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To Life.

“It is not the mountain we conquer but ourselves”

- Edmund Hillary
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“The important thing is not to stop questioning. Curiosity has its own reason 

for existence. One cannot help but be in awe when he contemplates the 

mysteries of eternity, of life, of the marvelous structure of reality. It is enough 

if one tries merely to comprehend a little of this mystery each day.”

—"Old Man's Advice to Youth: 'Never Lose a Holy Curiosity.'" 

     LIFE Magazine (2 May 1955) p. 64”, Albert Einstein 
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Summary

Summary
Bacterial populations in the environment are often complex and characterized by high genetic 
diversity. The factors that determine microbial community composition, spatial organization, 
co-existence  and  genome  evolution  are  still  not  well  understood.  Accumulating  evidence 
shows  that  even  closely  related  strains  of  the  same  species  can  difer  strongly  in  their 
functions. However, it is often unknown whether these closely related lineages can co-exist. 
Especially in intimate symbioses between bacteria and animal hosts, the impact of strain-level  
diversity is largely unexplored. Evolutionary theory predicts that mutualistic symbioses, based 
on reciprocal exchange of costly goods, should be destabilized by genetic diversity among 
closely-related symbiont strains. Yet,  to date it is unknown if this prediction holds true in 
environmental  symbioses.  This  is  because  the  majority  of  bacteria  has  not  been cultured 
under standard laboratory conditions, and due to the methodological challenges of teasing 
apart highly similar genomes from a complex bacterial community. In this thesis I therefore 
aimed to deepen our current understanding of mutualistic symbioses, and the potential role 
that  symbiont  strain  diversity  and  evolution  may  play  in  it.  To  do  so,  I  preformed  high-
resolution genomic analyses of the endosymbionts of Bathymodiolus mussels. These mussels 
dominate hydrothermal vents and cold seeps in the deep sea, and form a chemosynthetic 
symbiosis  with  gammaproteobacterial  sulfur-oxidizing  (SOX)  or  methane-oxidizing  (MOX) 
symbionts, or both. The symbionts reside intracellularly in gill epithelial cells of the host and 
are horizontally transmitted between host generations.

The  Bathymodiolus symbiosis  is  an  ideal  system  to  study  intra-specifc  symbiont 
diversity,  because  of  the  small  number  of  symbiont  phylotypes  that  colonize  each  host 
individual. Their low community diversity allowed the detection of strain diversity within the 
symbiont  populations,  yet,  standard  binning  approaches  currently  cannot  resolve  highly 
similar  strain  genomes  from  metagenomes.  I  therefore  developed  a  custom  workfow  to 
resolve  strain-level  diversity  in  natural  symbiont  populations  from  high-resolution 
metagenomic sequencing data. My analyses revealed an extensive nucleotide diversity in the 
SOX symbionts, showing up to 11 single-nucleotide polymorphisms (SNPs) per kilobase pair 
(kbp; chapter II). Using this polymorphism data, up to 16 strains could be detected within 
single  host  individuals.  To  assess  whether  these  strains  also  difered  in  their  functional 
repertoires,  I  used  read  coverage  information  to  identify  regions  of  low  coverage, 
representing diferences in gene content among symbiont strains. Surprisingly, this analysis 
unveiled  an  extensive  genomic  plasticity  among  co-existing  strains,  afecting  the  energy 
metabolism, phage defense, lipopolysaccharide synthesis, phosphate uptake and regulation. 
Most of these functions were transcribed, indicating that the genotypic diversity also afected 
the symbiont phenotypes. The study included diferent Bathymodiolus species from a range of 
geographic  locations,  which  made  us  conclude  that  high  strain  diversity  of  the  SOX 
endosymbiont is pervasive among Bathymodiolus mussels.

The SOX symbionts are members of the SUP05 clade, a widespread bacterial group 
that impacts marine geochemical cycles of sulfur and nitrogen. Lineages of this clade have 
been reported to  occur both as  free-living cells,  and as  symbionts  of  mussels,  clams and 
sponges.  Whether  the  diferent  lifestyles  are  associated  with  specifc  sets  of  genes  and 
whether Bathymodiolus symbionts thus share unique genetic features distinct from the other 
lifestyles  and  lineages  in  the  SUP05  clade  remained  unclear.  An  extensive  comparative 
genomic  analysis  (chapter  III)  revealed  that  the  link  between  lifestyle  and  gene  content 
similarity was weak, indicating that convergent evolution has led to diferent genetic solutions 
with the same outcome (e.g. the colonization of Bathymodiolus mussels). Further, our analyses 
revealed  that  the  SUP05  clade  displays  extensive  gene  content  variation  and  metabolic 
plasticity on all phylogenetic levels, from genus to single strains, possibly driven by horizontal 
gene transfer.  This suggests that evolvability,  referring to the  potential  of a population to 
evolve adaptive solutions to unknown future conditions, might be a trait that is selected for in 
the SUP05 clade, contributing to the global success of this bacterial group. 
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Summary

The impact of natural selection on symbiont genome evolution is strongly afected by the type 
of  association  and  transmission  mode.  In  vertically  transmitted  symbionts  the  efective 
population size (Ne)  is  small,  which diminishes selection pressure and results in symbiont 
genome  evolution  predominantly  driven  by  genetic  drift.  In  horizontally  transmitted 
symbionts, such as the SOX symbionts,  Ne is often unknown and the impact of genetic drift 
and  natural  selection  is  less  obvious.  Therefore,  I  used  allele  frequencies  derived  from 
polymorphism data to detect signatures of selection in the symbiont genomes (chapter IV). In 
order to gain a comprehensive picture of diversifying selection in the SOX symbiont,  this 
study encompasses 88 metagenomes,  spanning 15 chemosynthetic sampling sites from all 
over the world, and including 9 distinct host species. This analysis allowed the identifcation 
of genes afected by diversifying selection between symbiont populations, which included core 
traits, such as genes involved in sulfur oxidation. Our results therefore indicate that natural 
selection  is  efective  in  the  SOX  symbionts,  and  that  environmental  conditions  and  the 
interaction with the host may be important drivers in diversifying selection.

Analyses of allele frequencies in co-occurring host individuals further revealed a large 
symbiont population overlap (chapter II  and IV),  suggesting a continuous or extended re-
sampling of symbionts either derived from a free-living population or from symbiont release 
by other host individuals. Intriguingly, the population overlap and degree of heterogeneity 
between the host species B. brooksi and B. thermophilus was smaller, possibly resulting from 
a  reduced  rate  of  symbiont  exchange  compared  to  the  other  investigated  host  species 
(chapter IV). Factors afecting symbiont exchange between hosts may be the age and density 
of host individuals. 

The depth and high-resolution of the sequencing approach in this thesis together with 
the extensive sampling efort allowed me to uncover previously hidden strain diversity in the 
SOX symbionts  of  Bathymodiolus.  My  fndings  challenge  and  extent  current  evolutionary 
theories and point out the value of in-depth analysis of environmental bacterial communities 
to deepen our understanding of evolution, microbial interaction and symbiosis. 
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Zusammenfassung

Zusammenfassung

Natürliche Bakterienpopulationen sind oft komplex und zeichnen sich durch große genetische 
Diversität  aus.  Die  zugrunde  liegenden  Prozesse,  die  die  Zusammensetzung  mikrobieller 
Gemeinschaften  bestimmen,  sowie  ihre  räumliche  Strukturierung,  Koexistenz  und 
Genomevolution,  sind  größtenteils  unbekannt.  Mittlerweile  häufen  sich  Studien,  die 
aufzeigen,  dass  sich  auch  nah  verwandte  Bakterienstämme  stark  in  ihren  Funktionen 
unterscheiden können. Inwiefern diese nah verwandten Arten dennoch koexistieren können, 
ist allerdings oft nicht bekannt. Vor allem in engen Symbiosen zwischen Bakterien und ihren 
Tierwirten sind die Auswirkungen von hoher Stammdiversität bisher kaum untersucht. Laut 
evolutionären  Theorien  ist  genetische  Diversität  zwischen  nah  verwandten 
Symbiontenstämmen nachteilig, da sie innerhalb von mutualistischen Symbiosen, in der teure 
Güter  zwischen  den  Partnern  ausgetauscht  werden,  zu  einer  Destabilisierung  der 
Gemeinschaft führen kann. Ob diese Theorie tatsächlich für natürliche Symbiosen zutrift, ist 
allerdings noch nicht bestätigt.  Das liegt vor allem daran,  dass die meisten Bakterien bis 
heute nicht kultiviert wurden, und zudem an den methodischen Schwierigkeiten, die damit 
verbunden  sind  sehr  ähnliche  Genome  aus  einer  komplexen  Bakterienpopulation  zu 
extrahieren.  Das Ziel  meiner  Arbeit  war  es  daher,  ein tiefergehendes Verständnis  für  die 
Funktionsweise  mutualistischer  Symbiosen zu  erlangen,  und die  potentielle  Rolle,  die  die 
Diversität und Evolution der Symbiontenstämme darin spielt, zu verstehen. Alle Ergebnisse 
dieser Arbeit basieren auf hochaufösenden genomischen Analysen von Endosymbionten der 
Bathymodiolus Muscheln. Diese Muscheln leben in großen Zahlen an Hydrothermalquellen 
und  kalten  Quellen  in  der  Tiefsee,  wo  sie  chemosynthetische  Symbiosen  mit 
gammaproteobakteriellen  Schwefeloxidierern  (SOX)  oder  Methanoxidierern  (MOX)  bilden, 
oder  beiden.  Die  Symbionten  leben  intrazellulär  in  den  Kiemenepithelien  der  Wirte  und 
werden horizontal von einer auf die nächste Wirtsgeneration übertragen. 

Die  Bathymodiolus-Symbiose  ist  besonders  gut  für  die  Untersuchung  von 
Symbiontendiversität  geeignet,  da  jeder  Wirt  nur  eine  kleine  Anzahl  an  Symbionten-
Phylotypen  beherbergt.  Die  geringe  Diversität  ermöglichte  daher,  die  Stammdiversität 
innerhalb der Symbiontenpopulationen mit hoher Aufösung zu untersuchen. Allerdings sind 
die erhältlichen Standardmethoden zur Extrahierung von Bakteriengenomen aus komplexen 
Datensätzen  momentan  noch  nicht  in  der  Lage  zwischen  sehr  ähnlichen  Stämmen  zu 
unterscheiden.  Daher  habe  ich  im  Rahmen  dieser  Arbeit  einen  methodischen  Workfow 
entwickelt, der sich die hohe Aufösung von metagenomischer Sequenzierung zunutze macht, 
um die Stammdiversität natürlicher Symbiontenpopulationen aufzudecken. Mit Hilfe dieser 
Analyse wurde die starke Polymorphie der Nukleotidzusammensetzung innerhalb der SOX 
Symbiontenpopulationen deutlich, mit Werten von bis zu 11 Einzelnukleotid-Polymorphismen 
(SNP,  engl.  Single  Nucleotide  Polymorphism)  pro  Kilobasenpaar  (kbp;  Kapitel  II).  Anhand 
dieser Polymorphie konnten bis zu 16 Symbiontenstämme innerhalb eines einzelnen Wirtes 
identifiziert werden. Um zu verstehen, ob diese Stämme sich auch funktionell voneinander 
unterscheiden, habe ich in den Symbiontengenomen nach Regionen gesucht, die durch die 
Sequenzierung  unterschiedlich  häufig  abgedeckt  wurden  und  sich  somit  in  der 
Sequenziertiefe  unterschieden.  Diese  Regionen  geben  Hinweise  auf  Unterschiede  in  der 
Genzusammensetzung der verschiedenen Stämme. Erstaunlicherweise hat diese Analyse zu 
der  Entdeckung  von  weitreichender  Plastizität  in  den  Genomen  koexistierender 
Symbionenstämme  geführt,  in  Bereichen,  die  für  Energiestofwechsel,  Virusabwehr, 
Lipopolysaccharidsynthese, Phosphataufnahme und -regulation kodieren. Die meisten dieser 
Funktionen  waren  ebenfalls  transkribiert,  was  darauf  hindeutet,  dass  die  genetische 
Diversität sich auch auf den symbiontischen Phenotyp auswirkt. Da diese Studie verschiedene 
Bathymodiolus-Arten umfasste, die an unterschiedlichen geographischen Standorten beprobt 
wurden, nehmen wir an, dass die hohe Stammdiversität der SOX Endosymbionten innerhalb 
der Bathymodiolus-Symbiose weitverbreitet ist.

Die SOX Symbionten sind Mitglieder der SUP05 Klade, einer weitverbreiteten Gruppe 
von Bakterien, die die geochemischen Stofkreisläufe von Schwefel, Stickstof und Sauerstof  
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Zusammenfassung

im  Meer  beeinfussen.  Aufgrund  früherer  Studien  ist  bekannt,  dass  diese  Klade  sowohl 
freilebende Bakterienarten beinhaltet, als auch Symbionten von Muscheln und Schwämmen. 
Ob sich diese verschiedenen Lebensweisen auch in der genetischen Zusammensetzung der 
Arten  widerspiegeln,  und  dementsprechend  alle  Bathymodiolus Symbionten  einzigartige 
genetische Merkmale teilen, die in den anderen Lebensweisen und Arten der SUP05 Klade 
fehlen,  blieb  bisher  unklar.  Innerhalb  einer  umfassenden  vergleichenden  genetischen 
Untersuchung (Kapitel III) konnte ich in dieser Arbeit zeigen, dass eine ähnliche Lebensweise 
nur bedingt mit Ähnlichkeit in der Zusammensetzung von Genen in Zusammenhang stand. 
Dies  deutet  darauf  hin,  dass  konvergente  Evolution  innerhalb  der  SUP05  Klade  zu 
unterschiedlichen  genetischen  Lösungen  bei  gleichem  Ausgang  geführt  hat  (z.  B.  die 
Kolonisierung von Bathymodiolus Muscheln). Weiterhin haben die Ergebnisse unserer Analyse 
eine große Variation in der Genzusammensetzung und metabolischen Plastizität der SUP05 
Klade  aufgezeigt,  die  auf  allen  phylogenetischen  Ebenen,  von  Genus  bis  zu  einzelnen 
Stämmen,  deutlich  wurde,  und  potenziell  auf  lateralem  Gentransfer  beruht.  Unsere 
Ergebnisse  legen  daher  nahe,  dass  Evolvierbarkeit,  also  das  Potential  einer  Population 
angepasste Lösungen für eine unbekannte Zukunft entwickeln zu können, ein Merkmal sein 
könnte, für welches in der SUP05 Klade selektiert wird, und was somit zum weltweiten Erfolg 
dieser Gruppe beiträgt. Dies ist fundiert auf den Ergebnissen unserer Analyse, welche eine 
weitreichende Variation in der Genzusammensetzung und metabolischen Plastizität auf allen 
phylogenetischen  Ebenen,  von  Genus  zu  einzelnen  Stämmen,  aufgezeigt  hat,  potenziell 
getrieben durch lateralen Gentransfer. 

Der Einfuss von natürlicher Selektion auf Genomevolution in Symbionten wird stark 
durch  die  Art  der  symbiotischen  Gemeinschaft  und  die  Art  der  Symbiontenübertragung 
beeinfusst. In vertikal übertragenen Symbionten ist die efektive Populationsgröße (Ne) in der 
Regel  klein,  was  dazu  führt,  dass  vor  allem  genetische  Drift  die  Genomevolution  der 
Symbionten antreibt. In horizontal übertragenen Symbionten dagegen ist  Ne oft unbekannt 
und der Einfuss von genetischer Drift und natürlicher Selektion weniger ofensichtlich. Um 
Signaturen von Selektion in den Symbiontengenomen dennoch erkennen zu können, habe ich 
Allelfrequenzen der Polymorphiedaten untersucht (Kapitel  IV). Diese Studie umfasst Daten 
aus 88 Metagenomen, deren Proben an 15 chemosynthetische Standorten auf der ganzen Welt 
gesammelt wurden und 9 verschiedene Wirtstypen abdeckten, und ermöglichte somit einen 
umfangreichen Einblick in die diversifizierende Selektion in SOX Symbionten. Diese Analyse 
erlaubte  die  Identifizierung  von  Genen,  die  diversifizierender  Selektion  zwischen  den 
Symbiontenpopulationen unterliegen, und unter anderem Gene für Kernfunktionen wie die 
Schwefeloxidation  beinhalteten.  Unsere  Ergebnisse  machen  deutlich,  dass  natürliche 
Selektion  efektiv  ist,  und  dass  Umweltbedingungen  und  die  Interaktion  mit  dem  Wirt 
wichtige Antriebskräfte für diversifizierende Selektion in SOX Symbionten zu sein scheinen.

Die  Analyse  von Allelfrequenzen in  an einem Standort  gemeinsam vorkommenden 
Wirten  hat  ergeben,  dass  sich  ihre  Symbiontenpopulationen  weitgehend  überschneiden 
(Kapitel  II und IV). Diese Ergebnisse deuten daher darauf hin, dass Symbionten entweder 
kontinuierlich oder  über  einen langen Zeitraum immer wieder  neu aufgenommen werden 
können, wobei unklar bleibt ob sie von einer freilebenden Population oder von freigesetzten 
Symbionten  anderer  Wirte  stammen.  Faszinierenderweise,  haben  wir  geringe 
Symbiontenüberschneidung und niedrige Stammdiversität in den Wirtsarten B. brooksi und B. 
thermophilus entdeckt.  Dies  deutet  auf  eine  niedrigere  Möglichkeit  des 
Symbiontenaustausches  im  Vergleich  zu  den  anderen  Wirtsarten  hin  (Kapitel  IV),  was 
möglicherweise im Alter oder der Dichte der Wirtsindividuen begründet ist.

Innerhalb dieser Arbeit habe ich eine bisher unerkannte Stammdiversität in den SOX 
Symbionten  von  Bathymodiolus Muscheln  enthüllt.  Dies  war  nur  mit  Hilfe  eines 
umfangreichen  Datensatzes  tief-sequenzierter  Metagenome  möglich.  Die  präsentierten 
Ergebnisse  hinterfragen und erweitern  anerkannte  evolutionäre  Theorien  und  zeigen den 
Wert  von  tiefgehenden  Analysen  der  natürlichen  Bakteriengemeinschaften  auf,  um  unser 
Verständnis von Evolution, mikrobieller Interaktion und Symbiose zu vertiefen.
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Chapter 1 | Introduction

Chapter I | Introduction

1.1 Symbiosis

“Das fortwährende und innige Zusammenleben ungleichnamiger Organismen”. This 

was  how de  Bary  frst  defned  the  term ‘symbiosis’  in  1879  (de  Bary,  1879).  It 

translates to ‘the continuous and intimate living together of not-alike organisms’ and 

was introduced to describe lichens. Lichens were previously thought of as plants, but 

instead represent an intimate association between fungi and algae, a symbiosis. The 

word symbiosis is composed of two parts derived from Greek – syn which translates 

to ‘together’ and bios which translates to ‘life’. This frst defnition of ‘living together’ 

by de Bary is still valid today and forms the foundation for all symbiosis research.

Symbiosis describes three kinds of interactions. Two associated organisms can be 

either mutually benefcial (mutualism), neutral (commensalism) or one partner can 

negatively impact the other (parasitism). Although de Bary did not limit the concept 

of  symbiosis  to  any  of  these  types,  symbiosis  is  often  used  as  a  synonym  for 

mutualism  (Martin and Schwab, 2012; Douglas,  2010). Nevertheless,  the broader 

defnition of symbiosis is important to describe intimate associations where the type 

of association is unknown or where it changes under diferent circumstances. One 

example where the type of assication can change is the human-associated bacterium 

Neisseria meningitidis. While normally, this bacterium resides in the human body as 

commensal  it  can  become  parasitic  under  specifc  conditions,  such  as  in  dense 

human  populations,  causing  severe  disease  in  the  human  brain  (Soriani,  2017). 

Under the broad defnition of symbiosis that includes mutualists, commensalists and 

parasites,  N.  meningitidis would  thus  be  considered  a  human symbiont.  Instead, 
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Chapter 1 | Introduction

under  the  restricted  defnition  of  symbiosis  that  equals  mutualism,  one  has  to 

diferentiate between the diferent lifeforms. In addition to the challenge that the 

type of association (benefcial, neutral or parasitic) it often not known, it is also not 

clearly defned how long two organisms have to be associated to form a symbiosis. 

The currently accepted description is that two organisms have to be associated for a 

signifcant proportion of their lifetime, which is vague in itself (Douglas, 2010). It is 

thus evident,  that the continuum of associations among species in terms of time, 

contact,  and  reciprocal  impact  observed  in  nature  still  poses  a  challenge  for 

scientists to grasp and defne symbiotic associations.

Despite the controversy in defnition, symbiosis has undoubtedly shaped life on earth 

as it is today. The entire eukaryotic domain of life would not exist today if it was not 

for  symbiosis.  It  is  through  endosymbiosis  that  the  eukaryotic  life  evolved,  as 

mitochondria  and  plastids  originated  from  bacteria  (Margulis  and  Fester,  1991; 

Margulis, 1970). This has marked the starting point for an explosion in the evolution 

of  multicellular  lifeforms  resulting  in  todays  extensive  diversity  of  eukaryotes. 

Eukaryotic  organisms  continue  to  evolve  symbioses  with  microbial  partners  and 

today it is believed that the vast majority of multicellular eukaryotes, if not all, are 

symbiotic  (Little,  2010).  Symbioses  between  eukaryotes  and  microbes  provide  a 

valuable source of evolutionary innovation  (Margulis and Fester, 1991; Moran and 

Telang, 1998). For example, through the association with a symbiotic partner, new 

traits can be gained, such as the access to novel metabolic capabilities, protection 

from antagonists or extended dispersal and mobility (Douglas, 2010). Symbiosis can 

also allow organisms to invade and adapt to new niches, which would not be possible 

without a symbiont (Little, 2010; Moran and Telang, 1998). One famous example is 

8



Chapter 1 | Introduction

the  discovery,  only  40  years  ago,  of  chemosynthetic  symbioses,  a  mutualistic 

association in the absence of light and photosynthetic primary production which will 

be discussed in detail as this is the subject of this thesis. A symbiosis between animal 

hosts and bacteria can have diferent complexities. For example, it can involve just 

two partners, such as the intimate association between  Euprymna scolopes  squids 

and the bioluminescent bacterium Vibrio fscheri (Visick and McFall-Ngai, 2000), few 

partners such as the gutless oligochaete  Olavius algarvensis associated with less 

than ten bacterial species  (Dubilier et al., 2008; Ruehland et al.,  2008), or it can 

involve hundreds of bacterial partners leading to very complex microbiomes (e.g. 

