymodiolus azoricus thioautotrophic gill 
symbiont 

34 (6.549%) 

NA 297 (3.087%) 

MOX Core 

Bathymodiolus platifrons methanotrophic 
gill symbiont 

854 (26.67%) 

Methyloprofundus sedimenti 708 (28.87%) 

Methylomarinum vadi 56 (2.254%) 

NA 227 (9.258%) 

MOX Accessory 

Bathymodiolus platifrons methanotrophic 
gill symbiont 

63 (15.22%) 

Methyloprofundus sedimenti 39 (9.42%) 

Methylobacter tundripaludum 9 (2.174%) 

NA 93 (22.46%) 
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Figure 21: Empirical cumulative distribution of the number of identified SNVs per base pair for 

MOX and SOX core and accessory genomes. Median SNVs/bp for SOX core genes: 1.23x10-

2. Median SNVs/bp for SOX accessory genes: 7.74x10-4. The distributions of SNVs/bp for SOX 

core and SOX accessory genes are significantly different (Wilcoxon rank-sum test p-value < 

2.2x10-16). Median SNVs/ bp for MOX core genes: 1.64x10-3. Median SNVs/ bp for MOX 

accessory genes: 0. The distributions of SNVs/bp for MOX core and MOX accessory genes are 

significantly different (Wilcoxon rank-sum test p-value < 2.2x10-16). 
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Figure 22: Distribution of pS estimates and SNVs/bp for a, SOX and b, MOX accessory 

genomes. Note that only genes with at least 1 SNV are represented. Orange dots indicate 

genes that have been identified as potential paralogs while green dots are single-copy 

accessory genes. a. Median pS for SOX paralog genes: 2.4x10-2. Median pS for SOX non-

paralog genes: 7.1x10-3 (Wilcoxon rank-sum test p-value: 1.2x10-10). Median SNVs/bp for SOX 

paralog genes: 3.0x10-2. Median SNVs/kb for SOX non-paralog genes: 5.7x10-3 (Wilcoxon rank-

sum test p-value: 1.8x10-11). b. Median pS for MOX paralog genes: 1.3x10-2. Median pS for 

MOX non-paralog genes: 3.6x10-3 (Wilcoxon rank-sum test p-value: 1.8x10-13). Median 

SNVs/bp for MOX paralog genes: 2.1x10-2. Median SNVs/kb for MOX non-paralog genes: 

2.7x10-3 (Wilcoxon rank-sum test p-value < 2.2x10-16). 
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6.1.4 Functionality of the accessory genomes. 

Keeping a flexible pan-genome has been shown to be important for niche adaptation. Here, we 

studied how the different functional categories distribute across the core and accessory genomes 

to identify common functions shared between the two symbionts that may be related to the 

adaptation to an endosymbiotic lifestyle. 

As expected, functions associated to central metabolism -i.e., translation, ribosomal 

structure and biogenesis, post-translational modification, protein turnover and chaperones, 

nucleotide, lipid, inorganic ion, coenzyme carbohydrate and amino acid transport and metabolism 

and energy production and conversion- are mostly present in the core genomes of both symbionts 

(Fig. 23). Interestingly, the accessory genomes of both bacterial species are over-represented in 

functions related to DNA integrity: namely MGEs, defense mechanisms and DNA replication, 

recombination and repair functions. In MOX, 26.23% of the genes annotated as mobilome-related 

are accessory, while this percentage equals 73.08% in SOX. As for genes categorized as 

defense-related, 41.51% of MOX defense genes are accessory, while 68.06% are accessory for 

SOX. Moreover, 21.54% of genes annotated as related to replication, recombination and repair 

are accessory in MOX, and 45.86% are accessory in SOX (Fig. 23).  

We observed that SOX contains a larger repertoire of genes related to defense -with 72 

annotated genes- in comparison to MOX, that contains 54 genes. Additionally, a large fraction of 

them are related to restriction-modification systems, with 38 and 22 genes, respectively, 

annotated as such. A total of 5 and 4 additional genes annotated as restriction-modification 

systems were found, respectively for SOX and MOX pan-genomes, outside the COG category of 

defense. Interestingly, SOX genome contains 13 genes annotated as CRISPR-related, and only 

1 gene is present in the core genome. Notably, the mobilome of MOX is larger than that of SOX. 

It contains 61 genes annotated as mobilome, versus the 26 that have been annotated in SOX. 