Turnbaugh et al., 2007). The human microbiome has experienced a drastic increase 

in  attention  over  the  past  years  where  the  scientifc  focus  on  merely  parasitic 

symbionts was extended to commensal and mutualistic ones. Throughout my study I 

will refer to the bacterial partner as the symbiont and to the animal partner as the 

host.

1.2 Chemosynthetic symbiosis

“Isn’t the deep ocean supposed to be like a desert? [...] Well there’s all these animals 

down here.” These are famous words from the geologist Jack Corliss on board of the 

submersible “Alvin” when hydrothermal vents were discovered in 1977. At that time 

there was no explanation as to how these extensive communities of animals could 

exist in complete darkness and far away from photosynthetic primary production in 

surface waters  (Lonsdale,  1977).  Without knowing it,  the team in the Alvin,  Jack 

Corliss, Tjeerd van Andel and Jack Donnelly were the frst people that ever laid eyes 

on chemosynthetic symbioses – or so it seemed. In reality, chemosynthetic symbioses 
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Chapter 1 | Introduction

in shallow-water sediments have been encountered unrecognized by scientists a long 

time before  (Stewart and Cavanaugh, 2006; Cavanaugh, 1983; Reid and Bernard, 

1980; Owen, 1961). However, it needed an observation such as the one in the deep 

sea, that lacked any explanation as to how animals can thrive there, to discover the 

benefcial  association  between  chemosynthetic  bacteria  and  animals  (Cavanaugh, 

1983;  Cavanaugh  et  al.,  1981).  Chemosynthesis  is  a  process  in  which  chemical 

energy from e.g.  reduced sulfur compounds,  methane or hydrogen, is  used to fx 

inorganic  carbon  (or  methane)  into  biomass  (reviewed  in  Dubilier  et  al.,  2008; 

Jannasch and Mottl, 1985; Jannasch, 1985). So far only bacteria are described to be 

able  to  perform  chemosynthesis  which  made  the  discovery  of  dense  animal 

communities in the deep sea all the more surprising. Before the discovery of the 

hydrothermal vent ecosystem most life in the ocean was assumed to be sustained by 

photosynthetic  primary  production  fueled  by  sun  light.  The  deep  ocean  was 

considered a desert as very little  organic material  (~ 1%, reviewed in  Jannasch, 

1985) reaches the bottom to feed the deep-sea fauna. There is a wide diversity of 

chemosynthetic environments in the world’s oceans, most of which are now known to 

harbor chemosynthetic communities and symbioses. These communities are almost 

entirely based on bacterial chemosynthesis (Box 1).

10
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Box 1 | Photosynthesis and chemosynthesis

Photosynthesis: The fxation of inorganic carbon into organic carbon with the use of sun light as 

energy source.

Chemosynthesis: The fxation of inorganic carbon (or methane) into organic carbon with the use 

of reduced chemicals (inorganic or organic) as energy source.

Inorganic electron donor

(e.g. S2O3
2-, H2S, H2, CO, etc.)

Organic electron donor

(e.g. CH4, sugars, etc.)

Inorganic carbon source

(HCO3
-, CO2)

Chemolithoautotroph Chemoorganoautotroph

Organic carbon source

(e.g. CH4, sugars, etc.)
Chemolithoheterotroph Chemoorganoheterotroph

1.2.1 Diversity of chemosynthetic environments

Chemosynthetic habitats can be diverse, but share characteristic features (Smith, 

2012).  These  include  the  presence  of  a  chemical  energy  source  of  reduced 

compounds, such as sulfde, methane and hydrogen (Jannasch and Mottl, 1985). For 

chemosynthesis to be possible, also oxidants have to be present, such as oxygen and 

nitrate  (Jannasch and Mottl, 1985). If a chemosynthetic environment is to sustain 

large animal communities, oxygen is required for the animals to respire, although 

the oxygen requirement for distinct animal groups can difer (Zhang and Cui, 2016; 

Sperling  et  al.,  2015).  Therefore,  chemosynthetic  communities  are  not  entirely 

independent from sun light, as photosynthesis produces the oxygen needed in those 

habitats  (Smith,  2012).  There  is  a  variety  of  diferent  habitat  types  that  were 

described to  fuel  chemosynthetic  communities,  such as  hydrothermal  vents,  cold 

seeps, whale and wood falls, mud volcanoes, mangrove swamps and shallow-water 

sediments (Fig. 1,  Dubilier et al., 2008). In my thesis I focused on chemosynthetic 
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symbioses that predominantly occur at hydrothermal vents and cold seeps, which I 

will describe below in some more detail.

Whale and wood falls represent temporal and local hot spots with reduced chemical 

compounds  allowing  the  formation  of  chemosynthetic  communities.  When  large 

whale carcasses sink to the ocean sea-foor they provide a rich resource for microbial 

degradation of the organic material. This produces a sulfde-rich environment that 

attracts  diverse  communities  of  organisms,  including  chemosynthetic  and  other 

symbioses, such as Osedax tubeworms (a heterotrophic symbiosis), vestimentiferan 

tubeworms, vesicomyid clams and polychaetes (Smith et al., 2015; Vrijenhoek, 2010). 

Similarly, wood falls and shipwrecks represent temporally restricted chemosynthetic 

environments,  where  the  decomposing  organic  material  produces  sulfdic 

environments to fuel chemosynthesis, illustrating how human activities can impact 

the  evolution  of  deep-sea  symbioses.  Such  temporally  restricted  chemosynthetic 

environments  have  been  considered  ancient  ‘stepping-stones’  in  the  evolution  of 

chemosynthetic  symbioses  into  deep-sea  habitats  (Distel  et  al.,  2000).  This  is 

supported by recent fndings of a giant mud-boring teredinid bivalve that evolved by 

replacing a heterotrophic gill symbiont with a chemoautotrophic symbiont (Distel et 

al., 2017). 

As mentioned above, chemosynthetic symbioses have also been identifed in shallow-

water habitats. More specifcally, the biological degradation of organic material in 

shallow-water sediments leads to oxygen depletion and sulfde enrichment. Solemya 

clams, Codakia clams, Olavius oligochaetes, Paracatenula fatworms and meiofaunal 
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Kentrophoros ciliates  are just  a  few examples of  the diversity  of  chemosynthetic 

symbioses found in shallow-water sediments (Dubilier et al., 2008).

Hydrothermal vents and cold seeps

Hydrothermal  vents  occur  worldwide  at  spreading zones  along the  edges  of  the 

Earth’s tectonic plates (Fig. 1). Seawater enters the porous ocean sea-foor and is 

heated up as it approaches magma chambers of molten rock below the sea foor. 

During its way through the crust, the seawater becomes enriched in dissolved gases 

(e.g. CO2, H2S, H2, CH4) and metals (e.g. Fe and Mn) from the volcanic ocean crust 

(Martin et al., 2008). These gases serve as energy sources fueling chemosynthetic 

life in those environments (Jannasch and Mottl, 1985). However, the concentration of 

dissolved  compounds  depends  on  a  variety  of  factors  such  as  the  origin  and 

composition of the oceanic crust, the original composition of the entering fuid and 
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Figure  1 | “Global distribution of hydrothermal vent (red), cold seep (blue) and whale 
fall  (yellow)  sites  that  have  been studied  with  respect  to  their  fauna”, adapted  from 
German et al., 2011. This illustration only depicts sites that have been discovered and studied so 
far. The ongoing discovery of these habitats and their associated fauna might fll some of the gaps 
in the future.
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the heat source itself (Tivey, 2007). Hot fuids can reach temperatures of more than 

400 °C  (Perner et al., 2014). When these fuids re-emerge from the sea-foor, they 

mix with the cold surrounding seawater. This mixing leads to mineral precipitation 

forming  the  typical  ‘chimney’  structures  of  hot  vents.  In  addition,  the  sudden 

precipitation  of  metal  sulfdes  can  cause  the  impression  of  black  smoke  being 

expelled  by  those  chimneys,  which  is  the  reason  that  some  of  these  vents  are 

referred to as ‘black smokers’. The rate of continental spreading difers extremely 

with ultra-slow (< 20 mm year-1), slow, intermediate, fast and ultra-fast (up to 150 

mm year-1) velocities  (Snow and Edmonds, 2007; Charlou and Donval,  1993). The 

speed of continental spreading infuences the geological origin of a venting system. 

Fast spreading zones are mostly infuenced by volcanic activities (Kelley et al., 2002). 

Slow spreading instead is characterized by tectonic activities and can be more stable 

over  time  (Snow and  Edmonds,  2007;  Kelley  et  al.,  2002).  Ultra-slow  spreading 

ridges  and  of-axis  venting  systems  are  fundamentally  diferent  from  the  other 

spreading systems in that they can be characterized by ultramafc rocks deriving 

from the Earth’s mantle, instead of basalts from the Earth’s crust  (Jørgensen and 

Boetius,  2007; Snow and Edmonds,  2007).  The geological  composition of  venting 

systems strongly  infuences  the  concentration  of  pH and reduced gases  that  are 

available  for  the  vent  fauna  (Martin  et  al.,  2008).  For  example  vent  fuids  from 

basalt-hosted vents are typically enriched in sulfde, whereas those from ultramafc 

rocks are enriched in hydrogen (Amend et al., 2011; McCollom, 2007; Charlou et al., 

2002).

In  addition  to  hydrothermal  vents,  a  second  type  of  geologically-derived 

chemosynthetic environment was discovered in the Gulf of Mexico (Kennicutt et al., 
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1985).  Here,  fuids  with  dissolved  gases  and  energy  sources  to  sustain 

chemosynthetic metabolism ‘seep’ upwards out of the ocean sediment. These ‘cold 

seeps’  are  widespread on  active  and passive  continental  margins.  In  contrast  to 

hydrothermal  venting,  the  fuids  are  not  characterized  by  hot  temperatures. 

However, seeping pore-water is usually enriched in hydrocarbons, gases (e.g. CH4, 

H2S) that can fuel the energy demands of the diverse chemosynthetic communities in 

these  habitats  and  also  contains  valuable  nutrients  (e.g.  phosphate,  ammonia) 

(Suess, 2010; Levin, 2005). There are diferent forces that pressure the waters to 

seep out of the sea-foor such as tectonic activities, disintegration of gas hydrates 

and sub-surface migration of salt (Cordes et al., 2010). 

Vent and seep environments can be considered oases in the deep sea. Both habitats 

are  often  dominated  by  chemosynthetic  symbioses  such  as  vestimentiferan 

tubeworms, snails,  Rimicaris shrimps, vesicomyid clams and bathymodiolin mussels 

(Fig. 2). These animals occur in high numbers and large biomasses, a productivity in 

the deep sea that would not be possible without living in chemosynthetic symbioses 

(Dubilier et al., 2008). For example, Bathymodiolus azoricus has been shown to reach 

up to 31 630 individuals and more than 3 kg of dry weight per m² at hydrothermal 

vents on the Mid Atlantic Ridge  (Husson et al., 2017).  Riftia tubeworms represent 

another example,  which have been described as the fastest  growing invertebrate 

known to date (Gaill et al., 1997; Lutz et al., 1994).
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Figure 2 | Variation in the dominant, symbiont-hosting invertebrates at 
active hydrothermal vents. Eastern  Pacifc Ocean:  (A)  Tubeworms (Riftia 
pachyptila)  with  limpets  and anemones;  courtesy  Wikipedia;  B)  Tubeworms 
(Ridgeia piscesae)  with  alvinellid  polychaetes;  courtesy  Ocean  Networks 
Canada.  Western Pacifc Ocean:  (C)  Mussels (Bathymodiolus septemdierum) 
and  tubeworms (Lamellibrachia  sp)  with  lithodid  crabs;  courtesy  ROV Kiel 
6000,  GEOMAR; D) Hairy (Alviniconcha spp.)  and black (Ifremeria nautilei) 
snails  with  bythograeid crabs (Austinograea alaysae);  courtesy  Woods Hole 
Oceanographic  Institution.  Indian  Ocean:  (E)  Lepadid  barnacles,  scaly-foot 
snails  (Chrysomallon  squamiferum),  mussels  (Bathymodiolus  af.  brevior); 
courtesy  JAMSTEC.  Southern  Ocean:  (F)  Yeti  squat  lobster  (Kiwa  tyleri); 
courtesy  NERC  ChEsSo  Consortium.  Atlantic  Ocean:  (G)  Mussels 
(Bathymodiolus  azoricus)  with  bythograeid  crabs;  courtesy  IFREMER. 
Caribbean  Sea:  (H)  Swarming  shrimp  (Rimicaris  hybisae);  courtesy  Woods 
Hole Oceanographic Institution. Figure adapted from Van Dover et al., 2018.
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1.2.2 Diversity of chemosynthetic symbioses

Since  the  discovery  of  hydrothermal  vents  and  chemosynthetic  symbiosis  in  the 

1970s,  there  has  been  almost  half  a  century  of  continuous  discoveries  of  new 

species. Just recently, a new chemosynthetic symbiosis was discovered in the giant 

teredinid bivalve (Distel et al., 2017). The association with bacteria that are able to 

fx inorganic carbon by using chemical energy has emerged multiple times over the 

course  of  evolution  in  animals  as  well  as  ciliates  (Dubilier  et  al.,  2008).  Most 

chemosynthetic  symbionts  belong  to  the  Gammaproteobacteria,  but  also 

Epsilonproteobacteria (Assié et al., 2016) and Alphaproteobacteria (Gruber-Vodicka 

et al., 2011) have been discovered in chemosynthetic symbioses. The frst described 

chemosynthetic symbionts were sulfur oxidizers (SOX) of deep-sea tubeworms of the 

species  Riftia pachyptila (Cavanaugh et al.,  1981) and only shortly after, methane 

oxidizers  were  discovered  in  bathymodiolin  mussels  (Childress  et  al.,  1986).  In 

addition  to  sulfde  and  methane,  hydrogen  and  carbon  monoxide  have  been 

described to serve as energy substrate in chemosynthetic symbionts (Kleiner et al., 

2015, 2012; Petersen et al., 2011). 

Chemosynthetic symbioses are highly diverse in the types of host adaptations to the 

symbionts, the locations of bacterial symbionts within the hosts, and in the types of 

transmission  modes how bacteria  are transferred between host  generations.  The 

association with chemosynthetic symbionts has often caused drastic adaptations in 

host  morphology.  For  example  vestimentiferan  tubeworms (e.g.  Riftia  pachyptila) 

don’t have a mouth or gut and instead harbor their sulfur-oxidizing symbionts in a 

specialized organ called the trophosome (Cavanaugh, 1983; Cavanaugh et al., 1981; 
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Felbeck et al., 1981). Despite the reduced gut, these animals can grow 2 m long and 

are among the fastest growing invertebrates known so far (Bright et al., 2013; Gaill 

et  al.,  1997).  Bathymodiolin  mussels  represent  another  example  as  they  have 

enlarged gills compared to their non-symbiotic relatives from mytilid bivalves  (von 

Cosel and Olu, 1998). In addition, the hosts have evolved a variety of strategies to 

provide their chemosynthetic symbionts with both the energy substrate and oxidants 

required to perform chemosynthesis (Cavanaugh et al., 2013). For the symbionts this 

is assumed to represent an advantage of symbiotic life in comparison to free-living 

bacteria  (Vrijenhoek, 2010). For a free-living chemoautotroph that uses oxygen as 

electron acceptor it  can be challenging to get access to both substrates: reduced 

energy sources and oxygen, because these rarely co-occur in nature (Cavanaugh et 

al., 2013; Zhang and Millero, 1993). Usually, free-living bacteria such as flamentous 

Beggiatoa form bioflms in locations were reduced gases fow out of the ground and 

the  overlaying  seawater  still  has  enough  dissolved  oxygen  (Vrijenhoek,  2010). 

Instead a symbiont that is associated with an animal host may proft from its size, 

mobility and other adaptations to span the redox gradient (Stewart et al., 2005). For 

example, vesicomyid clams can span chemical gradients by their large size of up to 

30  cm.  In  addition,  these  bivalves  can  extend  their  foot  to  reach  sulfde-rich 

conditions, but they can simultaneously flter oxygen-rich seawater, thus providing 

their symbionts with both substrates (Vrijenhoek, 2010). Mobility between reduced 

and oxic conditions has been suggested to be a strategy in meiofaunal organisms 

with  chemosynthetic  symbionts  (Giere  et  al.,  1991;  Ott,  1989).  There  are  also 

adaptations  in  host  proteins,  as  described  for  Riftia tubeworms.  In  these  hosts, 

hemoglobins that bind oxygen and sulfde are transported via the blood circulation to 

18



Chapter 1 | Introduction

the symbiont-harboring organ, the trophosome (Arp et al., 1987; Arp and Childress, 

1983). 

Chemosynthetic  symbionts  can  be  associated  to  their  host  in  diferent  ways:  i) 

extracellular on the host surface, also referred to as ectosymbionts or epibionts (e.g. 

in Rimicaris shrimps, Leptonemella nematodes), ii) extracellular but inside the host 

(e.g. Olavius worms) iii) intracellular in host cells (e.g. Bathymodiolus mussels, Riftia 

tubeworms,  Vesicomyosocious clams).  Both,  ii)  and  iii)  are  referred  to  as 

endosymbionts, due to their location within the host. It is important to note that an 

endosymbiotic  relationship is not necessarily more specifc than an ectosymbiotic 

association, as it has been shown for chemoautotrophic ectosymbionts colonizing the 

cuticle of Leptonemella nematodes that can be highly specifc (e.g. Zimmermann et 

al., 2016).

1.3 Symbiont transmission

There are two routes of symbiont transmission from one host generation to the next: 

vertical  and  horizontal  transmission.  During  vertical  transmission,  symbionts  are 

directly  passed  from  the  parent  to  the  ofspring.  In  most  described  cases  this 

happens  through  the  female  germline  via  the  egg.  But  symbionts  can  also  be 

vertically transmitted in other ways, for example via feeding or oral smearing (Bright 

and Bulgheresi, 2010). A vertical transmission mode through the germline has been 

described for vesicomyid clams (Cary and Giovannoni, 1993; Endow and Ohta, 1990). 

The host benefts from vertically transmitted symbionts, as it provides a secure way 

to  equip  all  ofspring  with  a  symbiont  that  is  needed  to  survive  e.g.  in 
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chemosynthetic environments. On the other hand, the transmitted strain might not 

be the best adapted to new environmental conditions and therefore can hamper the 

hosts ability to disperse and colonize new locations or habitats  (Vrijenhoek, 2010). 

Horizontal transmission, instead, can happen either laterally from other hosts (not 

only parental individuals) or through a free-living stage of the symbiont (Bright and 

Bulgheresi,  2010).  The  latter  has  been  described  for  vestimentiferan  tubeworms 

(Nussbaumer et al., 2006). The successful association between the symbiont and its 

host is determined by a variety of factors that include recognition mechanisms and 

the right timing. Some hosts only have a short developmental stage or time window 

during which they are permissive to symbiont colonization. This is for example the 

case in squid juveniles and vestimentiferan tubeworms where larvae can only be 

infected during a short time after settlement (Nussbaumer et al., 2006). Horizontal 

transmission  allows  the  host  to  acquire  the  best-adapted  symbiont  in  the  local 

conditions  (Won et al.,  2003). However,  it  also poses a risk to the association in 

fnding its  benefcial  partner  and in  the possibility  of  being invaded by parasitic 

strains  (Vrijenhoek,  2010).  In  addition,  genotype  heterogeneity  resulting  from 

horizontal transmission might lead to the emergence of ‘cheater’ strains (see section 

1.5.1). 

There  are  also  mixed  modes  of  vertical  and  horizontal  transmission.  Here, 

predominantly vertically transmitted symbiont populations can be supplemented by 

symbionts that are taken up from the environment or from other hosts. Evidence for 

a mixed transmission mode has been recently shown for solemyid and vesicomyid 

clams that were previously thought of as vertically transmitted (Ozawa et al., 2017; 

Russell  and  Cavanaugh,  2017;  Russell  et  al.,  2017).  In  fact,  strict  vertical 
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transmission with the complete absence of horizontal transmission events may be 

rare (Bright and Bulgheresi, 2010).

 

1.3.1 Impact of transmission mode on symbiont genome evolution

The transmission mode of symbionts can have manifold infuences on the genome 

evolution  in  symbionts  (Wernegreen,  2015;  Bright  and  Bulgheresi,  2010;  Moran, 

1996). Vertical transmission in long-term relationships imposes a physical bottleneck 

that  allows  a  limited  number  of  symbiont  cells  to  be  transmitted  from one host 

generation to the next (Mira and Moran, 2002). This has profound efects on the so-

called efective symbiont population size (Ne). Ne can be defned as the “[...] size of a  

population evolving in the absence of selection that would generate as much neutral  

diversity as is actually observed.” (Fraser et al., 2009). Albeit it is extremely dificult 

to estimate Ne for bacteria, it is clear that bottlenecking drastically reduces it (Bobay 

and Ochman, 2018). Small  Ne decreases the efect of  natural selection and instead 

makes a population more susceptible to genetic drift. This leads to the accumulation 

of slightly deleterious mutations that are not purged by purifying selection, a process 

that has also been referred to as Muller’s ratchet  (Moran, 1996). Evolution under 

genetic drift can result in a reduction of genome size due the loss of gene functions 

as has been shown for many obligate insect symbionts (Moran and Bennett, 2014). 

This process has to be distinguished from adaptive genome reduction that can also 

lead to the evolution of smaller genome sizes in bacterial  populations with large 

efective genome sizes (Wernegreen, 2015). In vertically transmitted endosymbionts 

such genome reduction can be so extreme that  it  ultimately  leads to the loss of 

essential symbiont functions, a process that has been described as the ‘evolutionary 
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rabbit  hole’  (Bennett  and Moran,  2015).  In  addition  to  Ne,  vertically  transmitted 

endosymbionts are genetically  isolated from other bacterial  populations and thus 

from  any  source  of  “new”  genetic  material  that  would  allow  recombination.  In 

contrast, horizontally transmitted symbionts have potentially much larger Ne. If Ne is 

large,  natural  selection  can  be  efective.  This  results  in  removal  of  slightly 

deleterious mutations via purifying selection  (Wernegreen, 2015). Adaptive alleles 

can  be  selected  for  and  reach  fxation  in  the  afected  population.  However,  as 

described above, also in horizontally transmitted symbionts there can be population 

bottleneck efects. Ne is largely infuenced by how much the symbiont population in 

co-occurring hosts and the environmental population contributes to the colonization 

of  the next host  generation  (Vrijenhoek,  2010).  In addition,  the opportunities for 

horizontal gene transfer and recombination with environmental populations depend 

on whether the environmental symbiont stage is active or dormant towards these 

processes  (Vrijenhoek,  2010).  Therefore,  our  abilities  to  predict  the  impact  of 

selection and genetic drift on horizontally transmitted symbionts are limited.