The number of genes that has been annotated as transposases is of 39 versus the 18 genes from 

SOX. Of these, 38.46% (15) are identified as paralogs in MOX, versus 16.67% (3) identified as 

paralogs in SOX. The larger percentage of transposases found among the paralogous set of 

genes in MOX might indicate that its mobilome is more active than that of SOX. Also, MOX 

contains a larger number of integrases (14 MOX genes versus 5 SOX genes). It is also interesting 

that MOX was found to contain many more functions related to cell motility and signal 

transduction/intracellular trafficking. MOX contains 50 genes for motility, 144 for signal 
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transduction mechanisms and 66 for intracellular trafficking, while SOX has 3 genes for motility, 

31 for signal transduction and 39 for intracellular trafficking. 

Altogether, these results suggest, first of all, that genes related to defense mechanisms, 

DNA recombination and repair, and mobilome make up most part of the flexible region of the 

genomes in the analyzed populations of symbionts. Differences on the pan-genomes of the two 

symbionts could be observed. The larger repertoire of mobilome-related genes, and the presence 

of more genes for cell motility may reflect differences in the ecological traits of the two species. In 

one hand, the amount of mobile elements in bacterial populations has been shown to correlate to 

their ecological trait, where facultative bacteria have the larger amount of mobile elements, 

followed by the free-living and finally the obligate symbionts (Newton and Bordenstein 2011). 

Additionally, the presence of genes related to cell motility is also an indicator that the species has 

a free-living phase, as previously suggested for the facultartive bioluminescent symbiont from the 

flashlight fish (Hendry et al. 2014). MOX might still be adapted to a more facultative lifestyle, likely 

having a free-living active state, while SOX might have a more obligate character.  
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Figure 23: Assigned COG categories for core, accessory and clade-specific genes in a, SOX 

and b, MOX bacteria. Not assigned categories are not included in the analysis. N shows the 

total number of genes annotated for each category. 
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6.1.5 Orthologous genes among SOX and MOX pan-genomes.  

Bacterial populations sharing a specific habitat are thought to share horizontally acquired genes 

from the same habitat-specific gene pool as well (Polz et al. 2013). This hypothesis has 

additionally been extended to endosymbiotic bacteria; the “intracellular arena” posits that the host 

cell serves as an arena for bacteria, where symbionts can acquire genes from a niche-specific 

gene-pool that allow them to succeed in the intracellular environment. The presence of similar 

functions among the accessory genes of both symbionts suggests that the symbionts may share 

genes. To test this hypothesis, we identified the orthologous pairs by comparing the translated 

sequences of the genes of MOX and SOX bacteria.  

We found 761 orthologous sequences that share at least 30% of full-length protein 

sequence identity. Most of the pairs (93.29%) involve only core genes from both bacterial 

genomes. The most represented functional category among these orthologous pairs corresponds 

to very central functions such as translation, ribosomal and biogenesis category (125 genes). It 

is followed by the category associated with amino acid transport and metabolism (77 genes) and 

coenzyme transport and metabolism (61 genes). This result suggests that most of the genes 

functionally homologous between SOX and MOX very likely are related by ancestry (Fig. 24). On 

the other hand, only 51 pairs involve at least one accessory gene, and from those, just 10 are 

accessory in both genomes, where four pairs are mobilome-related. One of these four genes was 

identified as a transposase, another as an integrase and a third one was annotated as a 

transposase for the ortholog from SOX, and as integrase for the ortholog belonging to MOX. We 

find four orthologous gene pairs involving one accessory gene that are annotated as restriction-

modification system-related. Our findings suggest that few events of transfer between MOX and 

SOX had probably occurred in the past. Nonetheless, HGT is not a pervasive phenomenon within 

the deep-sea mussels symbionts community. 



 75 

 

Figure 24: COG categories associated to orthologous gene pairs from SOX and MOX pan-

genomes. a, Distribution of genes into COG categories for orthologous group pairs where at 

least one member of the pair is an accessory gene (MOX-a-SOX-a: pair of MOX accessory and 

SOX accessory genes. MOX-a-SOX-c: pair of MOX accessory and SOX core genes. MOX-c-

SOX-a: pair of MOX core and SOX accessory genes). b, Distribution of genes into COG 

categories for MOX core and SOX core pairs. NA: Not Assigned, NC: Not Conclusive. Not 

conclusive pairs are those where each member of the pair was assigned to a different category.  

 



 76 

6.2 Discussion.  

Our previous results showed that the bacterial populations harbored across individual mussels 

are geographically isolated. The restricted uptake of bacteria explains the observed genetic 

isolation among symbiont subpopulations. Consequently, the bottlenecks associated with this 

isolation during the colonization process very likely result in the observed diversification of strains. 

This genetic isolation affects the fraction of the bacterial genome that is tied to a vertical 

inheritance -i.e., mostly the core genome. Nevertheless, MGEs can theoretically disperse among 

mussels and therefore act as genetic vectors that horizontally introduce accessory genes into 

symbiont populations.  

We observed that the changes introduced by single point mutations exceed those introduced 

by gene gain and loss. Moreover, the strong correlation between FST and ß-diversity indicates that 

differences in gene content are mostly present among clades. In fact, we found that strains 

belonging to the same clade have very similar gene content, while they can differ by a larger 

number of SNVs. HGT is generally an important mechanism contributing to gene gain and loss 

rate. We observed that the GC-content of accessory genomes is lower than that of the core 

genomes. Whether this difference is driven by HGT or by a differential selective regime governing 

the two groups of genes is unclear. Our orthologous analysis enabled us to identify few potential 

HGT events between the two symbionts, thus HGT does not appear to be a main contributor to 

gene gain and loss in this population. Gene gain and loss importantly contributes to the diversity 

of bacterial populations, exceeding, in many cases, single-point mutation rates in the tip of 

phylogenies. Examples are populations of Acinetobacter baumannii or bacteria from the genus 

Bacillus (Hao and Golding 2006; Graña-Miraglia et al. 2017). We propose that the low gene gain 

and loss found in symbiont populations of deep-sea mussels is most likely explained by the 

intracellular condition of the symbionts, what translates into a strong geographic isolation. Such 

conditions reduce the exposure of the population to novel DNA elements that can be newly 

acquired via horizontal gene transfer, therefore decreasing the gene gain and loss rate. The 

uptake of genetic material might potentially still be possible when the symbionts are in their free-

living phase. This uptake might be restricted if bacteria disperse in a dormant state, as already 

suggested for the SOX symbiont (Ponnudurai et al. 2017). One can speculate that differences in 

gene content within the B.brooksi symbiont populations are therefore importantly determined by 

gene loss events, which are very frequent among symbiotic species undergoing reductive 

evolution (Moran et al. 2008). The lower purifying selection acting on accessory genomes for SOX 

population supports this hypothesis; because accessory genes are under lower selective 
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constraints than core genes, the former are more prone to be lost. On the other hand, similar 

selective regimes have been found to govern the core and accessory genomes for MOX 

population. This might reflect the young character of this population, where selection did not yet 

have enough time to purge deleterious mutations in either core or accessory genomes.  

One commonality among the pan-genomes of both symbionts is the functional annotation of 

the accessory genes. Most accessory genes in both species are involved in the maintenance of 

genome integrity (mobilome, DNA repair and defence mechanisms), with an over-representation 

of genes annotated as restriction-modification systems. Genes that encode for defence 

mechanisms often co-localize with MGEs (e.g., lysogenic phages and ICEs) in “defence islands”. 

Two different hypotheses have been postulated to explain the existence of defence islands as 

hotspots for DNA acquisition: the “garbage pile effect” refers to the widespread gain and loss of 

non-essential defence genes with limited fitness effect in these islands. Alternatively, the 

presence of defence islands may be adaptive, since the co-localization of functionally interacting 

defence genes may be beneficial (Koonin et al. 2017). Another explanation to the existence of 

defence islands is a rapid evolution of defence gene repertoire because of a continuous arms-

race with the phage community, which leads to a high diversity of defence islands in the 

population. Along the same lines, the “pan-immune system” of bacteria suggests that selection 

on the maintenance of defence mechanisms acts at the group level, where the presence of strains 

encoding different defence systems is advantageous for the total community (Bernheim and 

Sorek 2020) (e.g., inhabiting a single mussel individual).  