The  impact  of  transmission  modes on  the  evolution  of  organisms often  becomes 

visible in the phylogeny of host and symbiont. The phylogenies of strictly vertically 

transmitted symbionts show congruent phylogenies with those of their  hosts.  For 

example, such coupling was shown in chemosynthetic vesicomyid clams from deep-

sea  environments  and  Paracatenula fatworms  from  shallow-water  sediments 

(Gruber-Vodicka et al., 2011; Gofredi et al., 2003; Hurtado et al., 2003). Points of 

incongruence in otherwise congruent phylogenies can potentially reveal occasional 

horizontal transmission, as well as host switching events over the course of evolution 

(Ozawa et al., 2017; Stewart et al., 2008).  In contrast, there is  typically only little 
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congruence  between  host  and  symbiont  phylogenies  in  horizontally  transmitted 

symbionts, such as between Bathymodiolus mussels and their symbionts (Bright and 

Bulgheresi, 2010; Won et al., 2008).

1.3.2 Impact of transmission mode on symbiont heterogeneity

The mode of symbiont transmission greatly infuences the genetic heterogeneity of 

symbionts  within  single  hosts.  Vertical  transmission  is  expected  to  lead  to 

homogeneity  within  hosts,  due  to  the  strong  bottleneck  efects  and  reduced 

opportunities for gene exchange and recombination. In horizontal transmission, the 

heterogeneity  of  symbionts  within  a  host  depends  on  the  heterogeneity  in  the 

potentially infectious population and on the number of cells that can colonize a host. 

The latter is infuenced by the time of the permissive period. For example, squids and 

vestimentiferan  tubeworms  only  have  a  short  time  period  where  symbionts  can 

colonize, and in line with this, they show limited symbiont diversity (Nussbaumer et 

al., 2006; Nyholm and McFall-Ngai, 2004). In contrast, a host that can continuously 

acquire symbionts throughout an extended period or its entire lifetime, potentially a 

multitude of infectious strains could colonize these hosts, presuming that they occur 

in the environment. This has been hypothesized for bathymodiolin mussels (Wentrup 

et al., 2014).
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1.4 Bathymodiolin symbiosis

Symbiotic deep-sea mussels in the family  Mytilidae form a monophyletic subfamily 

called  Bathymodiolinae (Fig.  3,  4).  These  mussels  dominate  many  hydrothermal 

vents and cold seeps and have also been observed at sunken wood and whale falls 

(Fig. 4; Distel et al., 2000; Duperron et al., 2013; Van Dover et al., 2002). These 

deep-sea mussels are thought to have evolved approx. 89 million years ago from 

their shallow-water relatives, and invaded the deep-sea via stepping-stones such as 

wood and whale falls (Liu et al., 2018; Lorion et al., 2013; Samadi et al., 2007; Distel 

et  al.,  2000).  Compared  to  the  other  lineages  within  the  Mytilidae family, 

Bathymodiolinae form a young clade and have undergone rapid adaptive divergence 

(Liu et al., 2018; Lorion et al., 2013). Although the phylogeny within this group is an 

ongoing  debate,  most  recent  analyses  have  suggested  nine  genera  within  the 

Bathymodiolinae,  namely  Bathymodiolus,  Benthomodiolus,  Vulcanidas, 

Lignomodiolus,  Idas,  Terua,  “Bathymdiolus”,  Gigantidas and  Nypamodiolus (Liu et 

al., 2018). 
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Despite a functioning digestive system, deep-sea bathymodiolin mussels depend on 

their chemosynthetic bacterial symbionts for nutrition  (Duperron, 2010; DeChaine 

and Cavanaugh, 2005; Stewart et al., 2005). Bathymodiolus mussels were shown to 

be associated with a SOX, MOX or both symbiont types (Fig. 4). SOX symbionts are 

associated with most species and only absent in a few mussel species from the “B.” 

childressi clade  (Duperron, 2010; Lorion et al.,  2013). Both symbionts have been 

suggested  to  be  horizontally  transmitted  from  one  host  generation  to  the  next 

(Wentrup et al., 2014; Won et al., 2003). Most of the symbionts reside intracellularly 

in gill epithelial cells called bacteriocytes but symbionts have also been described to 

occur extracellularly in these mussels (Duperron, 2010). Multiple studies have shown 
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Figure  3 |  “Phylogenetic  tree of  marine mussels based on the 
Bayesian analysis of a combined dataset of COI, 16S rRNA, 18S 
rRNA,  28S  rRNA  and  H3  genes. Values  of  Bayesian  posterior 
probability  (greater  than  0.8)/maximum likelihood  bootstrap  (greater 
than 90%) are shown above the branches.” Taken from Liu et al., 2018.
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the transfer of fxed or acquired carbon from the symbionts to the host (Riou et al., 

2008;  Nelson  et  al.,  1995;  Fisher  and  Childress,  1992;  Childress  et  al.,  1986). 

However, the details in the mode of this transfer are not fully understood yet. Most 

evidence  suggests  that  intracellular  digestion,  as  well  as  ‘leaking’  from  intact 

symbiont cells to the host both play a role (Kádár et al., 2008; Fiala-Médioni et al., 

2002; Streams et al., 1997). In addition to nutrition, the symbionts may be benefcial 

for the host in sulfde detoxifcation (Powell and Somero, 1986), supply with amino 

acids (Ponnudurai et al., 2017) or potential defense against parasites (Sayavedra et 

al., 2015). 

Apart  from  the  primary  gammaproteobacterial  SOX  and  MOX  symbionts,  other 

symbiont  types  have  been  described  in  bathymodiolin  hosts.  For  example,  a 

gammaproteobacterial  Cycloclasticus symbiont  (Rubin-Blum et al.,  2017; Raggi et 

al.,  2013) and  extracellular  epsilonproteobacterial  symbionts  (Assié  et  al.,  2016) 

were  described  for  some  host  species.  Also  parasitic  symbiont  types  occur  in 

bathymodiolin  mussels,  invading  host  nuclei  of  gill  epithelial  cells,  that  are  not 

colonized by benefcial symbionts (Zielinski et al., 2009). All mussels species that are 

investigated in this thesis belong to the Bathymodiolus genus and have either both, 

SOX and MOX or only SOX as primary symbionts (Fig. 4). 
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1.4.1 Metabolism of SOX and MOX symbionts

Both types of symbionts in Bathymodiolus mussels are housed in the gills where they 

are in close proximity to access seawater that is enriched in energy substrates and 

oxidants (Distel et al., 1995). The common energy sources of all bathymodiolin SOX 

symbionts are reduced sulfur  compounds  (Kleiner  et  al.,  2012).  The oxidation of 

sulfde and thiosulfate is coupled to the fxation of inorganic carbon as has been 

shown experimentally in B. azoricus and B. thermophilus (Fig. 5; Riou et al., 2008; 
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Nelson et al., 1995). In SOX symbionts the autotrophic fxation of carbon dioxide into 

biomass  occurs  through the Calvin-Benson-Bassham cycle  (CBB)  (Cavanaugh and 

Robinson, 1996). Besides sulfur other energy sources have been shown to serve as 

electron donors for the SOX symbionts. The use of hydrogen as an electron donor 

has been observed experimentally and the symbiont’s potential for the oxidation is 

encoded  in  the  genomes  of  SOX  symbionts  of  Bathymodiolus species  from 

hydrothermal  vent  sites  (Ikuta  et  al.,  2016;  Petersen  et  al.,  2011).  In  addition, 

Sayavedra (2016) discovered genes encoding the capability to use methanol as an 

alternative energy source in the genomes of the SOX symbionts and hypothesized 

that the methanol could originate from the co-occurring MOX symbiont. This may 

result  in  a  syntrophic  relationship  between  the  two  symbionts  which  has  been 

suggested previously for other pathways (Fig. 5; Ponnudurai et al., 2017). The SOX 

symbionts do not encode a complete tricarboxylic acid (TCA) cycle as its genome 

does  not  contain  the  genes  encoding  a  malate  dehydrogenase  and  a  succinate 

dehydrogenase. An incomplete TCA cycle led to the hypothesis of a tight coupling 

between host and symbiont metabolism as the SOX symbiont presumably relies on 

the host to provide key intermediates it cannot produce  (Ponnudurai et al., 2017). 

However,  also  in  Ca. Thioglobus  autotrophicus,  a  free-living  relative  of  the  SOX 

symbiont  (see  section  1.4.2),  the  malate  dehydrogenase  is  not  encoded  in  its 

genome, thus, it remains uncertain how metabolically dependent the SOX symbiont 

is on the host (Ponnudurai et al., 2017). 

This  thesis  focuses  on  the SOX symbiont  of  Bathymodiolus mussels  and the  key 

metabolic characteristics of the MOX symbiont are only briefy outlined below. The 

association of metazoans in chemosynthetic environments with a MOX symbiont is by 
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far not as common as the association with a SOX symbiont  (Duperron, 2010). The 

presence  of  a  MOX  symbiont  has  been  detected  in  at  least  ten  described 

Bathymodiolus species  from  vent  and  seep  sites,  most  of  which  also  have  SOX 

symbionts  (Lorion et al., 2013). Experimental and genomic evidence suggests that 

the  MOX symbiont  can  aerobically  oxidize  C1  compounds  such  as  methane  and 

methanol  (Pimenov  et  al.,  2002;  Robinson  et  al.,  1998;  Fisher  et  al.,  1987).  In 

addition,  the  MOX  symbiont  encodes  and  expresses  the  complete  ribulose 

monophosphate  (RuMP)  pathway  for  the  assimilation  of  C1  compounds,  such  as 

formaldehyde (Ponnudurai et al., 2017). In contrast to the SOX symbiont, the MOX 

symbiont encodes a complete TCA cycle (Ponnudurai et al., 2017). 
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Figure  5 |  “Schema  of  a  B.  azoricus gill  bacteriocyte. (a) 
Dissected  B. azoricus specimen showing gills and gill flaments. (b) 
Schema of single gill  flament. (c) Schematic cross-section of a gill 
flament showing bacteriocytes. (d) A single bacteriocyte showing the 
central  pathways of  the  symbionts.  Symbionts  (SOX:  green,  MOX: 
red)  are  located  inside  vacuoles  (white)  surrounded  by  the 
bacteriocyte  cytosol  (brown)  with gases  and substrates  exchanged 
between vent fuids (blue) fushing the gills. An overview of the basic 
metabolic  processes  occurring  in  the  symbionts  is  shown.  AT: 
ammonium transporter,  DH:  dehydrogenase,  DeNit:  denitrifcation, 
FormAsn:  formaldehyde  assimilation,  FormOx:  formaldehyde 
oxidation to formate and CO2, HydOx: hydrogen oxidation, MetOx: 
methane  oxidation  by  pMMO (particulate  methane-monooxygenase 
enzyme  complex)  to  methanol  and  then  to  formaldehyde,  NitAsn: 
nitrogen  assimilation,  NitRes:  nitrate  respiration,  NT:  nitrate 
transporter,  OxRes:  Oxidative  phosphorylation  with  oxygen  as 
terminal electron acceptor, SOX: thiosulfate oxidation, SulfOx: sulfde 
oxidation  via  the  rDSR-APS-Sat  pathway,  TCA:  tricarboxylic  acid 
cycle,  TRAP:  tripartite  ATP-independent  periplasmic  transporter, 
T1SS:  Type  I  secretion  system,  T2SS:  Type  II  secretion  system. 
*toxins are known to be secreted by the thiotrophs (Sayavedra et al., 
2015).”  Adapted  from  Ponnudurai  et  al.  2017,  the  legend  was 
modifed to ft names in main text.
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1.4.2 The SOX symbiont relatives from the SUP05 clade

This  thesis  mainly  focuses  on  the  SOX symbiont  of  bathymodiolin  mussels.  This 

symbiont  falls  into  the  so-called  SUP05  clade  of  Gammaproteobacteria,  which, 

together with its sister clade Arctic96BD, was recently reclassifed by the Genome 

Taxonomy Database as belonging to the  Thioglobaceae family within the order of 

Thiomicrospirales  (Parks et al., 2018). In addition to bathymodiolin symbionts, this 

bacterial  family  encompasses  other  symbiotic  and  free-living  lineages  of 

gammaproteobacterial  sulfur  oxidizers  (GSO).  The  phylogeny  of  free-living  and 

symbiotic lineages is interspersed which suggests that within this family the lifestyle 

has been switched multiple times over the course of evolution either from free-living 

to symbiotic, or from symbiotic to free-living, or both (Sayavedra, 2016; Petersen et 

al., 2012).

Free-living relatives of Bathymodiolus SOX symbionts

The free-living lineages within the Thioglobaceae have been found in a broad range 

of marine habitats, particularly oxygen minimum zones (OMZs), anoxic marine zones 

(AMZs) and hydrothermal vents  (Callbeck et al., 2018; Meier et al., 2017; Swan et 

al.,  2011;  Walsh  et  al.,  2009;  Sunamura  et  al.,  2004).  Evidence  of  high  cell 

abundances  and  metabolic  activity  shaped  the  view  that  free-living 

SUP05/ArcticBD96 lineages have an important impact on biogeochemical cycles of 

sulfur and nitrogen in the ocean (Callbeck et al., 2018; Murillo et al., 2014; Stewart 

et al.,  2012; Ulloa et al.,  2012). Unlike the symbiotic lineages, two strains of the 

Thioglobaceae have been successfully isolated and their genomes were sequenced; 
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Ca.  Thioglobus  autotrophicus  EF1  from  the  SUP05  clade  and  Ca.  Thioglobus 

singularis PS1 from the Arctic96BD clade  (Shah et al., 2017; Marshall and Morris, 

2015; Shah and Morris, 2015; Marshall and Morris, 2013). Another SUP05-lineage 

Ca. Thioglobus perditus was recently described, though not cultivated  (Callbeck et 

al., 2018). In addition, recent eforts in metagenomic and single-cell sequencing of 

natural bacterial populations have revealed a stunning metabolic versatility among 

the free-living SUP05/Arctic96BD lineages (Meier et al., 2017; Murillo et al., 2014; 

Roux et al., 2014; Anantharaman et al., 2013) which is briefy summarized below.

All known lineages of the family Thioglobaceae have the potential to oxidize reduced 

sulfur compounds. Beyond this commonality, there is a great plasticity in metabolic 

potential among the lineages. Some lineages of the SUP05 clade were suggested to 

be  obligate  chemolithoautotrophs  (Shah  et  al.,  2017),  whereas  other 

SUP05/Arctic96BD lineages might be heterotrophs or mixotrophs, capable of both a 

autotrophic and heterotrophic metabolism (Marshall and Morris, 2013; Murillo et al., 

2014; Swan et al., 2011). Although it has been frst postulated that SUP05-lineages 

were obligate anaerobes (Walsh et al., 2009), experimental and genomic evidence on 

SUP05/Arctic96BD lineages suggested a facultative lifestyle with both nitrate and 

oxygen  as  potential  electron  acceptors  (Shah  et  al.,  2017;  Anantharaman et  al., 

2013). SUP05/Arctic96BD bacteria also difer substantially in their genetic potential 

to reduce nitrate nitrogen gas (N2) (Anantharaman et al., 2013). The genetic set-up 

for  sulfur  oxidation  was  more  consistent  within  each  clade  but  clearly  diferent 

between  the  SUP05  and  Arctic96BD  clades  (Murillo  et  al.,  2014).  Interestingly, 

Arctic96BD lack the two common sulfur oxidation pathways, sox for the oxidation of 

thiosulfate,  and the reverse  dsr for the oxidation of sulfte  (Murillo et al.,  2014). 
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However, the cultivated Arctic96BD lineage showed enhanced heterotrophic growth 

in the presence of thiosulfate  (Marshall and Morris, 2013). There is also metabolic 

plasticity  among  the  free-living  lineages  in  their  possible  energy  sources.  Like 

bathymodiolin SOX symbionts,  also free-living SUP05 bacteria from hydrothermal 

vents encoded the genetic potential for the oxidation of hydrogen (Anantharaman et 

al., 2013). Generally, the bacterial family Thioglobaceae appears to be characterized 

by a metabolic plasticity afecting the sulfur, nitrogen, and carbon metabolism and 

the cycling of these in the environment.

Symbiotic relatives of Bathymodiolus SOX symbionts

In addition to bathymodiolin symbionts, the SUP05 clade also includes symbionts of 

other host families (Fig. 6). In fact, the frst known genomes from the SUP05 clade 

were endosymbionts of deep-sea vesicomyid clams,  Ca.  Ruthia magnifca and  Ca. 

Vesicomyosocious okutanii  (Kuwahara et al.,  2008, 2007; Newton et al.,  2007). In 

contrast to the phylogeny of their symbionts, vesicomyid clams are phylogenetically 

very  distant  from  bathymodiolin  mussels  (Taylor  and  Glover,  2010).  Similar  to 

bathymodiolin  symbionts,  vesicomyid  symbionts  are  housed  within  gill  epithelial 

cells. However, the symbiont transmission mode is vertical with occasional horizontal 

transmission events and thus diferent from horizontally transmitted bathymodiolin 

symbionts (Stewart et al., 2008; Cary and Giovannoni, 1993; Endow and Ohta, 1990). 

In  line  with  this,  the  symbiont  genomes  show  signatures  of  ongoing  genome 

reduction as a result of genetic drift  (Kuwahara et al.,  2011, 2008; and see  1.3). 

SUP05-lineages also have been identifed as symbionts of deep-sea sponges (Rubin-
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Blum et  al.,  2019;  Nishijima  et  al.,  2010).  However,  the  transmission  mode  and 

cellular location in the sponge tissue remain to be shown.
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1.4.3 Microdiversity in Bathymodiolus SOX symbionts

Usually, each bathymodiolin host species is associated with one 16S rRNA phylotype 

of SOX or MOX symbiont, or both (Duperron, 2010). Exceptions occur for example in 

the two host species B. azoricus and B. puteoserpentis from hydrothermal vents at 

the Mid Atlantic Ridge which share an identical SOX and MOX symbiont phylotype 

(Duperron  et  al.,  2006).  On  the  other  hand,  a  single  bathymodiolin  species  can 

harbor  two  distinct  SOX  phylotypes,  as  shown  in  B.  heckerae and  I. sp.  MED 

(Duperron et al., 2008, 2007). How these two SOX phyloypes co-exist and whether 

there  is  competition  between  them  is  not  known.  Whereas  these  phylotypes 

appeared  to  be  physically  separated  in  B.  heckerae,  mutual  exclusion  was  not 

observed between the phylotypes in I. sp. MED (Duperron et al., 2008, 2007). This 

raises the question as to how diverse are the symbionts within and between host 

species  and  individuals.  Investigations  of  the  16S  rRNA  gene  and  the  internal 

transcribed spacer region (ITS),  that has a higher resolution than the 16S rRNA 

gene, revealed the co-occurrence of distinct 16S and ITS types in the SOX symbiont 

(Duperron et al., 2008, 2007; Won et al., 2003). This indicated that there is a level of 

microdiversity that is not captured with the common marker gene encoding the 16S 

rRNA. Applying recent sequencing technologies,  Ikuta et al. (2016) confrmed this, 

and were able to reveal metabolic diversity among co-existing symbiont strains of a 

single SOX symbiont species in B. septemdierum. 

The presence of multiple endosymbiont species and closely related strains of the 

same species within the same host individual poses the question of how these can 

stably co-exist. The role of competition or, perhaps, cooperation is often not known in 
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natural communities where the symbiotic partners cannot be cultured. In my thesis I 

aim to shed light on the strain diversity in the bathymodiolin endosymbiosis and to 

understand possible implications for the symbiotic association. 

1.5 Strain diversity and endosymbiosis

1.5.1 Diversity in mutualism

Theoretical models state that the evolution of mutualism is infuenced by three key 

factors: i) high beneft to cost ratio, (ii) high within‐species relatedness and (iii) high 

between‐species fdelity  (Foster and Wenseleers, 2006). Instead, the persistence of 

mutualistic  associations  over  evolutionary  time  has  long  challenged  evolutionary 

theory  (Frederickson,  2013).  The  diversity  of  symbionts,  more  specifcally  intra-

specifc diversity among closely related strains of the same bacterial  species can 

strongly impact the stability of mutualistic associations as described below. Here I 

refer to ‘strain’, when bacterial organisms belong to the same species.

Most  mutualistic  associations  are  based  on  the  exchange  of  benefts  and  the 

associated  costs  (Bronstein,  2015).  This  can  cause  conficts  and  lead  to  the 

emergence  of  so-called  cheaters.  These  are  predicted  to  destabilize  symbiotic 

relationships that involve reciprocal exchange of costly resources. A ‘cheater’ strain 

belongs  to  the  same  species  as  the  cooperative  strain,  but  provides  no  or  less 

resources to their symbiotic partners while still receiving the full beneft  (Douglas, 

2008). In comparison to the cooperating strain, the cheater has a ftness advantage 
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and therefore is expected to outcompete the other. This leads to a decrease in host 

ftness and thus to the destabilization of the mutualistic relationship (Douglas, 2008). 

Evolutionary theory predicts that mutualists should favor the association with high-

quality partners, and consequently select for a reduced symbiont diversity within 

hosts (Poisot et al., 2011; Thrall et al., 2007; Thompson, 2005; Frank, 1996; Bull and 

Rice, 1991). There are diferent mechanisms that can ensure the association with 

only few and/or high-quality partners. First, there is  partner fdelity feedback. This 

means  that  the  future  symbiont  ftness  depends  directly  on  current  investment 

(Sachs et al., 2004), such as in the vertical transmission mode (Yamamura, 1996). On 

the  other  hand,  there  is  partner  control,  where  one  partner  can  discriminate 

between multiple other partners. Here, partner choice or a screening of the partner 

may lead to flter out the cooperating symbiont type (Archetti et al., 2011; Sachs et 

al., 2004; Bull and Rice, 1991). One example of partner choice can be found in the 

Vibrio-squid  symbiosis  that  has  evolved  a  highly  selective  mechanism  for  the 

benefcial symbiont strain (Nyholm and McFall-Ngai, 2004; Visick and McFall-Ngai, 

2000). In addition, partner control can also be exercised after the establishment of 

the symbiosis  by sanctioning.  This  has been described for the  Rhizobium-legume 

symbiosis where non-cooperating strains are punished by e.g. lowering the amount 

of rewards (Westhoek et al., 2017). The incentive to cheat is highest when the costs 

associated with the symbionts are high. However, not all associations, where both 

partners  beneft,  invoke  a  cost.  For  example,  in  the  Blattabacterium-cockroach 

symbiosis, the toxic waste-products of the animal serve as a nitrogen source for the 

bacterial symbiont. Therefore, both partners beneft from the nitrogen transfer but 

do not have to pay a cost,  although there might be undetected costs e.g.  in the 

evolution  of  adaptations  to  the  symbiosis  (Douglas,  2008;  Cochran,  1975).  Such 
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association has also been referred to as ‘byproduct-mutualism’ (Connor, 1995). The 

type of exchanged commodities and associated costs in a symbiotic association often 

remain elusive, which limits our ability to make informed predictions how common 

these byproduct mutualisms are in nature (Cushman and Beattie, 1991).