Considering that SOX and MOX are intracellular, it seems unlikely that the deep-sea mussel 

symbiotic communities are exposed to a high concentration of phages. Hence it is possible, that 

the defence islands we observe are better explained by other treats related to foreign DNA 

invasion. For example, RM systems have been described as part of self-mobilizable genetic 

elements (Furuta et al. 2010). They have been suggested to have a defensive role when bacteria 

colonize a new habitat but become genetic elements capable of spreading in the genomes when 

the population has adapted to it (Rocha 2001). The spread of RM systems occurs by “post-

segregational cell killing” (also termed ‘addition mechanism); strains that have lost their RM 

system, and therefore can’t methylate their genomes, are eliminated from the population since 

they become sensitive to the restriction enzyme (Kobayashi 2001).The bacterial transition into a 

symbiotic life style is linked to insertion sequence (IS) proliferation, before the genomes undergo 

streamlining. Some suggest that the decrease in population size associated to host-restriction 

makes purifying selection less effective, and ISes get more frequently fixed in the population. The 
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more ISes, the more frequent transposition occurs. Transposition is self-limiting because the 

higher its frequency the more likely is to introduce deleterious mutations (Moran and Plague 

2004). Since RM systems are tightly associated to MGEs, it is therefore possible, that the former 

spread into the population genomes as a consequence of this MGEs proliferation. For example, 

in Helicobacter pylori, genome rearrangements have been shown to contribute to the birth-and-

death of genes, with especial influence on RM related genes (Furuta et al. 2011). Moreover, the 

presence of RM systems has been previously described in intracellular symbionts from termite 

gut flagellates, where they were shown to play an important role in genome rearrangements 

(Zheng et al. 2016). Our results show that SOX and MOX strains differ more in their 

polymorphisms than their genetic content and suggest that mobilization of genetic elements in 

the current symbiont populations is not prevalent. It is thus tenable to hypothesize that the 

distribution of gene function in the current pan-genomes reflects past events in the evolution of 

SOX and MOX populations, either during a free-living stage (when the symbionts where exposed 

to a high concentration of phages) or the transition to host restriction (when MGEs proliferation 

occurs). It is likely that by that time, RM systems, together with other MGEs, such as transposons, 

played an important role in shaping the accessory content across strains.  

Differences in the pan-genomes of the two species may reflect the evolutionary histories of 

two symbionts at a different timepoint in their way to become obligate. The origin of the symbiosis 

between Bathymodiolus mussels and the sulfur-oxidizing symbiont was previously described to 

be older than that with the methane-oxidizing symbiont (Lorion et al. 2013). As we previously 

exposed in chapter I, this explains why MOX population was found to have a lower diversity than 

SOX population, and also, why it is not so strongly affected by purifying selection. Also, the 

observed differences between the pan-genomes of both species are in accordance with this 

hypothesis; MOX pan-genome is larger than the SOX pan-genome and contains a lower fraction 

of accessory genes. This indicates that the genomes of SOX population had more time to undergo 

erosion, thus decreasing in size. Differences in the age of the association between the host and 

its symbionts might also be related to the ecological trait of the later, where MOX and SOX species 

lie differently in the facultative to obligate spectrum. We found that MOX pan-genome contains a 

larger number of transposons than the SOX pan-genome. Facultative bacteria are usually found 

to have a larger number of mobile genetic elements compared to obligate and free-living bacteria 

(Newton and Bordenstein 2011). We found that the fraction of the total genes involved in 

replication, recombination, and repair that are accessory is larger in SOX in comparison to MOX. 

This is a common feature of obligate symbionts (Klasson 2004). The presence of cell motility 
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functions in MOX suggests that this symbiont may facultatively live as a free-living organism. 

Altogether, these results suggest that SOX might have a more obligate character than MOX. 

We have found that the geographic isolation affecting symbiont populations of the deep-sea 

mussel Bathymodiolus brooksi restricts their access to novel DNA via HGT. This is reflected in 

pan-genomes with low flexibility, where gene content variation is mainly present on the internal 

branches of the strains phylogeny. Signatures of the different age of the symbiosis between the 

two symbionts and the mussel are imprinted in the population pan-genomes, where size and 

differential functionality indicate that MOX could keep functions related to a free-living phase, 

while SOX is fundamentally an obligate symbiont.  
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9 Supplementary Information 
 

9.1 Impact of sequencing depth on diversity analysis 

We tested if the higher SNV density in SOX compared to MOX could be explained by the higher 

sequencing depth for SOX. To this end, we repeated part of the analyses by analyzing a subset 

of the orginal SOX reads that were subsampled to achieve MOX coverage levels. Normalizing 

SOX to the median MOX coverage of 36x resulted in a SNV density of 12.1 SNVs/kpb. This 

density is similar to the original estimate of 14 SNVs/kbp and still highly elevated compared to 

MOX (2.4 SNVs/kbp), which indicates that the difference in diversity is not driven by bias due to 

sequencing depth. Nucleotide diversity of SOX normalized to the MOX coverage (intra-sample   

between 1.4x10-5 and 1.4x10-3, mean 4.9x10-4, ± 4.9x10-4, s.d.) results in lower estimates than for 

the full coverage, however, these estimates are still higher than the MOX nucleotide diversity 

(Table 2).  

To test the effect of sequencing coverage on strain inference, we repeated the strain 

deconvolution for samples where the SOX coverage is decreased to the median MOX coverage. 

This yielded eleven SOX strains, where some are not identical to the SOX strains reconstructed 

from the full dataset, yet, the four SOX clades remain well supported (Fig. 8). Hence, we consider 

the strain relationships as more reliable indicators of strain diversity than the number of strains 

alone. Nevertheless, the resulting AFS does not reveal modes according to the strain clades as 

observed previously in the full coverage analyses (Supplementary Fig. 3). 

 

9.2 Strain symbiont composition based on ribosomal proteins 

Ribosomal proteins are frequently used for analyzing bacterial diversity. Here we studied the 

phylogenetic relationships among the reconstructed strains by analyzing ten different ribosomal 

protein-coding genes present in the core genomes of the two symbiotic species. The phylogenetic 

tree reconstruction shows that both species clearly split in the tree (Fig. 7). However, the low 

intra-species bootstrap values indicate that relationships among strains can not be confidentially 

inferred. This can be traced back to the low number of variants within SOX and MOX, respectively. 

This results in poorly resolved phylogenetic networks for the SOX and MOX populations. In 

conclusion, because ribosomal proteins are highly conserved, using them for the analysis of 

within-species diversity leads to the underestimation of the existing diversity.  
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10 Supplementary tables. 
 

 

S
a

m
p

le
S

iz
e

 (
cm

)
C

lu
m

p
 #

 R
e

a
d

s 

 #
 T

ri
m

m
e

d
 

re
a

d
s 

 #
 C

o
n

ti
g

s 
#

 G
e

n
e

s

 #
 N

o
n-

re
d

u
n

d
a

nt
 

g
e

n
e

s 

 #
 P

o
ly

m
o

rp
h

ic
 

S
N

V
s 

S
O

X
 

 #
 P

o
ly

m
o

rh
ic

 

S
N

V
s 

M
O

X
 

 #
 P

o
ly

m
o

rh
ic

 

S
N

V
s 

m
it

o
ch

o
n

d
ri

a 

 #
 S

a
m

p
le

-

sp
e

ci
fi

c 

S
N

V
s 

S
O

X
 

 #
 S

a
m

pl
e

-

sp
e

ci
fi

c 

S
N

V
s 

M
O

X
 

D
o

m
in

a
nt

 

st
ra

in
 

(≥
9

0
%

)

#
D

if
fe

re
n

ti
a

l 

d
o

m
in

a
n

t 

st
ra

in
 S

N
V

s 

A
_

a
4

.8
4

.8
a

3
7

,0
6

1
,2

4
0

  
  

  
3

7
,0

2
8

,9
3

6
  

  
  

1
,3

9
4,

2
4

9
  

  
  

1
,0

4
4

,7
1

4
6

9
7

,3
5

4
  

  
  

  
  

3
7

4
0

3
0

3
1

0
6

-
-

B
_

a
6

.9
6

.9
a

3
7

,1
3

3
,2

5
2

  
  

  
3

7
,1

0
6

,3
0

6
  

  
  

1
,4

8
6,

9
3

7
  

  
  

1
,1

1
6

,9
4

8
6

8
8

,7
0

7
  

  
  

  
  

1
8

5
2

3
0

2
6

1
1

4
0

1
6

9
-

-

C
_

c7
7

c
3

8
,2

8
5

,9
7

6
  

  
  

3
8

,2
5

2
,3

0
1

  
  

  
1

,4
1

8,
4

0
4

  
  

  
1

,0
0

6
,0

8
4

6
9

3
,4

5
3

  
  

  
  

  
2

0
7

2
7

0
1

7
2

S
2

.1
-

D
_

a
7

.2
7

.2
a

3
6

,7
5

5
,3

6
6

  
  

  
3

6
,7

3
1

,9
7

6
  

  
  

1
,5

6
0,

9
2

9
  

  
  