Despite  the  theoretical  expectation  that  selection  for  specialized,  one-to-one 

associations favors the evolutionary stability of mutualism, there is a lot of evidence 

for one-to-many interactions (Batstone et al., 2018). One of the most popular systems 

is the human gut microbiome encompassing hundreds of bacterial species. There 

have  been recent  attempts  to  explain  such apparent  permissiveness  to  symbiont 

diversity. The cost in harboring a diverse symbiont community can be reduced by a 

number  of  factors  including:  equal  partner  quality,  non-obligate  associations, 

complementary functions, niche-partitioning, to name a few (Batstone et al., 2018). 

More  importantly,  the  environment  has  an  essential  impact  on  the  evolution  of 

permissiveness  to  diversity.  For  example,  temporal  or  spatial  variability  in  the 

availability of high-quality partners can select against partner-specifcity (Batstone et 

al., 2017). In addition, diversity within a symbiotic community can be benefcial if it 

leads  to  a  higher  resilience  to  variable  environmental  conditions  and  to  the 

protection from potentially invading parasites. The latter has been observed in the 

skin microbiota of frogs, where a higher species richness led to a better protection 

against a parasitic lineage (Piovia-Scott et al., 2017). Taken together, and as pointed 

out  by  Batstone  et  al.  (2018):  “There  is  a  pressing  need  for  future  work  that  

quantifes partner breadth across a wide range of systems and scales in order for us  

to  fully  appreciate  the  resiliency  of  mutualistic  interactions  in  the  face  of  

environmental change.”.
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In addition to conficts between both symbiotic partners, one also has to consider the 

ecological  concepts  of  bacterial  co-existence.  If  two  members  of  the  symbiont 

community  share  some  or  all  resources,  they  will  compete,  which  consequently 

prevents  a  stable  co-existence  of  the  two  (Russel  et  al.,  2017).  Competition  will 

either i) drive one partner to extinction, ii) lead to a physical separation between 

both  partners,  or  iii)  cause  a  separation  between  the  metabolic  niches  of  both 

partners  (Ghoul and Mitri, 2016). The more closely related two organisms are, the 

more likely they have overlapping resource requirements (Russel et al., 2017). This 

implies that closely related strains that belong to the same species are less likely to 

co-exist  than  two  divergent  species.  Thompson  (2005) stated  that  in  mutualism, 

similar functions among symbionts should be selected against my minimizing genetic 

diversity  within  species,  whereas  complementary  symbionts  may  be  favored.  To 

understand the impact of symbiont co-existence in nature, I explored the level of 

heterogeneity among closely related strains of the SOX symbiont in bathymodiolin 

mussels.

1.5.2 Intra-specifc diversity of symbionts in nature

Most studies on strain diversity within symbiont species has been done on a few 

symbiotic model systems, such as the Rhizobium-legume and Vibrio-squid symbioses. 

These systems can be cultivated under controlled conditions which allows for testing 

of theoretical hypotheses. In addition, these provide excellent systems to understand 

processes such as the emergence of cheaters and host control, e.g. partner choice 

and sanctioning (Kiers and Denison, 2008). Despite these advantages, there are two 

limitations to this approach. First, our inability to culture a wide range of symbiotic 
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systems  which  means  these  theories  cannot  be  broadly  tested.  And  second,  the 

unsuitability  of  this  approach  to  assess  true  natural  conditions.  However, 

understanding  the  complexity  of  symbiotic  associations  in  nature  is  equally 

important to determine the validity of the above-mentioned theoretical predictions. 

Recently, the study of strain diversity in natural bacterial populations has become 

more feasible due to the advances in sequencing technologies  (e.g.  Delmont and 

Eren, 2018; Quince et al., 2017). Metagenomic and metatranscriptomic sequencing 

are  currently  revealing  the  extent  of  strain  heterogeneity  in  natural  microbial 

populations, including symbiotic ones  (Ellegaard and Engel,  2019). In my thesis I 

make use  of  this  resolution  to  assess  strain-level  heterogeneity  in  bathymodiolin 

symbionts.

As the feld of metagenomic sequencing is relatively young, there are not many high-

resolution studies of strain diversity in endosymbioses that thrive in chemosynthetic 

habitats. In the following, I summarize a few examples that have been described. The 

endosymbionts  of  Solemya clams  have  assumed for  a  long  time  to  be  vertically 

transmitted because symbionts were found in host ovaries and embryos (Krueger et 

al., 1996; Cary and Giovannoni, 1993). Surprisingly, high-resolution sequencing has 

revealed  a  low  level  of  micro-diversity  within  hosts  that  suggested  occasional 

horizontal symbiont transmission events  (Russell and Cavanaugh, 2017; Russell et 

al., 2017). In another clam host belonging to the Lucinidae family, studies on single 

copy  marker  genes  have  revealed  symbiont  strain  diversity  between  the  lucinid 

species (Lim et al., 2018; Brissac et al., 2016). However, intra-specifc diversity and 

implications on metabolic functions within single hosts remain to be shown. In the 

deep sea, two diferent tubeworm species,  Ridgeia piscesae and  Riftia  pachyptila 
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have been shown to harbor symbionts with intra-specifc heterogeneity within single 

individuals  (Polzin  et  al.,  2019;  Russell  and  Cavanaugh,  2017).  Despite  this 

heterogeneity,  within  each host  individual  there  was always  one dominant  strain 

whereas the other strains were low in abundance. Other non-autotrophic symbioses 

in chemosynthetic environments have been investigated using single-copy marker 

genes. Here, bone-eating Osedax worms (heterotrophic symbionts) as well as wood-

boring Lyrodus bivalves have been shown to harbor up to nine 16S ribotypes within 

single hosts (Verna et al., 2010; Gofredi et al., 2007; Luyten et al., 2006). These may 

represent  intra-specifc and/or  inter-specifc diferences  and the  level  of  genomic 

diversity  remains  to  be  shown.  For  Osedax,  genomic  studies  have  revealed  two 

dominating genotypes within hosts  but this  was cultivation-based and true strain 

diversity may be higher (Gofredi et al., 2014). 
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Aims of this thesis

When  I  started  my  doctoral  studies,  little  was  known  about  the  intra-specifc 

diversity in symbionts of bathymodiolin mussels.  At the same time, evidence was 

accumulating that diversity beyond species boundaries can be pervasive in bacterial 

communities  and  can  have  profound efects  on  their  functioning.  Small  genomic 

changes can strongly impact the lifestyle of a bacterial strain. For example, a single 

mutation in a regulatory gene can change the host range of a symbiont  (Pankey et 

al.,  2017).  As  outlined  above,  there  are  a  lot  of  open  questions  on  how  strain 

diversity in symbioses emerges, persists and how it impacts mutualistic associations. 

Understanding these processes in environmental  symbioses is challenging, as the 

symbionts cannot be cultivated and capturing natural symbiont diversity requires 

high-resolution methods. The  Bathymodiolus symbioses represents an ideal system 

to study the presence and the impact of strain diversity on symbioses, because it 

associates only with a few bacterial species (Duperron, 2010; Duperron et al., 2008, 

2005). This low level of diversity allows for an in-depth analysis that can resolve 

intra-specifc heterogeneity in the symbionts. Using cultivation-independent methods 

I  wanted  to  understand  the  role  of  strain  diversity  in  the  SOX  symbiont  of 

bathymodiolin mussels. The specifc questions that I aim to address in the following 

chapters are as follows.
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What  is  the  extent  of  genomic  diversity  in  the  SOX  symbiont  of  

Bathymodiolus mussels?

Previous studies suggested that the SOX symbionts in Bathymodiolus have a level of 

unexplored microdiversity  (Duperron et al., 2008, 2007; Won et al., 2003). For  B. 

septemdierum symbionts, a recent study revealed heterogeneity in genes encoding 

proteins of the energy metabolism (Ikuta et al., 2016). However, the extent of strain 

diversity  within  and  between  host  individuals  of  diferent  Bathymodiolus species 

remained  unknown.  Determining  the  level  of  strain  diversity  in  mutualistic 

endosymbioses  is  highly  relevant  because  it  is  often  thought  to  destabilize  the 

association.  Bathymodiolus mussels associate only with few endosymbiotic species, 

making it an ideal system to explore questions as to how many strains can co-exist, 

how the strains difer in their encoded functions and how this connects to theoretical 

predictions.  Low complexity of  the symbiont community  allows the application of 

high-resolution and high-coverage metagenomics and to resolve symbiont diversity 

in their natural context.

To answer the above-mentioned question, I developed a metagenomics pipeline that 

uses metagenomic sequencing to tease apart strain-level diferences that cannot be 

distinguished by standard binning methods  (Ansorge et al., 2019) (chapter II). The 

developed pipeline allowed me to reveal a high level of nucleotide diversity among 

co-existing strains within host individuals. Using the information of read coverage, 

my studies showed substantial functional heterogeneity among these strains, which 

raised the question as to how these symbionts can co-exist in a single organism. 

Together with my co-authors I could show that the metabolic plasticity among co-

43



Chapter 1 | Introduction

existing strains afected protein functions that were detected in the transcriptomes. 

Therefore, the gene content variation is likely linked to phenotypic diferences as 

well. 

The manuscript in chapter II has been deposited as a preprint at bioRxiv (Ansorge et 

al., 2019) and is currently under revision at Nature Microbiology.

How did metabolic diversity evolve in the SOX symbiont?

The bacterial pangenome consists of two components, the ‘core’ genome referring to 

all  the genes that  are shared among the members of  a  phylogenetic  group (e.g. 

species) and the ‘accessory’ genome that represents dispensable functions not found 

in each genome (McInerney et al., 2017; Young et al., 2006). Pangenome sizes difer 

enormously among bacterial species but underlying evolutionary forces driving these 

diferences are unclear and subject to ongoing debates (McInerney et al., 2017; Vos 

and  Eyre-Walker,  2017).  Based  on  our  observations  of  extensive  gene  content 

variation in  Bathymodiolus symbiont species and strains (chapter II), the question 

emerged whether this is a general feature of this bacterial clade and how it evolved. 

Lifestyle is thought to a have strong infuence on the evolution of pangenomes. The 

SOX symbionts belong to the widespread SUP05 clade that includes a diversity of 

lifestyles, namely free-living bacteria, clam endosymbionts (vertically transmitted), 

Bathymodiolus endosymbionts  (horizontally  transmitted)  and  sponge  symbionts 

(unknown transmission mode). This provided me with the opportunity to analyze the 

impact  of  lifestyle  and  genetic  relatedness  on  pangenome evolution.  In  addition, 

previous studies of the free-living lineages revealed metabolic plasticity among them. 

I performed a pangenome analysis which suggested that gene content similarity is 
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mostly explained by phylogenetic relationships and not by lifestyle. This brought me 

to  hypothesize  that  convergent  evolution  led  to  the  emergence  of  similar 

mechanisms that favor particular lifestyles (e.g. association with Bathymodiolus) but 

with distinct genomic solutions. A possible explanation for the global success of the 

SUP05 clade could thus be the selection for evolvability as a trait (chapter III).

Do Bathymodiolus mussels continuously sample symbiont strains from the  

environment?

Despite  common  agreement  that  Bathymodiolus symbionts  are  horizontally 

transmitted, this question is still not answered (Wentrup et al., 2014). Together with 

my collaborators I discovered high degrees of similarity in the symbiont populations 

between host individuals from the same location. This was an indication for frequent 

exchange of symbionts between host individuals. However, there were diferences 

between host species B. brooksi and the other host species, raising the possibility of 

diferent  transmission  dynamics  in  this  species.  In  chapter  IV,  I  provide  some 

possible  explanations  for  these  observations,  but  in  order  to  fully  explain  the 

diferences in symbiont transmission in B. brooksi, a broader sampling efort would 

be required. Therefore, this remains an intriguing topic for future exploration.
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What drives genome evolution in Bathymodiolus SOX symbionts?

Genome evolution is a feld that is heavily explored in symbiosis research, especially 

symbioses with strong bottlenecking, to try to tease apart the efects of genetic drift 

and natural  selection.  Nevertheless,  the processes of  genome evolution are often 

dificult to determine especially in natural populations. In horizontally transmitted 

symbionts, the sizes of potential bottlenecks usually are unclear and therefore the 

assessment  of  genomic  signatures  of  evolution  can  help  to  understand  symbiont 

transmission dynamics (Russell et al., 2017) as well as evolutionary pressures. Also 

in Bathymodiolus SOX symbionts, the details of transmission are not fully understood 

(see above). This also hampers our ability to make predictions about the impact of 

genetic drift and natural selection on the symbiont genomes. Therefore, I targeted 

the above-mentioned question by analyzing allele frequencies among populations of 

the SOX symbiont (chapter IV). The analysis included 88 metagenomes of single host 

individuals  including seven distinct  symbiont  species  from 15 diferent  locations, 

which allows me to detect intra-specifc signatures of genome evolution. My results 

indicated that the SOX symbiont experiences divergent selection in traits that were 

possibly  driven  by  host-symbiont  interaction  and  environmental  conditions.  This 

study was a frst  step towards elucidating the signatures of genome evolution in 

Bathymodiolus endosymbionts in their natural habitat.
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Abstract

Genetic diversity of closely-related free-living microbes is widespread and underpins 

ecosystem functioning,  but  most  evolutionary  theories  predict  that  it  destabilizes 

intimate mutualisms. Indeed, symbiont strain diversity is assumed to be restricted in 

intracellular bacteria associated with animals. Here, we sequenced the metagenomes 

and metatranscriptomes of 18  Bathymodiolus mussel individuals from four species, 

covering  their  known  distribution  range  at  deep-sea  hydrothermal  vents  in  the 

Atlantic.  We  show  that  as  many  as  16  strains  of  intracellular,  sulfur-oxidizing 

symbionts  coexist  in  individual  Bathymodiolus mussels.  Co-occurring  symbiont 

strains difered extensively in key metabolic functions, such as the use of energy and 

nutrient  sources,  electron  acceptors  and  viral  defense  mechanisms.  Most  strain-

specific genes were expressed, highlighting their adaptive potential. We show that 

fine-scale diversity is pervasive in Bathymodiolus symbionts, and hypothesize that it 

may be widespread in low-cost symbioses where the environment, rather than the 

host, feeds the symbionts.

Introduction 

Within-species variability is ubiquitous in natural bacterial populations and occurs at 

many levels,  from single  nucleotide  polymorphisms  (SNPs)  to  diferences  in  gene 

content  and  regulation1,2.  These  fine-scale  diferences  can  have  major  functional 

consequences and thus define microbial lifestyles. For example, a single regulatory 

gene or a mutation can dramatically alter the host range of bacterial symbionts and 

human  pathogens3,4.  In  the  human  gut  microbiome,  gene  copy  number  variation 
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among  diferent  strains  of  the  same  bacterial  species  is  linked  to  host  disease5. 

However, many of these functional diferences are invisible at the level of marker 

genes commonly used in microbiome studies, such as the gene encoding 16S rRNA. 

In free-living microbial communities, diversity underpins ecosystem functioning and 

resilience6,7.  However,  in  symbiotic  associations,  intra-specific  genetic  diversity  of 

microbes  within  host  individuals  can  destabilize  relationships  between  hosts  and 

their  symbionts,  because  if  more  than  one  symbiont  strain  co-exist,  those  that 

contribute  less  to  the  symbiosis,  and  more  to  their  own  proliferation  would 

necessarily  out-compete  the  more  cooperative  partner  that  directs  more  of  its 

resources towards the host8. These inherent evolutionary conficts can be prevented 

by  restricting  symbiont  strain  diversity  through  mechanisms  such  as  vertical 

transmission, partner choice and sanctioning, and discriminating against ‘low quality’ 

partners9–11. Consideration of these conficts is a central theme of evolutionary theory 

of mutualisms, as they explain why intra-specific diversity of symbionts is so limited 

in  a  range  of  associations  including  the  well-known  aphids  with  their  Buchnera 

endosymbionts  and legume  nodules  that  contain  only  a  single  strain  of  rhizobial 

symbiont. 

Until recently, most studies of intra-specific variation relied on sequencing one or a 

few  marker  genes.  Metagenomics  has  revolutionized  our  ability  to  detect  intra-

specific variation across entire genomes in uncultured microbes, revealing that this 

variation  has  been  underestimated12. So  far,  few  studies  have  considered  intra-

specific variation of symbiont populations within individual hosts sampled from the 

wild.  In  contrast  to  the  well-known  intracellular  symbioses  such  as  Buchnera, 

symbiont  strain  diversity  is  common  in  the  human  gut  microbiome,  where  the 

symbionts occur extracellularly and thus come into frequent contact with external 
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DNA, other microbes and viruses. Symbiont strain variability within hosts may be 

infuenced by factors such as the diversity of the colonizing population, transmission 

mode,  efective  population  size,  and  intra-  or  extracellular  location  of  the 

symbionts13,12,1,14. But does such within-species symbiont diversity incur a cost to the 

host? Evolutionary theories predict that higher diversity can lead to conficts among 

symbionts residing in a single host, however, it could be beneficial if these fine-scale 

genetic diferences are refected in functional diferences between even very closely-

related  symbiont  strains  that  would  prevent  them  from  competing  for  the  same 

niche15,16. It is still poorly understood under which conditions intra-specific symbiont 

diversity is beneficial to hosts, and eforts to understand the evolutionary implications 

of complex host-associated communities are in their infancy17,18.

Metagenomes are essential for understanding natural within-species diversity, how 

such  diversity  evolves,  and  how  it  afects  function,  particularly  in  uncultivable 

organisms.  However, teasing apart highly similar strain genomes in metagenomes 

remains  a  major  challenge19–21.  Deep-sea  Bathymodiolus mussels  are  ideal  for 

investigating  the  functional  and  evolutionary  implications  of  symbiont  strain 

diversity,  as  they  host  only  two  bacterial  symbiont  species:  One  sulfur-oxidizing 

(SOX),  and  one  methane-oxidizing  (MOX)  symbiont22–24.  These  symbionts  co-occur 

inside  specialized  gill  epithelial  cells  called  bacteriocytes  and  use  reduced 

compounds  from  hydrothermal  fuids  as  energy  sources  for  carbon  fixation.  The 

symbionts  thus  provide  their  hosts  with  nutrition  in  the  nutrient-poor  deep  sea, 

allowing these mussels to dominate hydrothermal vent and cold seep communities 

worldwide22–24.  Bathymodiolus juveniles  acquire  their  symbionts  horizontally25–29. 

However, it is unclear whether Bathymodiolus symbionts are taken up throughout the 
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mussel’s lifetime or only during a permissive window early in the host development, 

imposing a bottleneck for the symbiont30.

The SOX symbionts of Bathymodiolus are very closely related to a ubiquitous group of 

free-living bacteria called SUP05, and their symbioses with deep-sea mussels have 

likely evolved multiple times from within the SUP05 clade31.  With few exceptions, 

each Bathymodiolus host harbors a single 16S SOX symbiont phylotype26,32. However, 

studies  of  the  more  variable  ribosomal  internal  transcribed spacer  indicated that 

more than one symbiont strain may colonize individual mussels28,29. Metagenomics of 

one Bathymodiolus species recently showed that ‘subpopulations’ of SOX symbionts 

difered in key functions such as hydrogen oxidation and nitrate respiration33. These 

observations raise a number of questions: How widespread is strain diversity, how 

many strains  co-exist  in  a  host  individual,  how is  such fine-scale  diversity  stably 

maintained in symbiosis  over evolutionary time34,  and is strain variation linked to 

functional  variation? To  address  these  questions,  we  performed high-resolution 

metagenomic and metatranscriptomic analyses of the symbiont populations of 18 host 

individuals  from  four  Bathymodiolus species  that  were  collected  from  four 

geochemically distinct, hydrothermal vents along the Mid-Atlantic Ridge.

Results and Discussion

Genome-wide symbiont heterogeneity

We sequenced metagenomes of five mussel individuals from the hydrothermal vent 

fields  Lucky  Strike,  Lilliput  and  Clueless,  three  individuals  from  the  vent  field 
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Semenov and one individual from the vent field Wideawake. We assembled Illumina 

metagenomes and used diferential coverage and contig connectivity data to retrieve 

a consensus reference genome of the Bathymodiolus SOX symbiont for each vent field 

and host species (only one host species was found at each vent field, see Methods) 

(Fig. 1). The symbiont reference genomes ranged from 2 to 3 Mbp and were ≥ 94% 

complete (Tab. S1).  In 12 out of 18 host individuals we did not detect any SNPs in 

the symbiont 16S rRNA genes. In the other six,  we detected low-frequency SNPs, 

present in 8-16% of the symbiont population and some SNPs appeared in more than 

one  individual  (Extended  Data  Tab.  1).  This  finding  supports  a  previous  study 

detecting low-abundance SOX 16S rRNA phylotypes in some host individuals that are 

closely related to the known Bathymodiolus symbionts ( > 98.8% similarity)24,29. 

Heterogeneity in symbiont populations of individual mussels was 1 to 3 SNPs/kbp in 

the core genome, defined as the set of genes shared among the symbionts from all 

vent fields, and 5 to 11 SNPs/kbp in entire genome bins (Fig. S1,  Extended Data 

Fig.  1).  Heterogeneity  was  remarkably  consistent  in  symbiont  populations  of 

diferent  mussel  individuals  from  the  same  vent  field,  but  difered  considerably 

between fields. 

Compared to previous studiese.g.  35,36 the high intra-specific variability we observed is 

unexpected in intracellular symbionts. Other sulfur-oxidizing intracellular symbionts, 

from  Solemya clams  and  Ridgeia tubeworms,  which  were  also  sequenced  with 

Illumina,  had  polymorphism  rates  one  order  of  magnitude  lower  than  in 

Bathymodiolus (Extended Data Tab.  2).  The  Bathymodiolus SOX symbionts  had 

polymorphism rates more similar to those of human gut bacteria, which are 7-18 

SNPs/kbp  in  individual  microbial  species  within  single  host  individuals14.  This 
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similarity  is  unexpected  as,  in  contrast  to  the  intracellular  SOX  symbiont,  most 

human  gut  microbes  are  extracellular,  have  a  heterotrophic  metabolism  and 

frequently  come  into  contact  with  a  myriad  of  diverse  microorganisms  and 

bacteriophages  within  the  gut,  allowing  rampant  gene  exchange37,38.  The 

polymorphism rates in the SOX symbionts were also of the same order of magnitude 

as those  observed in  subpopulations  of  Prochlorococcus,  the most  abundant  free-

living bacterium in the ocean1,39. 
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Population genomic insights into transmission and infection

Symbiont  transmission  mode  infuences  heterogeneity,  with  vertically  transmitted 

symbionts  often  displaying  less  heterogeneity  than  symbionts  that  are  acquired 

horizontally40. Consistent with our findings of extensive SNP heterogeneity, symbiont 

nucleotide diversity π was 10 to 100 times higher in single Bathymodiolus mussels 

compared  to  Solemya clams41.  Unlike  Solemya symbionts  that  are  predominantly 

vertically transmitted, Bathymodiolus juveniles acquire their symbionts horizontally25–

29. Even in horizontally-transmitted symbioses, symbiont heterogeneity may be driven 

by bottleneck efects if symbionts are acquired only during a short period during the 

host’s  development,  such  as  in  Ridgeia tubeworms42.  In  fact,  Ridgeia symbiont 

populations had little heterogeneity, similar to Solemya symbionts. Assuming genetic 

heterogeneity  in  the  free-living  stage  of  symbionts,  symbiont  populations  within 

individual  hosts  would  be  genetically  isolated  from  each  other,  reminiscent  of 

population dynamics in vertically transmitted symbionts (Extended Data Fig. 2). To 

test  if  this is the case,  we compared the nucleotide diversity  of the core genome 

within  host  individuals  (πwithin)  to  that  between  hosts  (pairwise,  πbetween).  Principal 

component  analysis  (PCA)  and  a  PERMANOVA  test  on  pairwise  Bray-Curtis 

dissimilarities  comparing  πwithin to  πbetween revealed  that  there  was  no  significant 

diference between π values of hosts from the same vent field, whereas πwithin difered 

significantly between vent fields (Fig. 2, Tab. S2, S3, S4, Extended Data Fig. 3). 

This  indicates  intermixed  symbiont  populations  among  co-occurring  hosts,  rather 

than genetic isolation of the symbiont populations within individual  hosts (Fig. 2, 

Extended Data Fig. 2). Moreover, the fixation index (FST), a measure of population 

diferentiation43,44 expressed as values between 0 (no diferentiation) and 1 (complete 

diferentiation), was mostly low in pairwise comparisons of individuals sampled from 
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one  vent  field  (0.04-0.24)  (Fig.  2, Extended  Data  Fig.  4). The  low  FST-values 

between symbiont populations from diferent host individuals deviate substantially 

from values observed in bacterial populations characterized by clear diferentiation. 

In fact, in the human gut microbiome inter-individual FST values were 0.4 among most 

similar and 0.8 among all individuals14 and in the marine, free-living cyanobacterium 

Prochlorococcus FST values were ~ 0.7 between subpopulations1. This indicates that, 

despite its intracellular lifestyle, Bathymodiolus symbionts exhibit a higher degree of 

intermixing than is reported for other well studied systems with extracellular or free-

living  microbial  populations  of  similar  heterogeneity  levels. Low  genetic 

heterogeneity across symbiont populations from the same vent field supports a model 

of intermixed symbiont populations.  Low FST between mussels further implies that 

mussels sample the entire environmentally available strain diversity,  as stochastic 

subsampling, as would for example be expected if symbionts are taken up during a 

short developmental window, would increase FST between individuals.  Together, our 

nucleotide diversity analyses thus indicate that in addition to self-infection of new gill  

tissues,  Bathymodiolus symbionts may be repeatedly or continuously acquired from 

the environment throughout the host’s lifetime, confirming an earlier study based on 

morphological  observations  of  continuous  symbiont  uptake  in  Bathymodiolus30. 

Constant filtering of surrounding seawater through the symbiont-bearing gills would 

transport abundant symbiont cells released by dense surrounding mussel beds and 

lead to the colonization of young aposymbiotic tissue. 
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Distinct symbiont strains co-exist in single host individuals

Understanding  the  true  level  of  strain  diversity  in  natural  populations  is  a 

fundamental challenge in microbial ecology. To quantify strains, SNPs must be linked 

across genes or, if possible, entire genomes. The most sensitive ‘marker gene’ for 

resolving strain variability is the one that evolves most rapidly, but this is unlikely to 

be the same gene in all natural populations45. Therefore, we consider each distinct 

sequence of any coding gene to represent a diferent strain. We used more than 200 

gammaproteobacterial single-copy marker genes to determine the maximum number 

of versions of each of these 200 genes, in each metagenome. Furthermore, we also 
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analyzed all genes that had coverages similar to those of these single-copy marker 

genes,  and were therefore likely  present  in  all  strains  within  the population.  We 

considered a single well-supported SNP suficient to distinguish diferent strains (see 

Methods and Supplement section 1.5).

Both approaches produced similar results, detecting up to 16 versions of the most 

variable symbiont genes within single  mussel  individuals (Fig. 3,  Extended Data 

Fig.  5).  To  investigate  whether  sequencing  depth  infuenced  estimated  strain 

numbers,  we repeated our  analyses  after  down-sampling  the reads to  the lowest 

coverage found in our libraries (100x;  Tab. S1). This reduced the estimated strain 

numbers to 4-9 per host individual, showing that read coverage infuenced our results 

(Fig. 3). 

We validated our approach for estimating strain numbers by analyzing a test dataset 

with  simulated  reads from 10 published  Escherichia  coli strains with  1% genetic 

heterogeneity, similar to that of the Bathymodiolus symbionts (Tab. S5). In this test 

dataset,  read  coverage  also  afected  estimated  strain  numbers:  these  were 

underestimated  at  100x  coverage  but  were  closest  to  accurate  numbers  at  300x 

coverage (see Supplement section 2.2; Fig. S3). Our estimate of 16 co-occurring SOX 

strains,  from a library  with  373x  coverage,  may therefore  be  realistic.  We could 

further confirm the accuracy of  our approach with long PacBio reads of  a  B. sp. 

individual sampled at the vent field Wideawake. We detected a maximum number of 

11 distinct contigs containing the same single-copy gene, which was similar to the 12 

strains we estimated using Illumina reads from the same individual (Fig. 4). Taken 

together, these analyses support our conclusion that, as few as 4 to 9, but as many as  

16 symbiont strains co-occured within single  Bathymodiolus individuals. Increasing 
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the sequencing depth may reveal an even larger number of strains (Fig. S2). These 

results  are  surprising,  as  a  very  low  level  of  symbiont  diversity  was  previously 

assumed to be typical for these hosts based on commonly used marker genes23,24. 

Nucleotide polymorphisms in the diferent gene versions may not all lead to diferent 

phenotypes for this particular gene, however, these polymporphisms are likely linked 

to other genomic changes including gene content variation1 which likely result  in 

phenotypic diferences among the strains.
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From the pangenome to the environment: Habitat chemistry drives symbiont genome  

heterogeneity

Understanding the geochemical environment experienced by deep-sea organisms is 

challenging. In addition, the relative availability of potential energy sources can be 

more important  than absolute  availability  in  determining which microbial  energy-

generating processes are most favorable46. We compared symbionts from vent fields 

with diferent environmental conditions, an ideal natural experiment for investigating 

potential  links  between  strain  diversity  and  the  environment.  We  developed  a 

bioinformatic pipeline that used metagenomic read coverage to identify diferences in 

gene content among co-occurring strains in our dataset of four host species from 

geographically and geochemically distinct vent fields. Due to uneven DNA replication 

rates across the entire genome, even single-copy genes encoded by all strains have a 

range  of  coverages  in  metagenomes47.  To  define  this  range,  we  calculated  the 

coverage of known, single-copy gammaproteobacterial  genes in each metagenome 

(Fig. S4). Genes with coverage values below this range were likely only encoded by a 

subset of the population, and were thus considered strain-specific.

Between 30 and 50% of all genes in symbiont populations from individual mussels 

were potentially strain-specific, indicating massive diferences in the gene contents of 

co-occurring strains (Extended Data Tab. 3). The functions of proteins encoded by 

the strain-specific genes difered markedly between the four vent fields, but within a 

field, these were mostly consistent among host individuals (Tab. S6,  Fig. 5). With 

few  exceptions,  all  strain-specific  genes  with  annotated  functions  could  also  be 

detected in metatranscriptomes, suggesting that diferences in gene content between 
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diferent strains resulted in functional diferences that likely infuence the fitness of 

symbionts and host (see Supplement section 2.3 for details, Tab. S6).

More  than  80%  of  the  strain-specific  genes  encoded  hypothetical  proteins  with 

unknown  functions.  The  strain-specific  genes  that  could  be  annotated,  encode 

proteins  involved  in  functions  such  as  synthesis  of  cell-surface  components, 

environmental phosphate (Pi) sensing and acquisition, cell-cell interactions and phage 

defense (Fig. 5, Extended Data Fig. 6, Extended Data Fig. 7, Tab. S6). Hydrogen 

oxidation and nitrate reduction genes were also strain-specific in Mid-Atlantic Ridge 

populations, as shown previously in B. septemdierum from the West Pacific (Fig. 5)33. 

Some  of  the  strain-specific  symbiont  genes  may  provide  a  selective  advantage 

depending on the vent environment. For example, all mussels from vent fields with 

the  highest  hydrogen  concentrations  had  a  larger  proportion  of  strains  encoding 

hydrogenases, and those from fields with the lowest concentrations had the smallest 

proportion of strains encoding these enzymes (see Supplement 2.3). Ikuta et al.33 also 

found diferences in the relative proportions of strains that could oxidize hydrogen in 

a  single  Bathymodiolus species  sampled  from  two  vents.  However,  as  most 

individuals sampled from one field were small juveniles, and most collected from the 

second  field  were  adults,  it  was  unclear  whether  this  refected  site-specific 

diferences in hydrogen availability, or changes during host development. 

Genes  involved  in  phosphate  metabolism were  another  example  of  strain-specific 

variability that could provide a selective advantage depending on vent conditions. 

These  genes  were  in  a  single  cluster  and  encoded  the  high-afinity  phosphate 

transport  system  PstSCAB,  the  regulatory  protein  PhoU  and  the  two-component 

regulatory system PhoR-PhoB48. In addition to phosphorous metabolism, PhoR-B can 
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also afect other functions such as secondary metabolite production and virulence49–51. 

Considering the key role of these genes in cellular metabolism, it is surprising that 

this gene cluster was only encoded by the entire population of symbiont strains in 

mussels from two vent fields (Fig. 5). These genes were not present in any of the 

symbiont strains from Lilliput mussels, and only in some symbiont strains of Lucky 

Strike mussels, as confirmed by read mapping against symbiont bins (Fig. 5). At most 

hydrothermal vents Pi  concentrations are unknown. However, soluble Pi depends on 

iron concentrations,  which are reported to vary substantially  between vent fields, 

raising the possibility that environmental Pi availability drives the loss or gain of Pi-

related genes in symbiont populations (see Supplement section 2.3). Genes involved 

in Pi uptake and regulation were also strain-specific in  Prochlorococcus, and their 

presence was linked to environmental Pi concentrations52,53. The SOX symbionts of 

vesicomyid  clams  and free-living  relatives  Thioglobus spp.  from the  SUP05 clade 

appear  to  also lack the PstSCAB genes based on our analyses  of  their  published 

genomes  (accession  numbers  of  symbionts:  JARW01000002,  DDCF01000009, 

NC_009465,  NC_008610;  SUP05:  CP010552,  CP006911,  CP008725,  GG729964). 

However, to our knowledge no other bacteria have been described to miss both, the 

PhoR-B and PstSCAB systems.  The symbiotic and free-living SOX bacteria that lack 

PstSCAB might encode unknown proteins that replace these missing functions, or use 

a  low-afinity  Pi-transporter  to  acquire  Pi,  as  genes  for  these  transporters  were 

encoded in all of the analyzed genomes. 

Oxygen  concentrations  fuctuate  at  vents  due  to  dynamic  mixing  of  anoxic 

hydrothermal  fuids  and  oxygen-rich  deep-sea  seawater,  and  accordingly,  mussel 

symbionts  can  use  alternative  electron  acceptors  such  as  nitrate54–57.  Complete 

reduction of nitrate to dinitrogen gas (N2) requires four enzymes: respiratory nitrate 

79



Chapter 2 | Diversity matters

reductase  (Nar),  nitrite  reductase  (Nir),  nitric  oxide  reductase  (Nor)  and  nitrous 

oxide  reductase  (Nos)58.  In  contrast  to  the  genes  needed  for  oxygen  respiration, 

which were present in all symbiont populations, the prevalence of genes encoding all  

four steps of nitrate reduction to N2 was highly variable among vent fields, among 

mussels from the same field, and even within symbiont populations of single mussels 

(Fig.  5, Extended  Data  Fig.  6).  For  example,  in  Lucky  Strike  individuals,  the 

enzyme for the reduction of nitrate to nitrous oxide (N2O) was encoded by 30 to 100% 

of the population, whereas the ability to perform the last step from N2O to N2 was not 

encoded at all. These variable abundances within symbiont populations suggest that 

each of the three steps of nitrate reduction to N2O might be performed by a diferent 

subset  of  strains  within  a  single  host  (Fig.  5, Extended  Data  Fig.  6).  The 

remarkable modularity of nitrate respiration genes in  Bathymodiolus  symbionts, as 

well as in other symbiotic and free-living bacteria59,60, suggests that these genes are 

particularly prone to loss and gain. This raises the intriguing possibility that intricate 

interactions  between  microbes  exchanging  N  intermediates  are  widespread  in 

natural populations. Such a ‘division of labor’ may be beneficial as it could increase 

community productivity and avoid accumulation of intermediates61,62.

Our  results  revealed  that  Bathymodiolus SOX  symbionts  have  pangenomes  with 

considerable  functional  diversity  among  co-existing  strains,  and  this  metabolic 

diversity  may  be  linked  to  vent  geochemistry.  Together  with  our  hypothesis  of 

continuous  uptake  of  symbionts  throughout  the  mussel's  lifetime,  these  results 

suggest constant symbiont strain shufing between the environment and host as well 

as  among  co-occurring  hosts.  Given  that  the  Bathymodiolus SOX  symbiosis  has 

evolved multiple times in convergent evolution from within the SUP05 clade31, it is 

possible that some of this strain reshufing might also involve ongoing evolutionary 
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emergence  of  new  symbiont  lineages  from  free-living  SUP05  bacteria.  This 

hypothesis would allow  Bathymodiolus to associate with those strains that are best 

adapted  to  the  vent  environment.  Rapid  reshufing  of  microbes  has  also  been 

observed in other systems such as the human gut microbiota, where food intake has a 

direct and immediate efect on the microbial  community63.  At hydrothermal vents, 

exchange of symbiont strains would result in rapid adaptation of the metaorganism to 

local  conditions  within  the  lifetime  of  individual  mussel  hosts.  Such  genomic 

fexibility  of  the  symbionts  may  underpin  the  productivity  and  global  success  of 

Bathymodiolus mussels in these ecosystems. 
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A new model of evolutionary stability for one-to-many symbioses

Ecological theory predicts that if two diferent organisms share a limited resource, 

one will out-compete the other, unless mechanisms such as niche partitioning allow 

their  stable  co-existence64,65.  Can these  theories  explain  our  results  of  co-existing 

strains,  and  how  strain  diversity  and  competition  impact  symbiosis  stability?  If 

competing symbionts  difer  in  the net  mutualistic  benefit  they provide,  hosts  can 

benefit by evolving mechanisms to diferentially distribute costly resources to their 

partners.  This  can  drive  the  evolution  of  specialized  structures,  such  as 

compartments, with low symbiont diversity. In these cases, discrimination by hosts is 

important because a costly resource, such as photosynthate in the legume-Rhizobia 

symbioses, is provided66. But what if the symbiosis has low costs to the host?

Knowledge of costs and benefits of symbiotic associations is central to understanding 

their evolutionary trajectories.  Beyond nutritional benefits gained through symbiont 

digestion67, the benefits as well as the costs for Bathymodiolus mussels have not been 

extensively  investigated.  Possible  costs  include  maintaining  host-symbiont 

recognition mechanisms, transporting symbiont substrates into bacteriocyte vacuoles 

and waste products out, and dealing with toxic reactive oxygen species produced by 

symbiont metabolism. 

In contrast to many well-characterized symbioses (e.g. see66), there is one substantial 

cost that  Bathymodiolus does not have to bear - the cost of ‘feeding’ its symbionts. 

This is because the symbionts’ major energy sources come from the vent environment 

and not from the host itself. The SOX symbionts encode enzymes for the synthesis of 
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all 20 amino acids and 11 vitamins and cofactors, although they may require some 

metabolic  intermediates  from the host68.  Bathymodiolus symbioses  therefore more 

closely  resemble  byproduct  mutualisms,  where  symbiotic  partners  benefit  from 

metabolic byproducts that impose little or no cost to the producer69. Such low costs 

for the host, compared to associations where the symbionts rely entirely on the host 

for carbon or energy sources, would shift the balance between costs and benefits so 

that a greater range of symbiont strains, for example, even those that cannot make 

use of additional energy sources such as hydrogen, could still provide a net benefit to 

the  host.  Moreover,  strain  diversity  has  additional  ecological  and  evolutionary 

benefits  such  as  protection  against  bacteriophage  attacks,  and  adaptation  of  the 

metaorganism to new and changing environments70. 

An increased benefit-to-cost ratio for the host can also decrease the incentive for 

bacterial partners to ‘cheat’71. ‘Cheating’ is defined as using services provided by the 

host, and providing fewer or no services in return69. In the case of Bathymodiolus, the 

host would appear fully in control of the transfer of benefits from symbionts to the 

host.  Regardless  of  whether  symbionts  share  the  products  of  carbon  fixation 

immediately with their hosts through ‘leaking’ of small compounds, or whether these 

are primarily directed towards symbiont cell biosynthesis, intracellular digestion of 

symbiont  cells  ensures  that  all  the  products  of  symbiont  primary  production  are 

eventually transferred to the host. Blocking intracellular digestion could be one way 

for the symbionts to cheat, but this may in turn be controlled by the host by sloughing 

of these ‘defect’ bacteriocytes, as is common for epithelia, and transporting them  

towards the mouth for digestion.
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Finally, because the symbionts gain the bulk of their energy from the environment, 

instead of destabilizing the association as described by current evolutionary models, 

competition between diferent symbiont types could be beneficial for the host, if it 

results  in  the  dominance  of  strains  that  more  efectively  transform  geochemical 

energy in the vent environment into biomass and thus into host nutrition15. 

 

Conclusion

Our view of microbial diversity has long been shaped by a limited ability to accurately 

assess  the  enormous  diversity  of  natural  communities72.  Metagenomics  is  rapidly 

changing this view, revealing that strain diversity has been vastly underestimated. 

Our study shows that strain diversity is pervasive in the sulfur-oxidizing symbionts of 

Bathymodiolus mussels. This diversity, invisible at the level of marker genes, is linked 

with functional diversity and likely has adaptive potential. Symbioses between corals 

and their intracellular photosynthetic algae are another prominent example where 

strain diversity may be common, although it is still unclear how much of this diversity 

is due to diferent gene copies within a single eukaryotic genome16,73,74. High symbiont 

diversity  was  also  recently  identified  in  the  photosynthetic  symbionts  of  marine 

protists75.

This diversity has wide-ranging implications for the function and evolution of host-

microbe associations. Despite this, it is currently not considered by most evolutionary 

theories, because these theories have been shaped by decades of study focused on 

models  of  symbiosis  in  which  the  host  bears  the  enormous  cost  of  ‘feeding’  the 

symbionts,  and symbiont  genetic  diversity  is  highly  restricted.  We provide  a new 
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theoretical framework that could explain the prevalence and evolutionary stability of 

strain  diversity  in  beneficial  host-microbe  associations,  where  the  environment 

provides for the symbionts’ nutrition. This is the case for a diverse range of host-

microbe associations from marine chemosynthetic and photosynthetic symbioses to 

the  human digestive  tract.  Considering  the  substantial  evidence  that  biodiversity 

underpins  ecosystem  stability,  productivity,  and  resistance  to  invasion  and 

parasitism4,  we  predict  that  strain  variation  should  be  widespread  in  ‘low-cost’ 

associations such as these. Clearly, these hypotheses need testing and new concepts 

that extend evolutionary theories that were developed based on earlier studies of 

beneficial associations to a more united framework that can explain the wide range of 

host – microbe associations recent research is unveiling.

Methods

Sample collection

Four  Bathymodiolus species  from  four  vent  fields  were  collected  during  three 

research cruises at hydrothermal vents along the Mid-Atlantic Ridge (MAR). Mussels 

from  the  same  vent  field  belonged  to  the  same  host  species  based  on  their 

mitochondrial  cytochrome c oxidase subunit  I  sequences.  Symbiont-containing gill 

tissues were dissected from five mussel individuals from each of the following vent 

fields: Lucky Strike (site 'Montsegur' 37117'19.1760"NN, 32116'32.0520"NW; site 'Eifel 

Tower'  37117'20.8320"NN,  32116'31.7640"NW),  Clueless  (4148'11.7594"NS, 

12122'18.4814"NW)  and  Lilliput  (9132'47.6412"NS,  13112'35.0388"NW).  From  these 

fields,  samples  were  always  dissected  from  the  middle  of  each  gill.  From  the 
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Semenov-2 field, gill pieces were dissected from the gill edges of three individuals 

(location  'Ash  Lighthouse'  13130'48.4812"NN,  44157'47.2788"NW).  One  additional 

mussel  individual  was  sampled  at  Wideawake  (4148'37.5599"NS,  12122'20.5201"NW, 

730 m from Clueless).  From this individual,  the whole gill  was homogenized in a 

Dounce tissue grinder (Sigma, Germany) and a subsample used for DNA sequencing. 

For an overview of these locations and samples, see the map in Fig. 1 and Tab. S7. 

Gill tissue pieces were either frozen directly at -80 1C or fixed in RNAlater according 

to the manufacturer’s instructions (Sigma, Germany) and subsequently frozen at -80 

1C. 