1
,1

2
9

,3
2

6
6

8
3

,1
9

9
  

  
  

  
  

11
0

6
4

2
1

3
8

0
2

0
7

-
-

E
_

c7
.2

7
.2

c
3

7
,9

3
3

,8
5

0
  

  
  

3
7

,9
0

4
,9

1
6

  
  

  
1

,4
9

8,
5

8
8

  
  

  
1

,0
9

1
,9

1
1

7
0

6
,7

5
8

  
  

  
  

  
10

5
0

5
2

8
3

1
1

1
3

4
3

-
-

F
_

c8
8

c
3

8
,0

6
0

,3
2

5
  

  
  

3
8

,0
3

3
,7

0
5

  
  

  
1

,4
3

2,
0

4
1

  
  

  
1

,0
7

4
,1

7
0

6
9

7
,5

8
0

  
  

  
  

  
8

9
2

3
8

2
6

0
2

4
2

2
-

-

G
_

a
8

.2
8

.2
a

3
7

,2
3

0
,5

5
3

  
  

  
3

7
,2

0
3

,0
8

1
  

  
  

1
,4

5
3,

2
7

0
  

  
  

1
,1

3
3

,9
6

8
6

7
9

,6
4

2
  

  
  

  
  

10
4

0
4

2
9

3
4

0
2

2
7

3
-

-

H
_

c8
.2

8
.2

c
3

8
,0

7
0

,4
4

3
  

  
  

3
8

,0
3

4
,1

7
9

  
  

  
1

,5
4

8,
9

8
8

  
  

  
1

,1
5

0
,1

1
7

6
9

9
,4

8
8

  
  

  
  

  
10

8
1

2
2

7
1

7
0

2
8

5
1

-
-

I_
c8

.4
8

.4
c

3
8

,1
3

4
,0

3
6

  
  

  
3

8
,1

0
3

,8
7

6
  

  
  

1
,4

7
0,

7
9

7
  

  
  

1
,0

6
7

,6
2

1
7

0
6

,0
8

9
  

  
  

  
  

10
1

4
8

2
2

3
2

0
5

2
7

-
-

J_
a

8
.7

8
.7

a
3

7
,8

0
7

,3
4

8
  

  
  

3
7

,7
8

2
,8

5
7

  
  

  
1

,4
6

3,
8

7
5

  
  

  
1

,1
3

8
,4

5
7

6
7

8
,2

7
4

  
  

  
  

  
7

1
4

7
4

8
0

4
9

2
-

-

K
_

c1
4

.1
1

4
.1

c
3

6
,6

9
3

,0
8

6
  

  
  

3
6

,6
6

1
,2

3
2

  
  

  
1

,4
6

0,
8

5
9

  
  

  
1

,0
8

4
,9

1
6

6
9

8
,1

2
7

  
  

  
  

  
6

7
4

2
1

5
4

2
0

2
4

6
-

-

L_
b

1
4

.6
1

4
.6

b
3

7
,4

1
2

,0
5

3
  

  
  

3
7

,3
8

6
,9

7
3

  
  

  
1

,4
5

9,
7

2
5

  
  

  
1

,1
0

6
,1

2
9

6
8

7
,1

4
9

  
  

  
  

  
3

3
3

8
3

9
0

1
9

0
3

3
-

-

M
_

b
1

8
.8

1
8

.8
b

3
9

,1
1

8
,3

4
4

  
  

  
3

9
,0

8
6

,7
7

9
  

  
  

1
,7

8
1,

6
6

8
  

  
  

1
,0

3
3

,5
7

5
6

9
3

,5
3

4
  

  
  

  
  

3
1

4
4

0
0

1
4

1
2

S
1

.4
4

2

N
_

b
1

9
.1

1
9

.1
b

3
7

,2
5

9
,0

7
8

  
  

  
3

7
,2

3
1

,3
6

5
  

  
  

1
,4

7
9,

9
8

2
  

  
  

1
,1

4
1

,8
1

3
6

9
1

,4
1

8
  

  
  

  
  

3
9

7
2

5
3

6
0

1
8

3
9

8
S

1
.4

7
4

O
_

b
1

9
.1

1
9

.1
b

3
8

,1
7

2
,0

3
0

  
  

  
3

8
,1

3
7

,1
8

0
  

  
  

1
,5

0
5,

4
7

0
  

  
  

1
,1

3
2

,3
0

9
7

0
7

,0
6

4
  

  
  