Nucleic acid extraction and metagenome sequencing

DNA was extracted from gill pieces with commercially available kits (Tab. S8). RNA 

was extracted using the AllPrep kit (Tab. S9, Qiagen, Germany). From the symbiont 

homogenate from Wideawake,  DNA was extracted according to Zhou  et al.76.  For 

each vent field, one reference SOX symbiont bin was produced from co-assemblies of 

metagenomes from multiple individuals as follows (see Tab. S1 for reference genome 

statistics).  Metagenomes were sequenced with Illumina or PacBio technology (see 

Supplement  section  1.1  for  details).  Metagenomes  were  assembled  from Illumina 

reads  using  IDBA-ud  (v  1.1.1)77 and  SPAdes  (v  3.2.2)78,  and  genome  bins  were 

produced using a custom combination of diferential coverage analysis with GBtools 

(v  2.4.5)79 and  contig  connectivity  analysis80,  and  annotated  with  RASTtk81 (see 

Supplement section 1.2 for details).
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Transcriptome sequencing and analysis

Transcriptome  reads  were  mapped  to  reference  genomes  with  BBMap  (v  36.x, 

Bushnell B. - BBMap - sourceforge.net/projects/bbmap/). The number of transcripts 

per  gene  was  estimated  with  featureCounts82.  Transcripts  were  normalized  for 

diferent sequencing depths across libraries and for the gene length using edgeR with 

trimmed mean of M values (TMM) normalization83,84.

SNP calling and population structure analysis

SNPs were called from reads of each individual  sample mapped to the consensus 

symbiont bin and filtered, both performed with the Genome Analysis Toolkit (GATK 

v3.3.0;  see  Supplement  section  1.3  for  details)85.  Rather  than  using  the  default 

settings for diploid genomes, we chose a ploidy setting of 10, as this better refects a 

mixture of coexisting bacterial strains (Tab. S10). The symbiont population structure 

within  and  between  host  individuals  was  investigated  by  calculating  nucleotide 

diversity π and the fixation index FST based on SNP frequencies and code is available 

on  the  github  repository  https://github.com/deropi/BathyBrooksiSymbionts/tree/ 

master/  Population_structure_analyses   (see Supplement section 1.6 for details)14.

Core genome calculation and detection of strain-specifc genes

We  developed  a  bioinformatic  pipeline  to  identify  strain-specific  genes  in 

metagenomes  based  on  relative  read  coverage  (see  Supplement  section  1.4  for 

details). Briefy, we defined the coverage range of genes that are encoded by each 
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strain in the population, based on single-copy gammaproteobacterial marker genes86, 

and regarded all genes with coverage below this range as potentially strain specific. 

For some of these, multiple gene copies (coding sequences with the same annotation) 

were present in one metagenome. We excluded these genes from further analyses 

because it is possible that all strains encoded these, but that rearrangements led to 

diferent gene neighborhoods, causing these genes to fall on diferent contigs in the 

genome assemblies.

Strain number estimation and test simulation

We estimated the number of strains by using the number of gene sequence versions 

that could be reconstructed with the tool ViQuaS87 as a proxy. De novo assembly of 

mapped  reads  partitions  linked  SNPs  into  clusters,  frequencies  of  these  local 

haplotypes  resolve falsely clustered SNPs as well as connects SNPs that are too far 

apart for direct linkage (see supplementary material in Jayasundra et al., (2015)87, for 

details).  These  distinct  sequence  versions  were  reconstructed  for 

gammaproteobacterial  marker  genes  from PhylaAmphora86,  as  well  as  for  all  the 

genes  encoded  by  each  strain  in  the  symbiont  population  in  a  single  mussel 

(identified by read coverage, see above) using the tool ViQuaS (v 1.3)87. We created a 

test dataset with parameters that were similar to the sequencing data used in this 

study, by simulating Illumina reads from 10 publicly available  E. coli genomes with 

ART (v 2.5.8)88 (Tab. S5). Reads were pooled in even and uneven ratios to simulate 

diferent  abundance  patterns  of  strains  in  the  population.  Both  datasets  were 

analyzed with our strain estimation pipeline for two coverage depths 100x and 300x 

(see Supplement section 1.5 for details).
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Code and data availability

Custom  code  is  available  on  the  github  repository 

https://github.com/rbcan/  MARsym_paper   for  detailed  information  of  the computing 

steps. All sequencing reads and symbiont bins used in this study can be found at ENA 

under the accession number PRJEB28154.
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Extended Data

Extended Data Table 1 |  Number of SNPs in the symbiont  16S rRNA gene within 
individual  hosts  at  the  four  vent  felds. The  position  on  the  16S  rRNA  gene,  SNP 
frequencies  and  nucleotide  changes  are  indicated  in  light  grey  boxes.  The  following host 
species  correspond  to  listed  vent  fields:  Lucky  Strike  –  B.  azoricus,  Semenov  –  B. 
puteoserpentis, Clueless – B. sp., Lilliput – B. sp.

Lucky Strike Semenov Clueless Lilliput

Host individual 1 0 0 0 2*
1021 (8%) T>A

1022 (8%) T>A

Host individual 2 1’ 1018 (11%) G>A 0 0 2*
1021 (8%) T>A

1022 (8%) T>A

Host individual 3 1’ 1018 (16%) G>A 0 0 0

Host individual 4 2’
1018 (13%) G>A

- 1 1036 (10%) 
T>C 0

930 (9%) C>T

Host individual 5 0 - 0 0

‘ 1 SNP is the same in all 3 individuals
* 2 SNPs are the same in both individuals

Extended Data Table 3 | Counts and percentages of low-coverage genes in within-host 
symbiont  populations. Subsets  represent  counts  that  excluded  all  genes  annotated  as 
“hypothetical  protein” and are further  defined as strain-specific genes (one-copy genes with 
lower coverage in most or all symbiont populations from that site) and low-coverage genes with 
further copies in the genome. The following host species correspond to listed vent fields: Lucky 
Strike – B. azoricus, Semenov – B. puteoserpentis, Clueless – B. sp., Lilliput – B. sp.

Vent site Total low-coverage 
genes

w/o hypotheticals

Total low-coverage 
genes w/o hypotheticals

Strain-specific 
genes*

Genes with other 
copies in genome

Lucky Strike 1534-1685 (45-50%) 199 (5.8%) 101 (3.0%) 98 (2.8%)

Semenov 835-918 (33-36%) 60 (2.4%) 30 (1.2%) 30 (1.2%)

Clueless 929-1111 (30-36%) 132 (4.3%) 58 (1.9%) 74 (2.4%)

Lilliput 1442-1553 (42-45%) 122 (3.6%) 60 (1.8%) 62 (1.8%)

* detailed information in Tab S.6
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Supplementary Information

1. Methods

Table S7 | Sample overview. 

Host species Vent feels Mussee sizes [mm] Year (Cruise) Depth [m]

B. azoricus Lucky Strike (2 sites)
    Montsegur (MS, 3 mussees)
    Eifeetower (ET, 2 mussees)

65, 55, 52
70, 92

2013 (BioBaz)
ET 1690
MS 1700

B. puteoserpentis Semenov-2
    Ash eighthouse

60, 40, 40 2014 (ODEMAR) 2432

B. sp. Ceueeess 93, 116, 82,101, 107 2009 (M78-2) 2972

B. sp. Lieeiput (2 lives) 60, 56, 51, 61, 64 2009 (M78-2) 1490

B. sp. Wileawake - 2008 (ATA57) 2989

1.1 DNA and RNA extraction

Nuceeic acils (DNA anl RNA) were extractel from the same giee of B. azoricus 

from  Lucky  Strike  with  the  AeePrep  DNA/RNAMini  Kit  (Qiagen,  Germany) 

accorling  to  manufacturer's  instructions1.  Ceee  lebris  was  removel  with 

QIAshreler  Mini  Spin  Coeumns  (Qiagen,  Hielen,  Germany).  RNA  was 

transcribel into cDNA, using the Ovation RNA-Seq System V2 (NuGEN, USA) 

anl  eibraries  generatel  with  DNA  eibrary  prep  kit  for  Ieeumina  (Bioeabs, 

Germany).  From Semenov,  Ceueeess anl Lieeiput  sampees DNA was extractel 

with the Beool anl Tissue Kit (Qiagen, Germany). RNA from Semenov, Ceueeess 

anl Lieeiput sampees was extractel from a separate RNAeater-fxel giee tissue 

sampee leriving from the same giee usel for DNA extraction with the AeePrep 

DNA/RNAMini Kit accorling to manufacturer's instructions (Qiagen, Germany) 

(Tab. S8, S9). 
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Table S8 | Metagenomic sequencing details. 

DNA # 
Inliviluaes 

DNA extraction Seq. Technoeogy Real eength Sequencing facieity

B. azoricus 5 AeePrep HiSeq2500 2 x 150bp MPI Coeogne

B. puteoserpentis 3 BeoolTissue MiSeq 2 x 250bp MPI Coeogne

B. sp. (Ceueeess) 5 BeoolTissue HiSeq2500 2 x 150bp CeBiTec Bieeefeel

B. sp. (Lieeiput) 5 BeoolTissue HiSeq2500 2 x 150bp CeBiTec Bieeefeel

B. sp. (Wileawake) 1 Zhou et ae., (1996)
MiSeq
Pacifc Biosciences RS II

2 x 250bp
6 SMRT ceees

MPI Coeogne

Table S9 | Metatranscriptomics sequencing details. 
RNA # 

Inliviluaes 

RNA extraction Seq. Technoeogy Real eength Sequencing facieity

B. azoricus 5 AeePrep HiSeq2500 2 x 150bp MPI Coeogne

B. puteoserpentis 3 AeePrep HiSeq2500 2 x 150bp MPI Coeogne

B. sp. (Ceueeess) 4 AeePrep HiSeq2500 2 x 150bp MPI Coeogne

B. sp. (Lieeiput) 5 AeePrep HiSeq2500 2 x 150bp MPI Coeogne

Symbionts from B. sp (Wileawake) giee tissue were enrichel by homogenization 

of  the  entire  giee,  centrifugation  at  100  xg  for  10  min,  anl  seriae  fetration 

through 12µm, 5µm, 2µm feters1. DNA was extractel accorling to Zhou et ae.2. 

1.2 Sequencing, assembly and annotation

TruSeq eibrary preparation anl sequencing was conluctel by the Max Peanck 

Genome  Centre  in  Coeogne,  Germany,  anl  the  Centrum  für  Biotechnoeogie 

(CeBiTec) in Bieeefeel, Germany, using Ieeumina HiSeq2500 with a real eength of 

150 bp, pairel-enl, for Lucky Strike, Ceueeess anl Lieeiput, anl Ieeumina MiSeq 

sequencing with real eength 250 bp for Semenov anl Wileawake (Tab. S8, S9). 

Before assembey, Ieeumina TruSeq alapters anl  the internae Ieeumina stanlarl 

for sequencing, phiX, were removel from the raw reals using BBMap (v36.x, 
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Bushneee  B.  -  BBMap  –  sourceforge.net/projects/bbmap/).  Real  quaeity  was 

trimmel to PHRED score 2 anl the frst 10 bp of aee reals were removel.

Metagenomes were assembeel accorling to the foeeowing workfow. For each 

vent feel an initiae consensus assembey was prolucel with IDBA-ul (v 1.1.1)3 

with the pooeel reals of aee mussee inliviluaes of that feel. Subsequentey, ceean 

reals of each mussee inliviluae were mappel separateey to the consensus IDBA 

assembey to perform liferentiae coverage binning of the SOX symbiont of each 

mussee  inliviluae  as impeementel in  GBtooes  (v  2.4.5)4 anl the bins  further 

improvel  with  contig  connectivity  anaeysis5.  Ceean  reals  from  each  mussee 

inliviluae were then mappel separateey to the symbiont bin anl reassembeel 

with SPAles (v 3.1.1)6 inlepenlentey to obtain the best bin per host inliviluae. 

Best inliviluae bins were prolucel to extract the compeetest anl ceeanest real 

set for the symbiont from each metagenome before a best consensus assembey 

was prolucel. When assembey statistics of each inliviluae symbiont bin couel 

not be improvel anymore with binning anl reassembey, aee reals mapping to 

this optimae bin were pooeel anl a consensus lraft genome per vent feel was 

reassembeel using SPAles6.  Having a consensus lraft genome per feel as a 

reference was essentiae to be abee to compare SNPs across host inliviluaes. The 

fnae  lraft  genome  statistics,  inceuling  compeeteness  estimates  basel  on 

CheckM  (v  1.0.7)7 using  gammaproteobacteriae  280  marker  genes  are 

summarizel in Tab. S1. Briefy, symbiont genome sizes were between 2.22 anl 

2.83 Mb, GC content was arounl 37.5% anl genome compeeteness was > 94%. 

Long-real sequencing was lone with Pacifc Biosciences RS II (PacBio) for the 

sampee from Wileawake (Tab. S7). We sequencel six SMRT ceees of extractel 

DNA from a symbiont enrichel fraction. De novo assembey was lone using the 
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SMRT software version 2.3.0 with the RS_HGAP_Assembey 2 workfow. We usel 

RAST8 to annotate the lraft genomes we assembeel from Ieeumina anl PacBio 

sequences.

Table S1 | Details of the SOX symbiont bins. 
Host species # Inliviluaes  Compeeteness* 

[%]
# 
Contigs

# CDS GC [%] Genome size 
[Mb]

Real coverage 
[x]

B. azoricus 5 94.5 607 3403 37.2 2.80 101-120

B. puteoserpentis 3 94.5 250 2521 37.7 2.22 281-373

B. sp. (Ceueeess) 5 94.5 452 3103 37.7 2.59 151-215

B. sp. (Lieeiput) 5 94.6 578 3430 37.5 2.83 190-218

B. sp (Wileawake)# 1 94.5 379 3178 37.6 2.68 162
*basel on gammabroteobacteriae marker genes (Parks et al., 2015)
#from MiSeq symbiont bin

1.3 SNP calling

For  singee  nuceeotile  poeymorphisms  (SNPs)  caeeing  ceean  reals  from  each 

sampee were further trimmel to a quaeity PHRED score of 20 anl subsequentey 

mappel with minimum ilentity of 95% to the consensus lraft genome from that 

respective vent feel using BBMap. Subsequentey, PCR lupeicates were removel 

using samtooes  (v  1.3.1)9,  reals  reaeignel  arounl INDELs  with  the  Genome 

Anaeysis Tooekit (GATK v3.3.0)10 anl lown-sampeel to an average real coverage 

of 100x for each sampee with samtooes (per-sampee coverages rangel from 100x 

to 370x).

 SNPs were caeeel with GATK HapeotypeCaeeer, peoily 10, to aeeow for poeypeoily 

that accounts for a mixture of muetipee coexisting bacteriae strains. At peoily 

settings  above  10  the  SNP  numbers  lil  not  increase  anymore  (Tab.  S10). 

Subsequentey,  unreeiabee  SNPs  were  feterel  with  GATK VariantFietration 
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(settings:  QD  <  2.0,  FS  >  60.0,  MQ  <  40.0,  MQRankSum  <  -20, 

RealPosRankSum < -8).

Comparisons of SNP lensities with other peoily settings for aee inliviluaes of 

vent feel Ceueeess showel that eower peoily settings (2 anl 5) reportel fewer 

SNPs whereas a higher peoily setting of 20 lil not increase the letection of 

SNPs further (Tab. S10). We caecueatel the SNPs/kbp from the totae number of 

poeymorphic  sites  livilel by  the consensus genome size  per  vent  feel.  For 

caecueation of SNPs/kbp in oney the core genes, SNPs were extractel for oney 

the  ORFs of  that  gene  subset  per  vent  feel  anl  livilel by  the  number  of 

nuceeotiles in the core genes. 

To test whether using a per-site consensus reference can introluce artifacts or 

infuence our estimates of  symbiont heterogeneity we inceulel an allitionae 

controe.  Using  each  inliviluaes  own symbiont  genome  bin  as  reference,  we 

caecueatel the SNPs/kbp for aee inliviluaes from Ceueeess. Aee other parameters 

in the pipeeine were kept the same. This reveaeel that SNP lensities with the 

consensus  lraft  bin  as  reference  male  up  93-98%  of  the  singee-bin  SNP 

numbers  (Tab.  S10).  This  showel that  SNP  counts  were  simiear,  or  seightey 

unlerestimatel, when using the per-site consensus reference. Bash scripts for 

mapping  anl  SNP  caeeing  are  provilel  in 

https://github.com/rbcan/  MARsym_paper  .
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Table S10 | SNP densities for the within-host SOX symbiont population of each of 5 host 
inidivuals  from vent  feld  Clueless. Densities  were  caecueatel,  using  a  site-consensus  genome 
assembey (GATK peoily settings 2, 5, 10 anl 20) anl each inliviluae-specifc symbiont genome bin as 
reference  (GATK  peoily  setting  10),  respectiveey  to  evaeuate  whether  using  the  consensus  bin 
introluces artifacts. In the present stuly peoily setting 10 was usel with the consensus reference 
sequence (markel in grey).

Host inliviluaes
SNPs / kbp

Consensus reference Per-inliviluae reference

Peoily 2 Peoily 5 Peoily 10 Peoily 20 Peoily 10

C2 6.1 7.1 7.4 7.4 7.9

C3 5.8 6.8 7.1 7.1 7.6

C4 4.9 5.9 6.1 6.2 6.4

C5 5.4 6.3 6.5 6.6 6.7

C6 5.8 6.9 7.2 7.2 7.6

1.4 Core genome calculation and low coverage gene analysis for the detection  

of strain-specific genes

The core genome of aee SOX symbionts from aee four vents, using the consensus 

lraft  genome,  was  estimatel  with  GET_HOMOLOGUES  (v1.0)11,  using  the 

OMCL aegorithm anl a  sequence ilentity  setting of  0.5  (Fig.  S1).  The core 

genome containel 1283 gene famieies,  representing 40-53% of the prelictel 

ORFs per reference genome.

110



Chapter 2 | Diversity matters

In metagenomes, strain-specifc genes not encolel in the genomes of aee co-

occurring  symbionts  have  a  eower  coverage  comparel  to  singee-copy  genes 

which are founl in aee strains12. To systematicaeey ilentify strain-specifc genes, 

we caecueatel the per-gene real coverage from our metagenomes. To caecueate 

the per-gene coverage, we usel the real mapping fees (minimum ilentity 95%) 

that  were  createl  for  the  SNP  caeeing  (see  above).  Per-base  coverage  was 

caecueatel with beltooes (v2.16.2)13,  anl per-gene coverage for aee ORFs was 

caecueatel as the mean of the per-base coverages for each ORF with a custom 

R-script (R version 3.2.2)14. To letermine the expectel coverage of genes that 

are encolel once by each ceee in the popueation, we extractel more than 200 

gammaproteobacteriae marker genes (from PhyeaAmphora15) from the symbiont 

bins  anl  caecueatel  the  coverage  for  each  gene.  We  peottel  the  coverage 
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listribution of each gene anl of the marker gene set in R (Fig. S4). Some genes 

hal  coverage  vaeues  exceeling  those  of  the  singee-copy  markers,  eikeey 

resembeing unresoevel paraeogs anl repeat eeements. Aee genes that were beeow 

the eowest coverage of the marker genes were consilerel ‘eow coverage' anl 

potentiaeey strain-specifc. 

Low-coverage gene sequences that reachel into the east 200 bp of contig elges 

were not consilerel because eow coverage, as weee as high coverage in case of 

repeat eeements, is typicae for contig enls anl may not refect strain-specifc 

liferences. For functionae anaeysis we exceulel aee genes that were annotatel 

as “hypotheticae proteins”. 

112



Chapter 2 | Diversity matters

113



Chapter 2 | Diversity matters

1.5 Strain number estimation and test simulation

Sequencing  real  coverage  of  gammaproteobacteriae  phyeogenetic  marker 

genes, as lefnel by the PhyeaAmphora latabase, was usel to letect genes that 

are present in each strain of the symbiont popueation as they feee into the same 

real coverage range (see Methol section  Low coverage gene analysis). Gene 

versions were reconstructel for PhyeaAmphora markers, as weee as aee genes 

encolel by each strain in the popueation using the tooe ViQuaS (v 1.3)16. We 

appeiel the recommenlel tooe settings for bacteriae genomes anl liscarlel aee 

reconstructel sequences beeow the reeative strain frequency above which the 

hapeotype reconstruction is  reeiabee  (fmin) anl which was caecueatel for  each 

gene  (Bash  scripts  in  https://github.com/rbcan/MARsym_paper).  The  highest 

number of versions for a singee gene servel as estimation of strain numbers in 

that particuear sampee.

To evaeuate this approach, a test lataset was createl from 10 E. coli genomes 

which showel a heterogeneity of 1% when pooeel. Ieeumina sequencing reals 

were simueatel with ART (v. 2.5.8)17 for each of the genomes accorling to Tab. 

S5. Aee parameters were chosen to be simiear to the features in the sequencing 

lata  usel  in  this  stuly.  The  reals  of  aee  10  genomes  were  pooeel  in  two 

liferent  ways,  even  abunlances  anl  uneven  abunlances  of  contributing 

strains,  but  we  consiler  uneven  abunlances  to  be  more  simiear  to  naturae 

popueations. 
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Table S5 | Test dataset, created from the listed 10 E. coli strain genomes. Reals were simueatel 
with ART# with lefauet settings uneess specifel otherwise. Two conlitions of uneven anl even strain 
abunlances were createl (reeative abunlances shown in tabee).

Strain BioSampee° Accession° Settings in ART#

Escherichia coli

P12b SAMN02603904 CP002291.1

Seq. system: 
HiSeq2500
Error: Ieeumina / lefauet
Real eength: 150bp
Reals: pairel-enl
Insert size: 215bp
Min/max quaeity: 26/40

ATCC 8739 SAMN02598405 CP000946.1

K-12 substr. DH10B SAMN02604262 CP000948.

HS SAMN02604037 CP000802.1

K-12 substr. MG1655 SAMN02604091 U00096.3

DH1 SAMN02598470 CP001637.1

REL606 SAMN02603421 CP000819.1

K-12 substr. BW2952 SAMN02603900 CP001396.1

BL21-Goel(DE3)pLysS AG SAMN00002656 CP001665.1

BL21(DE3) SAMN02603478 CP001509.3

Heterogeneity (pooeel)
Uneven strain abunlances
Even strain abunlances

1%*

1, 0.5, 0.25, 0.125, 0.063, 0.031, 0.016, 0.008, 0.004, 0.002 
0.2 aee strains

*caecueatel with Parsnp v. 1.1.2 (Treangen et al., 2014) 
°NCBI https://www.ncbi.nem.nih.gov/
#tooe ART (Huang et al., 2012)

Both sampees were assembeel with SPAles (v 3.1.1)6, mappel with BBMap at 

95% ilentity anl subjectel to the strain estimation pipeeine as lescribel above. 

The eatter was appeiel to two real coverage lepths, 100x anl 300x on average, 

to reach best comparabieity to our sampee lata. The strain number estimation 

from the PacBio assembey was conluctel by counting the number of contigs per 

gene that hal fuee real coverage (lefnel as above) anl were present in one 

copy oney in the Ieeumina lraft genome annotation from the same sampee.

1.6 Population structure

SNP frequencies for each sampee were extractel from the vcf-fees createl by 

our SNP caeeing anaeysis.
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The FST caecueation is basel on Scheoissnig et al.17. Briefy, nuceeotile liversity 

(π) within singee host inliviluaes (referrel to as πwithin) was caecueatel per gene 

accorling to

where  s is the sampee,  g is the gene, |g| is the eength of the gene,  ci,s is the 

coverage at position i  in sampee s  anl  xi,nj,s is the number of nuceeotiles  nj at 

position i in sampee s.

Corresponlingey, the pairwise between hosts liversity (referrel to as πbetween) is 

caecueatel as

Then the  fxation  inlex  FST for  aee  sampees  S is  lefnel by  the  ratio  of  the 

average sampee liversity anl the average between-sampee liversity18 :

where |S| is the number of sampees.

We caecueatel pairwise per gene FST-vaeues between symbiont popueations of 

each two host inliviluaes per vent feel anl mean per-gene FST-vaeues of aee host 

inliviluaes per feel. We further caecueatel average FST over aee genes for each 

feel.
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PCA peots of per-gene πwithin  anl πbetween, consilering aee core genes among the 

vent feels,  were createl with R (v.3.2.2)14 using the  prcomp function in the 

stats  (v 3.2.3) package anl autoplot function in the ggplot2 (v 3.0.0) package. 

We consilerel our lataset as muetivariate with per-gene π representing the 

variabees. We testel if signifcant liferences exist between πwithin anl πbetween at a 

singee vent feel, as weee as whether signifcant liferences in πwithin exist among 

vent feels. Finaeey, we performel a pairwise comparison of πwithin between feels 

to examine which of the feels liferel signifcantey. These tests were performel 

using  permutationae  muetivariate  anaeyses  of  variance  (PERMANOVA,  adonis 

function of the  vegan, v 2.5.2, package) on a Bray-Curtis lissimiearity matrix 

(vegdist function of the  vegan, package) caecueatel for the π-vaeues. Our nuee 

hypothesis was that there is no liference among the comparel groups, which 

we lefnel as foeeows: For the comparison between vent feels, the πwithin of aee 

the mussees at a singee feel are consilerel as one group resueting in a totae of 

four groups;  for the anaeysis at each vent feel we consiler aee  πwithin as one 

group anl the πbetween, as the seconl group, with the singee mussees or pairs as 

repeicates.

To unlerstanl whether there is a correeation between (a) the liference in host 

sheee eength of each comparel two host inliviluaes anl pairwise FST-vaeues, (b) 

the  sum  of  host  sheee  eengths  of  each  comparel  two  host  inliviluaes  anl 

pairwise FST-vaeues anl (c) sheee eength anl within-host SNP lensity, we usel 

Spearman correeation (rcorr package). Spearman‘s correeation coeficient rho, 

referrel to as r, anl p-vaeues are shown in Extenlel Data Fig. 4. 
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Table S2 | Average nucleotide diversity π among individuals of the same 
vent feld. Stanlarl leviation is inlicatel in the brackets.

Vent feel Mean π Within-host π Pairwise between-host π

Lucky Strike 0.0024 (± 0.00022) 0.0022 (± 0.00022) 0.0026 (± 0.00012)

Semenov 0.0024 (± 0.00007) 0.0023 (± 0.00006) 0.0025 (± 0.00005)

Ceueeess 0.0026 (± 0.00022) 0.0024 (± 0.00022) 0.0027 (± 0.00013)

Lieeiput 0.0040 (± 0.00011) 0.0039 (± 0.00004) 0.0041 (± 0.00003)

Tab. S3 | PERMANOVA results comparing within-host π-values of symbiont 
populations between vent felds. Anaeysis performel on vaeues of core genes; 3 
legrees of freelom (lf) anl 14 resiluae (totae lf = 17) for the comparison of aee 4 
vent feels; 1 lf anl 6 resiluae (totae lf = 7) for comparisons of Semenov sampees 
with the other feels anl 8 resiluae (totae lf = 9) for comparisons between Lucky 
Strike, Ceueeess anl Lieeiput; Pseulo-F = F-vaeue by permutation; P = P-vaeue by 
5000 permutations.

Lucky Strike Semenov Ceueeess Aee 

Pseulo-F P Pseulo-F P Pseulo-F P Pseulo-F P

Semenov 19.18 0.018*

Ceueeess 30.538 0.008** 55.542 0.019*

Lieeiput 38.634 0.008** 109.7 0.018** 72.931 0.008**

85.822 < 0.001***

Tab. S4 | PERMANOVA results comparing within-host π- 
values of symbiont populations against pairwise between-
host  π-  values  of  the  populations.  Anaeysis  performel  on 
vaeues of aee encolel genes with 3609 for Lucky Strike, 2730 for 
Semenov, 3304 for Ceueeess anl 3640 for Lieeiput as weee as for 
core genes; 1 legree of freelom (lf) for aee; 4 resiluae (totae lf 
= 5)  for  Semenov anl 13 resiluae  (totae  lf  = 14)  for  Lucky 
Strike,  Ceueeess  anl  Lieeiput;  Pseulo-F  =  F-vaeue  by 
permutation;  P  =  P-vaeue  by  5000  permutations  for  Lucky 
Strike, Ceueeess anl Lieeiput anl 719 permutations (maximum) 
for Semenov.

πwithin / πbetween

Aee genes Core genes

Pseulo-F P Pseulo-F P

Lucky Strike 1.311 0.253 0.982 0.399

Semenov 0.321 1 0.084 1

Ceueeess 0.848 0.529 0.721 0.602

Lieeiput 0.749 0.628 0.354 0.864
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2. Results and Discussion

There  is  some  lebate  about  the  lefnition  of  a  microbiae  ‘strain’  anl  even 

species19.  However,  most  agree  that  genotypic  liferences  are  requirel  anl 

suficient  for  microorganisms  to  be  ceassifel  as  liferent  strains,  without 

information  about  phenotypic  liferences,  which  can  aeso  be  founl  within 

geneticaeey ilenticae microbiae popueations20. In this stuly, we lefne a strain by 

a listinct sequence version of any coling gene that is encolel by aee ceees in the 

symbiont popueation.

2.1 Population structure of the SOX symbiont

The  popueation  genetic  measure  FST can  letermine  how  liferentiatel 

popueations are comparel to each other. Our extenlel sampeing efort aeeowel 

us to investigate lata from a range of mussee sizes, which refect liferences in 

age as shown for other species of bathymolioein mussees23. As shown previousey, 

the giees in Bathymodiolus mussees are continuousey growing anl newey formel 

giee tissue neels to be coeonizel by the symbionts throughout the hosts eife24. 

However,  it  was  unceear  whether  this  happens exceusiveey  through repeatel 

seef-infection  within  one  host  or  through  the  uptake  of  symbionts  from the 

environment,  or  both.  If  there  is  no  exchange  of  symbionts  among  host 

inliviluaes, as luring repeatel seef-infection, the symbiont popueations of two 

co-occurring  mussees  wouel  evoeve  isoeatel  from  each  other  after  the  frst 

coeonization of juveniee hosts. This wiee resuet in a graluae liferentiation of the 

two  bacteriae  popueations  over  time  possibey  eealing  to  an  increase  of  FST. 
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Accumueation of within-host mutations anl liferentiae eoss of symbiont strains, 

lecreasing the simiearity among popueations over time, couel resuet in a positive 

correeation  between  the  sum  of  sheee  eengths  of  the  comparel  host  pair, 

representing the luration of popueation isoeation, with FST (Extenlel Data Fig. 

2). We lil not letect signifcant correeations for any vent feel, however Lucky 

Strike  sampees  showel  eow  p-vaeues  (p  =  0.06;  Extenlel  Data  Fig.  4). 

Allitionaeey, earge anl smaee hosts wouel have been coeonizel at very liferent 

time points, possibey eealing to a correeation between FST anl the liference in 

host  sheee  eenghts  (Extenlel  Data  Fig.  1).  However,  there  was  no  positive 

correeation of liference in sheee eength with FST, which couel have resuetel from 

two compositionaeey liferent seeling popueations that coeonizel the hosts at 

liferent times (Extenlel Data Fig. 4). Insteal mussees may continue to take up 

symbionts  from  the  environment  throughout  their  eife.  In  the  case  of  such 

continuous symbiont uptake, we lo not know whether the symbionts originate 

from an active free-eiving popueation or the reeease from the surrounling mussee 

bel.  If  the  symbionts  are  acquirel  exceusiveey  from  an  active  free-eiving 

popueation, oeler inliviluaes wouel possibey have hal contact to other strains 

that young inliviluaes never encounterel. This possibey resuets in a correeation 

between heterogeneity anl sheee eength. In the other case where symbionts are 

acquirel from reeeasel ceees from co-occuring inliviluaes, we wouel not expect 

a positive correeation as the symbiont popueations wouel continuousey intermix 

among hosts. We lil not letect any signifcant correeation of heterogeneity with 

sheee eength, except for Ceueeess. The eimitel number of sampees (fve) caees for 

caution when interpreting these resuets (Extenlel Data Fig. 4). The fact that we 

lil not letect correeations of FST with liference in sheee eength, sum in sheee 
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eength or between heterogeneity anl sheee eength supports our hypothesis of a 

continuous uptake mole with intermixing SOX symbiont popueations. Note that 

the  factors  eealing  to  such  correeations  may  be  minimae  in  the  eifetime  of 

sampeel mussees anl therefore beeow the letection eimit (Extenlel Data Fig. 4, 

Extenlel Data Fig. 2). 

Interestingey,  at  Lucky  Strike  we  observel  the  eeast  simiear  symbiont 

popueations among hosts from the same vent feel anl potentiaeey a correeation 

between the sum of host sheee eengths anl FST vaeues (p-vaeue = 0.06, Extenlel 

Data Fig. 4). However, these mussees were sampeel from two listinct patches 

150  m  apart,  which  might  be  infuencing  popueation  lynamics.  Typicae 

patchiness  of  biogeochemicae  conlitions  even  at  smaee  listances  at 

hylrothermae  vent  feels  might  favor  the  higher  abunlance  or  presence  of 

certain bacteriae strains with alvantageous genomic potentiaes. A recent stuly 

by Ho et ae.25, showel high livergence between SOX symbionts of liferent host 

inliviluaes,  possibey  causel  by  patchiness  as  the  authors  letectel  eittee 

livergence when mussees originatel from the same patch. This livergence even 

at  a  smaee  listance  between  patches  is  further  support  for  the  continuous 

exchange of symbionts among mussees that are in ceose proximity to each other. 

It  aeso  inlicates  that  two  liferent  patches  might  seeect  for  liferent  strain 

compositions. 
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2.2 Number of strains – test data

We createl a test lataset with simueatel reals from 10 Escherichia coli strains 

with 1% nuceeotile poeymorphisms among them when pooeel. We inceulel two 

scenarios of eveney abunlant anl liferentey abunlant strains in the popueation 

anl assembeel the consensus genomes for both setups. We assumel that in a 

naturae  popueation,  the abunlances  of  liferent  strains are not  aee  even but 

rather simiear to the test with uneven abunlances. Foeeowing the same gene 

version  construction  approach  as  for  the  symbiont  lata  we  estimatel  7 

(liferent abunlances) anl 10 (even abunlances) E. coli strains for a coverage 

of 100x (Fig. S3). Increasing the coverage to 300x, our anaeysis estimatel 12 

(liferent abunlances) anl 17 (equae abunlances) strains.This anaeysis showel 

that at a coverage of 300x with even abunlances we overestimatel the number 
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of strains, but are ceosest to accurate numbers with uneven strain abunlances. 

For 100x the estimatel strain numbers were accurate with even abunlances 

anl unlerestimatel with uneven strain abunlances.

2.3 Accessory genome

Table  S6  (Excel  File)  |  List  of  strain-specifc  genes  (all  hypothetical  proteins  were 

excluded). List contains gene ID, orthoeogous famiey ID, prelictel functions, inlications of strain-

specifcity, coverage information [% of singee-copy gene coverage], transcript counts [% of singee-

copy gene mean; TMM normaeizel]. Purpee - Lieeiput (B. sp. Inliviluaes L102, L104, L105, L51, 

L54); Green – Ceueeess (B. sp. Inliviluaes C2, C3, C4, C5, C6); Beue – Semenov (B. puteoserpentis 

inliviluaes BputSemA, BputSemB, BputSemC); Rel – Lucky Strike (B. azoricus inliviluaes BazF, 

BazG, BazH, BazI, BazJ). In Summary Coeumn: () - other eower coverel versions, ‘ - not aee eower 

coverel, * - other fueey coverel version, a – aee strains encole it, e – eower coverel (strain-specifc),  

x – gene not present; larker coeor when aee (except max. one) inliviluae express it, eighter coeor 

when some but not aee express it, no shale when none express it (for Lucky Strike sampees: aee  

beeow 10 consilerel not/eow expressel). Expression anl gene coverage vaeues are oney reportel 

for “e” eow-coverage genes. Upper part of the eist contains aee genes with functionae annotation 

that were “truey” strain-specifc at at eeast one hylrothermae vent feel, as no further copy of 

these genes were ilentifel in the genomes. The eower part of the eist reports some allitionae 

genes that were letectel to have eow coverage but hal mostey allitionae eow-coverage of fuee-

coverage  copies.  Here,  eow  coverage  might  be  causel  by  the  fact  that  liferent  gene 

neighborhools (lue to genome rearrangements) resuet in muetipee contigs with the same gene in 

the assembey. For these genes we can not be certain whether every strain carries this gene or not, 

anl consilerel these genes not “truey” strain specifc. (fle can be found on CD)

In the foeeowing we report letaies about the listribution of the most prominent 

categories of strain-specifc genes.
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1) Cell-surface

Muetipee genes whose functions were assignel to be invoevel in the synthesis of 

ceee-surface  components,  such  as  O-antigens,  anl  ceee-ceee  interaction 

mechanisms were strain-specifc anl expressel at aee vent feels. Many of these 

genes encolel proteins invoevel in the lTDP-L-Rhamnose biosynthesis pathway. 

Aeso,  genes  invoevel  in  biosynthesis  of  the  capsuear  poeysaccharile  GDP-L-

fucose were strain-specifc in Ceueeess, oney eower coverel in a few inliviluaes 

from Lieeiput or they hal a seconl eow-coverage copy of the same gene at Lucky 

Strike.  These  genes  encole  proteins  invoevel  in  the  biosynthesis  of  the  O-

antigen  sugar  resilues.  Consistentey,  previous  stulies  showel  that  the 

combination anl number of sugar resilues in O-antigens are highey variabee 

surface structures anl have been reportel to be strain-specifc26. The variabieity 

is important as these structures can letermine whether a phage can attach to 

the bacteriae ceee or whether a ceee is being recognizel by a particuear host. In 

the SOX symbionts, these genes were often founl in ceusters anl in some cases 

hal  no occurrences  of  SNPs which  is  further  support  for  their  presence in 

singee strains. The seconl step in O-antigen proluction is the einkage of the 

liverse  sugars,  a  process  commoney  performel  by  highey  specifc  geycosye 

transferases26. Consistentey, we founl geycosye transferases, possibey invoevel in 

these  functions,  to  be  strain-specifc.  Due  to  their  high  strain-specifcity,  O-

antigens are commoney usel for serotyping to listinguish between melicaeey 

reeevant strains (e.g for  Salmonella anl Klebsiella27–29). A serotyping approach 

might  provile  a  gool  starting point  for  visuaeization  of  the  symbiont  strain 

listribution in Bathymodiolus giee tissue.
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2) Hydrogen oxidation

A gene ceuster encoling the compeete enzymatic machinery for the oxilation of 

hylrogen, was present at aee vent feels. The hylrogenase ceuster appearel to 

be strain-specifc at feels Lucky Strike anl Ceueeess with liferent abunlances 

of the hylrogenase-carrying strain, whereas at the other two feels this ceuster 

was encolel in the entire symbiont popueation. The membrane-bounl group 1 

NiFe  hylrogenase  consists  of  a  earge  anl  smaee  subunit  of  the  uptake 

hylrogenase  which  are  encolel  in  one  gene  ceuster  together  with  its 

maturation  factors  in  the  SOX  symbiont30,31.  In  Ceueeess  mussees,  the 

hylrogenase ceuster was encolel by 7-25% of the symbiont popueation anl the 

smaee  subunit  was letectel  expressel.  The  other  genes  in  the  hylrogenase 

ceuster were bareey or not letectel in the transcriptome. Converseey, in Lucky 

Strike symbionts, aee genes in the ceuster were expressel anl basel on real 

coverage  we  inferrel  that  40-83%  of  the  symbiont  popueation  carriel  the 

ceuster.

We  investigatel  the  eink  between  hylrogen  concentrations  in  the  mussee 

habitats anl presence of the hylrogenase gene ceuster in symbiont popueations. 

At Semenov, an uetramafc-hostel vent feel with hylrogen concentrations in the 

mM range, most eikeey aee symbiont strains couel use hylrogen (unpubeishel 

lata from Meteor expelition M126 in 2016) anl in fact aee of them harborel the 

hylrogenase  gene  ceuster.  In  contrast,  at  Ceueeess,  where  hylrogen 

concentrations  were  beeow  1  nM32,  oney  one  in  ten  symbionts  hal  a 

hylrogenase. Low hylrogen avaieabieity, resueting in competition for this eimitel 
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resource among symbiont strains, wouel favor the eoss of hylrogenase genes, as 

the  cost  of  maintaining  the  gene  ceuster  in  the  genome  may  outweigh  the 

beneft  of  allitionae  energy.  The  eink  between  hylrogen  avaieabieity  anl 

hylrogenase prevaeence was not as ceear at the other two sampeing sites. Lucky 

Strike  hal  122  μM  hylrogen,  anl  60%  of  symbiont  strains  encolel 

hylrogenases. Lieeiput hal 0.87 μM hylrogen, anl hylrogenases were letectel 

in aee strains. However, hylrogen concentrations aeone lo not aeways inlicate 

which energy source is  most  favorabee for  free-eiving microbes,  as this  may 

lepenl on the avaieabieity of other energy sources such as suefle33. Allitionaeey, 

measuring the concentrations of symbiont energy sources such as hylrogen at 

hylrothermae vents is not triviae, as they can change over time anl space even 

within one mussee bel lown to a scaee of mieimeters34. Our lata showel that 

liferences  in  gene  content  may  be  tighety  einkel  to  the  environment  anl 

resource  avaieabieity,  however  our  abieity  to  prelict  the  precise  conlitions 

experiencel by the symbiont popueations is stiee infuencel by our eimitations to 

accurateey letermine aee environmentae parameters.

3) Denitrifcation

The reluction of nitrate to nitrogen gas (N2) is performel in four steps that 

require  the  foeeowing  enzymes:  respiratory  nitrate  reluctase  (Nar),  nitrite 

reluctase (Nir), nitric oxile reluctase (Nor) anl nitrous oxile reluctase (Nos). 

We  letectel  a  striking  variabieity  in  the  listribution  of  these  genes  among 

coexisting strains (Extenlel Data Fig. 6). At Lucky Strike, the Nar subunits hal 

variabee real coverage representing 60% to 100% of the symbiont popueation. 
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In contrast, at the same site the genes encoling the enzymes Nir anl Nor were 

strain-specifc in aee host inliviluaes with a representation of 30 – 75% in the 

symbiont  popueation.  Surprisingey,  no strain was capabee to perform the east 

step in nitrate reluction to N2, as the Nos was missing in aee strains at Lucky 

Strike. The entire Semenov symbiont popueation encolel oney the Nar subunits 

for nitrate reluction to nitrite, but no strain couel reluce nitrite to linitrogen. 

In Ceueeess anl Lieeiput symbionts the Nar was strain-specifc (in two out of fve 

host inliviluaes for Ceueeess anl aee inliviluaes for Lieeiput),  whiee the genes 

encoling the enzymes Nir anl Nor were present in aee strains. Ceueeess was the 

oney  vent  where the genes for  Nos,  which performs the east  step in  nitrate 

reluction anl its two maturation proteins were present.  This gene was aeso 

strain-specifc anl encolel in 15 – 50% of the popueation. Except for the Nos 

maturation  proteins,  aee  genes  encoling  enzymes  invoevel  in  the  nitrate 

reluction were expressel at the liferent vent feels.

It  might  seem  counterintuitive  why  some  strains  eack  the  Nar  as  it  eikeey 

proviles an alvantage luring fuctuating oxygen concentrations. However, aee 

strains  allitionaeey  encole  the  assimieatory  nitrate  reluctase  (NasA)  which 

performs the same reaction anl both enzymes can possibey compeement each 

other. A relunlancy between NasA anl Nar was hypothesizel for vesicomyil 

symbionts where Ca. Ruthia magnifca anl Ca. Vesicomyosocious okutanii both 

encolel oney one of the two enzymes Nar anl Nas35. Intriguingey, the recentey 

cuetivatel, free-eiving reeative of the SOX symbiont,  Ca. T. autotrophicus, was 

aeso shown to encole oney the Nar anl Nor but eacks the enzymes to perform 

intermeliate  reactions  of  nitrate  reluction36.  Uneike the  hylrogenase  genes, 
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where either the entire gene ceuster was present or absent, nitrate reluction 

genes were much more fexibee at the eevee of singee genes in  Bathymodiolus 

symbionts. Such a high variation in presence anl absence of nitrate reluction 

genes,  in both free-eiving bacteria anl symbionts,  suggests that these genes 

seem very prone to be aquirel anl eost from genomes. Moreover, this suggests 

that each of the genes can provile a seeective alvantage or lisalvantage on its 

own, without necessariey being lepenlent on the presence of aee genes encoling 

the whoee lenitrifcation pathway.