  
  

3
1

5
1

9
3

4
0

1
6

2
6

-
-

P
_

c2
2

.9
2

2
.9

c
3

9
,6

2
3

,1
8

7
  

  
  

3
9

,5
8

9
,9

6
0

  
  

  
1

,4
7

3,
4

1
0

  
  

  
1

,1
0

1
,7

0
8

6
9

3
,0

6
2

  
  

  
  

  
1

6
2

4
8

0
1

0
3

S
2

.2
4

4

Q
_

c2
3

.1
2

3
.1

c
3

8
,1

7
2

,5
2

2
  

  
  

3
8

,1
4

0
,3

4
4

  
  

  
1

,4
5

7,
9

1
0

  
  

  
1

,0
9

7
,3

7
9

6
8

3
,8

9
9

  
  

  
  

  
6

1
5

4
3

2
1

2
3

S
2

.2
4

4

R
_

b
2

4
.1

2
4

.1
b

3
7

,4
3

5
,0

8
5

  
  

  
3

7
,4

1
0

,3
8

4
  

  
  

1
,4

9
2,

2
8

5
  

  
  

1
,1

3
4

,8
8

4
6

8
9

,8
7

5
  

  
  

  
  

3
4

1
8

9
0

3
7

4
4

S
1

.4
4

5

S
_

c2
4

.3
2

4
.3

c
3

8
,8

1
4

,3
1

1
  

  
  

3
8

,7
7

5
,3

5
3

  
  

  
1

,5
4

9,
1

8
6

  
  

  
1

,1
5

1
,3

1
2

7
0

5
,1

7
0

  
  

  
  

  
6

4
2

3
3

2
1

3
1

5
-

-

D
sc

1
_

a
1

3
.6

1
3

.6
a

3
3

,7
9

4
,8

1
5

  
  

  
3

3
,7

1
1

,3
7

9
  

  
  

1
,5

9
9,

1
8

6
  

  
  

1
,0

5
8

,5
8

8
5

8
5

,0
4

7
  

  
  

  
  

-
-

-
-

-
-

-

D
sc

2
_

a
2

3
.5

2
3

.5
a

3
9

,9
9

4
,6

2
1

  
  

  
3

9
,9

4
5

,5
6

9
  

  
  

1
,2

8
5,

9
9

6
  

  
  

8
6

2
,7

8
8

4
0

2
,1

0
5

  
  

  
  

  
-

-
-

-
-

-
-

D
sc

3
_

c1
8

.5
1

8
.5

c
3

8
,9

7
6

,3
9

7
  

  
  

3
8

,9
4

4
,3

7
9

  
  

  
1

,7
3

4,
6

1
0

  
  

  
1

,2
1

1
,6

7
6

6
7

0
,8

2
6

  
  

  
  

  
-

-
-

-
-

-
-

D
sc

4
_

c1
9

.1
1

9
.1

c
3

6
,5

5
5

,8
9

4
  

  
  

3
6

,5
1

8
,9

8
6

  
  

  
1

,6
0

4,
2

9
2

  
  

  
1

,1
7

6
,4

8
5

7
0

3
,8

0
8

  
  

  
  

  
-

-
-

-
-

-
-

S
u

p
p

le
m

e
n

ta
ry

 T
a
b

le
 1

: 
M

e
ta

g
e
n

o
m

e
s
 s

e
q

u
e

n
c
in

g
 a

n
s
 a

s
s
e
m

b
ly

 r
e
p

o
rt

. 



 94 

11 Supplementary figures. 
 

 

a

b
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Supplementary Figure 1: Intra-sample unfolded allele frequency spectra for a, SOX and b, MOX. 

Stacked histogram of the frequencies colored by strain clades (see colors in Fig. 6). SNVs are 

defined as clade-specific when they occur at the same state in every strain from a clade, as 

variant, if they differ among strains from one clade and invariant if they are not recovered by the 

strain deconvolution. 
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Supplementary Figure 2. a, Interaction plots showing exclusive intersects for 731 genes that 

could be assigned to 5 strains across 12 samples. Note that only intersections larger than 10 

are displayed. b, Interaction plots showing exclusive intersects for 276 genes that could be 

assigned to 3 strains across 10 samples. 

 
 
 
 

 
Supplementary Figure 3. Intra-sample unfolded allele frequency spectra for downsampled 

SOX to MOX coverage (~36x). 
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