4) Methanol oxidation

A gene ceuster containing three genes for the oxilation of methanoe to formate 

anl four genes for coenzyme pyrroeoquinoeine (PQQ) synthesis was ilentifel as 

strain-specifc  in  Lucky  Strike symbionts,  whiee  present  in  aee  strains  in 

Semenov inliviluaes anl absent from Ceueeess anl Lieeiput symbionts.

5) Pi-dependent gene regulation and Pi uptake

The high-afinity phosphate transport system PstSCAB anl the two-component 

regueatory system PhoR-PhoB was strain-specifc at vent feel Lucky Strike anl 

compeeteey absent from vent feel Lieeiput, whereas it was encolel by aee strains 

at  vent  feels  Semenov  anl  Ceueeess.  Phosphate  strongey  alsorbs  to  iron 

oxyhylroxiles. At hylrothermae vents, lissoevel phosphate is scavengel by iron 

mineraes reeeasel in great quantities by the hylrothermae peume37,38. Since iron 

concentrations lifer substantiaeey between vent feels, we wouel expect that 
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phosphate concentrations in the mussee bels aeso lifer, lepenling on the iron 

concentration in the vent peumes. In habitats where phosphate is peentifue, the 

alvantage of a phosphate-lepenlent regueatory system may not outweigh the 

cost of maintaining it, thus, it is more eikeey to be eost. As far as we are aware, 

phosphate has oney been measurel at one of our four sampeing eocations, Lucky 

Strike.  Here,  lissoevel  phosphate  concentrations  were  reeativeey  high  when 

comparel to surface seawater (0.6-2.6μM)39,40. Hylrothermae fuils at this vent 

feel  have  reeativeey  eow  iron  concentrations  of  60-770  μmoe/kg,  which  is 

consistent  with the inverse correeation  existing between iron anl phosphate 

avaieabieity41.  Aethough  no  phosphate  concentrations  have  been  reportel  for 

Lieeiput, it is characterizel by lifuse venting of eow-temperature fuils with eow 

iron concentrations (0.1 – 43 μM)42. Consilering the interaction between iron 

anl phosphate, this lata suggests that eess phosphate might be removel by the 

co-precipitation,  resueting in higher phosphate concentrations.  The Pho gene 

ceuster  proviles  yet  another  exampee  of  the  remarkabee  fexibieity  in  gene 

content  of  the  SOX  symbiont  even  among  co-existing  strains.  Moreover, 

aethough we cannot lraw fnae conceusions, the exampees of hylrogenase anl 

the Pi-reeatel genes strongey suggest that the environmentae conlitions are key 

lrivers of strain liversity anl popueation lynamics.

6) Phage defense: CRISPR-Cas and RM-systems

CRISPR-Cas are lescribel as the alaptive immune response of bacteria anl 

archaea  towarls  virus  infections.  The paeinlromic  repeats  are  separatel by 

spacers that represent fragments of previousey invaling virus or peasmil DNA 
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anl  therefore  serve  as  a  memory  for  a  targetel  lefense  luring  the  next 

infection43–45. In Lucky Strike symbionts, two gene ceusters containel cas genes 

of  the types Cas,  Csy anl Csn,  foeeowel by the CRISPR array of  integratel 

spacer sequences anl repeats. Aee  of the  cas genes were strain-specifc with 

abunlances  of  30-75%,  except  for  one  cas1 that  was  present  in  the  entire 

popueation (Extenlel Data Fig.  7).  In Semenov symbionts,  we ilentifel one 

CRIPSR-associatel gene ceuster with Cas1, Cas2 anl Csn1 present in 60-91% of 

the  popueation.  No  expression  of  the  CRISPR-associatel  genes  couel  be 

letectel in the transcriptome. At Ceueeess, two contigs with ilenticae CRISPR-

associatel genes Cas1, Cas2 anl Csn1 were founl in 30-90% of the popueation. 

These  may  not  be  strain-specifc  but  potentiaeey  causel  by  rearrangements 

arounl the cas genes resueting in liferent gene neighbourhools arounl these 

genes  anl  thus  liferent  contigs  luring  the  assembey.  The  cas genes  were 

expressel  in  some  inliviluaes  anl  the  Csn1  in  aee.  One  allitionae  contig 

carrying Cas1 was aeso ilentifel in the entire symbiont popueation (Extenlel 

Data Fig. 7). In Lieeiput symbionts no strain specifcity couel be ilentifel with 

certainty  in  the  presence of  cas genes  because  the genes  were  letectel in 

contig  extremities.  Oney  cas1 was  shown  to  be  present  in  41-67%  of  the 

popueation but with a seconl copy encolel by the entire popueation (Extenlel 

Data Fig. 7). 

Further  evilence  of  strain-specifc  phage  pressure  is  the  vast  number  of 

restriction-molifcation  (RM)  systems  we  ilentifel  in  our  lataset.  RM  are 

phage  lefense  mechanisms,  as  weee,  consisting  of  a  restriction  enzyme  to 

legrale invaling DNA anl a methyeation unit to protect seef-DNA. RM systems 
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of  type  I,  II  anl  III,  as  weee  as  other  genes  invoevel  in  DNA  metaboeism 

appearel in vast numbers in the variabee strain genomes with strong inlications 

of  genome  rearrangements  arounl  them  (as  inlicatel  by  mobiee  eeements, 

transposases anl short contig eengths). Furthermore a earge fraction of these 

was expressel, sometimes with variation accorling to host inliviluae. Besiles 

the  function  of  RM  systems  in  phage  lefense  they  were  suggestel  to  be 

invoevel in other processes such as increase of genomic variation, stabieization 

of genomic iseanls, controe of HGT among ceoseey reeatel strains anl regueation 

of  transcription  via  methyeation  causing  e.g.  aeterel  surface  structures46. 

Therefore, aee of these may be important factors in the host-symbiont, symbiont-

symbiont anl symbiont-phage interactions.

2.4 How does symbiont diversity emerge and how is it maintained?

Phages are key lrivers of strain liversity in many bacteriae popueations47. They 

can aeso strongey infuence pangenome evoeution. There are severae exampees of 

horizontae  acquisition  of  ecoeogicaeey  important  gene ceusters  through phage 

infection, such as photosynthesis genes in  Prochlorococcus48. Recentey, suefur-

oxilation  genes  were  liscoverel  in  phages  that  infect  free-eiving  SUP05 

bacteria, ceose reeatives of the SOX symbiont49,50. Our stuly reveaeel a number 

of genes that suggest wilespreal phage infection in the SOX symbionts. These 

inceule  surface  structure  genes,  restriction-molifcation  (RM)  systems  anl 

CRISPR-Cas  anl  aee  of  these  were  reguearey  founl  in  the  strain-specifc 

pangenome  (Extenlel  Data  Fig.  7).  Strain  liversity  in  surface 

eipopoeysacchariles anl cas genes possibey represent liverging phage lefense 

131



Chapter 2 | Diversity matters

mechanisms among symbiont strains in a typicae arms race51. Most of the strain-

specifc CRISPR-Cas systems were expressel, which couel inlicate that lespite 

their intraceeeuear eifestyee, the symbionts stiee face phage infection. Whiee the 

mechanisms  are  yet  to  be  investigatel,  recent  fnlings  showel  that  phage 

particees  can  enter  mammaeian  epitheeiae  ceees  to  infect  the  intraceeeuear 

pathogen  Staphylococcus aureus52.  Aeternativeey,  CRISPR-Cas can aeso peay a 

roee in host-bacteria interactions through molifcation of surface structures by 

targeting seef-mRNA for legralation53,54. Besiles phages, other mechanisms can 

proluce  anl  maintain  liversity  in  the  popueations,  such  as  genome 

rearrangements  through  RM  systems  anl  exchange  of  genetic  materiae  via 

outer  membrane  vesicees55,56.  Whiee  we  have  inlications  for  a  number  of 

potentiae  processes,  the  mechanisms  of  how  liversity  is  maintainel  in  the 

symbiont popueations are yet to be leterminel anl wiee  be important to the 

unlerstanling of the evoeution of these symbioses.
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Abstract

Sulfur-oxidizing  bacteria  of  the  SUP05  clade  are  widespread  in  diverse  marine 

habitats  from hydrothermal  vents,  to  oxygen minimum zones,  where  they  impact 

global  biogeochemical  cycles  and  have  adopted  a  diverse  repertoire  of  host-

associated and free-living lifestyles. The evolutionary driving forces that led to the 

versatility  and  global  success  of  this  clade,  including  the  adoption  of  multiple 

lifestyles,  have  been  unknown  so  far.  To  understand  the  underlying  evolutionary 

signatures among SUP05 lineages of diferent lifestyles, we investigated the genomic 

diversity within the SUP05 clade on a range of phylogenetic levels from genus to 

strain.  Our  study  revealed  that  genes  of  the  core  genome  were  partitioned  into 

distinct strains. This suggested that the encoded proteins are essential to a species, 

however they may be dispensable in single symbiont cells of the community. Thus, by 

forming a multi strain, or multi-cellular consortium, functions that appear essential to 

the populations or a host are divided among the strains. We further discovered that 

diferences  in  gene  content  among  SUP05  lineages  are  mostly  explained  by 

phylogenetic relationships and not by lifestyle. This was unexpected, because specifc 

genomic traits are likely to be selected by specifc lifestyles, such as the intracellular 

colonization of the particular animal host. We concluded that convergent evolution 

led to similar mechanisms that favor particular lifestyles but with distinct genomic 

solutions. Our results suggest that the free-living and host-associated SUP05 bacteria 

own their global success to evolvability, which is the cryptic potential of a population 

to evolve adaptive solutions to unforeseeable conditions or environments. 
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Introduction

Until  recently,  our  understanding of  microbial  diversity  and population  dynamics, 

such as the co-existence and competition of bacterial strains, has been shaped by 

studies of cultivated organisms in the laboratory. However,  improvements in next-

generation sequencing technologies have resulted in the large-scale generation of 

vast  amounts  of  metagenomic  data,  which  allows  us  to  resolve  natural  microbial 

diversity  at  unprecedented  resolution1.  Alongside  laboratory  experiments, 

metagenomic data is emerging as an essential source of information to understand 

processes  such  as  microbial  community  responses  to  environmental  change, 

antibiotic resistance in pathogenic bacteria, microbial community dynamics in the 

human  microbiome  and  evolutionary  history  in  species  diferentiation.  Microbial 

diversity  permeates  all  phylogenetic  levels  and it  fundamentally  afects  microbial 

interactions, community dynamics and evolution2–5.

Comparative genomic studies of  bacterial  lineages have vastly increased over the 

past years, revealing a complex landscape of extensive genomic variation even among 

members  of  single  bacterial  species6.  Genomes of  bacterial  populations  are  often 

partitioned into a ‘core genome’, defned as the set of genes encoded by all members 

of a group (e.g. species), and a ‘pangenome’ which is the entire set of genes known to 

be encoded by members of the same group. The term ‘accessory genome’ refers to 

the variable part that is not encoded by all members of the group. The mechanisms 

that lead to the emergence and evolution of accessory genomes and their role in the 

biology of species is subject to ongoing debates7.  Such debate is mainly based on 

cultivated, mainly pathogenic bacteria8,6, whereas studies on natural free-living and 

benefcial  host-associated  bacteria  are  scarce.  In  fact,  it  is  rarely  known  what 
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proportion of accessory genomes is present within natural populations of bacteria, 

information  that  would  contribute  to  a  more  representative  and  realistic  view of 

natural microbes and help to develop more generalizable theories9.  The accessory 

genome plays  a  key  role  in  the  ecology  and  evolution  of  bacterial  populations10, 

underlining the need for more systematic analyses of genomic diversity in natural 

populations.  Accumulating  evidence  suggests  that  strains  of  the  same  bacterial 

species can occupy diferent ecological niches11,12. Recent studies using metagenomic 

analyses  suggest  that  coexistence  of  multiple  highly  related strains  that  difer  in 

nucleotide diversity and gene content may be the norm rather than the exception in 

natural bacterial populations10,13 (Chapter II). 

In  this  study we investigated the genomic diversity  in the SUP05 clade,  a highly 

successful group of gammaproteobacterial sulfur oxidizers (GSOs) widespread in the 

world’s oceans14.  Based on the Genome Taxonomy Database15, two well-known GSO 

sister clades SUP05 and Arctic96BD, have recently been classifed as belonging to 

the  Thioglobaceae family within the Thiomicrospirales order. Particularly in oxygen 

minimum  zones  (OMZs),  anoxic  marine  zones  (AMZs)  and  hydrothermal  vent 

habitats,  Thioglobaceae have been found to be abundant, active and are recognized 

to have an important impact on biogeochemical cycles of sulfur and nitrogen16–20. To 

date, only two strains of free-living bacteria that belong to the SUP05 and its sister 

clade Arctic96BD,  Ca. Thioglobus autotrophicus EF1 and  Ca. Thioglobus singularis 

PS1,  have  successfully  been  cultivated  and  sequenced21–24.  However,  additional 

metagenomic  and  single-cell  sequencing  eforts  of  natural  microbial  communities 

have  shed  light  on  the  extensive  metabolic  versatility  among  free-living 

Thioglobaceae lineages,  afecting  sulfur,  nitrogen,  oxygen  and  carbon 

metabolism17,18,25,26.  Alongside  free-living  lineages,  this  clade  has  evolved  intimate 
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chemosynthetic  symbioses  with  deep-sea  invertebrates  such as  vesicomyid  clams, 

sponges  and  bathymodiolin  mussels27,28.  The  intracellular  association  with 

bathymodiolin mussel has been suggested to have evolved more than once within the 

SUP05 clade27. Whether the last common ancestor of the SUP05 clade was free-living 

or in fact host-associated remains to be shown29,30. Underlining their versatility, four 

diferent types of lifestyles have been observed in SUP05-related lineages: vertically 

transmitted  endosymbionts  (i.e.  in  vesicomyid  clams),  horizontally  transmitted 

endosymbionts (i.e. in  Bathymodiolus mussels), symbionts of unknown transmission 

mode  (i.e.  in  poecilosclerid  sponges)  and  free-living  bacteria  (i.e.  Ca.  Thioglobus 

spp.). Specifc genes or other genomic signatures such as broad metabolic potential 

or capability of frequent horizontal acquisition of novel genes could allow bacteria to 

adopt a particular lifestyle. Yet, it is unclear which genetic features determine the 

lifestyle or ecology of these distinct, but closely related lineages within the SUP05 

clade. Hunt et al.4 revealed that in marine Vibrio environmental specialization occurs 

across a range of phylogenetic levels, showing that ecological selection can lead to 

genetic diferentiation. Indeed, some  Bathymodiolus SOX symbionts show genomic 

diferences, such as uneven distributions of genes encoding proteins involved in the 

energy  metabolism,  between  ecologically  distinct  sites  that  have  diferent 

concentrations  of  available  substrates10,  but  also  among closely  related strains in 

populations within single mussels10,31 (Chapter II). These diferences appear to refect 

the  environmental  conditions  and  suggest  resource-driven  partitioning  among co-

existing SUP05 strains within animal hosts. 

We hypothesized that the diferent lifestyles adopted by SUP05 bacteria could be 

characterized  by  specifc  genomic  signatures,  which  would  allow  these 

microorganisms to,  for  example,  successfully colonize and thrive within a specifc 
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host  animal  (e.g.  mussels  of  the  Bathymodiolus genus32,33).  To  investigate  our 

hypothesis, we conducted a pangenome analysis on natural communities belonging to 

the  Thioglobaceae family.  If  a lifestyle or particular environment required specifc 

genes and pathways, we would expect these genes to be shared among all members 

with the same lifestyle, whereas these genes would not be required and hence absent 

in the members with a diferent lifestyle. For example, if genetic repertoires refect 

the lifestyle of association with Bathymodiolus hosts, we hypothesize that all SUP05 

lineages  symbiotic  to  Bathymodiolus mussels  share  specifc  genes  that  allow the 

colonization of this host type. Alternatively, the genetic repertoires might refect the 

phylogenetic relationship between bacterial lineages which would imply that a similar 

lifestyle developed through convergent evolution with diferent genetic solutions. We 

determined the  extent  of  genetic  variation  within  and among  Thioglobaceae sub-

clades of diferent relatedness in order to tease apart whether we can detect genetic 

repertoires that refect ecological factors, such as the association with a particular 

host or geographic location.

Methods

Sample acquisition and DNA extraction

Samples and collection sites are listed in supplementary Tab. S2. An overview of the 

sampling  locations  is  plotted  in  a  geographic  map  using  GeoMapApp  (v  3.6.4, 

http:sswww.geomapapp.org,  Fig.  1).  The  mussels  sequenced  for  this  study, 

Bathymodiolus brooksi, were collected in the southern Gulf of Mexico, dissected on 

board and gill tissue was frozen and stored at -80°C (Tab. S2). Sample acquisition 

and DNA extraction from mussel and sponge samples deriving from other studies are 
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described in the respective publications10,34–36,30 (Chapter II) and summarized in Tab. 

S2. Briefy, the tissue samples were either frozen at -80°C, preserved in RNA later 

(Sigma, Germany) and frozen at -80°C or frst fxed in 96% ethanol and subsequently 

frozen at -80°C. For Bathymodiolus brooksi individuals from site MC853, whole gills 

were homogenized after collection. The homogenate was preserved in RNA later and 

frozen  at  -80°C34.  For  Bathymodiolus sp.  from  site  Wideawake,  symbionts  were 

enriched from a mussel homogenate on board after collection29,30. Water samples of 

free-living Ca. ‘Thioglobus’ perditus were fltered and stored on flters between -20°C 

and -80°C16. DNA was extracted either with the AllPrep DNAsRNA MiniKit (Qiagen, 

Germany), DNeasy blood and tissue Kit (Qiagen, Germany) or according to Zhou et 

al.37.  Accession  numbers  of  published  genome  sequences  included  in  this  study 

(Bathymodiolus  septemdierum symbionts31,  vesicomyid  symbionts38–40,  Ca. 

‘Thioglobus’ autotrophicus EF122 and Ca. ‘Thioglobus’ singularis23 strains) are listed 

in Tab. S1.

Metagenomics and genome binning

Libraries of genomic DNA were generated for each sample with the Illumina TruSeq 

DNA Sample Prep Kit (BioLABS, Germany). Details of the sequencing are shown in 

Tab. S2. Raw sequences were processed, assembled and binned either as described 

by the respective publication or as described in the following. For the metagenomes 

in this study, read adapters were removed and read quality was fltered to a minimum 

of two (Q2), using BBDuk (v 38.34,  Bushnell B. - sourceforge.netsprojectssbbmaps). 

Metagenomes were assembled for each sample individually with metaSPAdes using 

the default parameters and kmer sizes of 33, 55, 77, 99 and 12741,42. Binning of the 

sulfur-oxidizing and methane-oxidizing (MOX) symbiont, that often co-occurs with the 
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SOX symbiont in  Bathymodiolus hosts, was performed using Bandage43, diferential 

coverage  analysis  combined  with  taxonomy  and  GC  content44 using  gbtools45,  or 

Metabat246. This produced high-quality genome bins with the completeness of > 90%, 

according to gammaproteobacterial marker genes in CheckM47. Genome statistics of 

all genome bins used in this study are listed in Tab. S3. Contigs smaller than 500 bp 

were excluded from all fnal bins.

Pangenome analysis

Each draft genome created in this or previous studies was annotated with Rast-tk48 at 

the patricbrc.org online resource49.  Average nucleotide identity (ANI) and average 

amino  acid  identity  (AAI)  were  calculated  with  the  enveomics  collection50,  and 

clusters of  Thioglobaceae species were defned according to ANIsAAI cutof > 95%. 

Amino  acid  sequences  of  all  coding  sequences  for  each genome bin  and  for  the 

published genomes were used to calculate core, accessory and unique genes among 

all bins within a single species cluster with the tool BPGA (v 1.3.0)51 using default 

settings of 0.5 sequence identity for clustering with USEARCH52. 

To obtain a representative gene set encompassing all co-occurring SUP05 strains, we 

produced a  single representative MAG per site and SUP05 species, which included 

one sequence for each encoded protein. For the calculation of representative SUP05 

MAGs, we determined the pangenomes for all genome bins from the same site. The 

entire  set  of  genes  that  were  encoded  by  SUP05  strains  of  a  single  site  were 

combined and one representative sequence for each gene, was subsequently used as 

input  to  compare  representative  MAGs  and  genomes  to  each  other  in  a  second 

pangenome analysis with BPGA (v 1.3.0). The resulting presence-absence matrix of 
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gene  clusters  was  formatted  and  shared  genes  among  Thioglobaceae groups  of 

interest were visualized (Fig. 3), using the package UpsetR (v 1.3.3) in R (v.3.2.2)53.

COG clustering

We assigned the genes of each genome bin to clusters of orthologous groups (COG)54 

and the kyoto encyclopedia of genes and genomes (KEGG)55–57 using BPGA (v 1.3.0) in 

order  to  assess  and  compare  their  functional  genetic  potentials.  For  the  COG 

categories  we  performed  a  principle  component  analysis  on  the  presence  and 

absence of broad (COG letters) and fne (COG numbers) categories using the prcomp 

function in the stats (v 3.2.3) package and autoplot function in the ggplot2 (v 3.0.0) 

package in R (v.3.2.2). The loadings for principle component (PC) 1 and PC2 were 

retrieved and the categories and annotation for the most extreme values of < -0.1 or 

>  0.1  are  listed  in  Tab.  S6.  In  addition,  we  used  the  enricher  function  in  the 

clusterProfler (v 3.10.1) package in R to identify COG and KEGG categories that 

were enriched in any of the genomes (Tab. S4, 5).

Phylogenetic tree calculation

Two phylogenetic trees were calculated for this study. First, we calculated the core 

genome for all genome bins in this study and two additional genomes, Thiomicrospira 

arctica  (GCA_000381085.1)  and  Thiomicrospira  crunogena (GCA_000012605.1), 

which were used as an outgroup. This resulted in a set of 171 of core genes. The 

protein sequences were aligned with muscle (v3.8.31)58,  concatenated and used to 

calculate a maximum likelihood tree using IQ-TREE (v1.6.9)59 (Fig. 2). Secondly, we 

calculated a tree using just one representative genome bin per site (Fig. 3). For this, 
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we used the same set of core genes, alignment and tree building approach as for the 

frst tree which resulted in the same phylogenetic groups and clusters. 

Protein domain prediction

We used Interproscan 560 to identify protein domains from the Pfam database61,62 in 

all  amino acid sequences from the representative MAGs (see Pangenome analysis 

section). All sequences that had one or more Pfam domains identifed were compared 

between  datasets  and  two  proteins  were  considered  ‘identical’  in  their  domain 

composition when the exact same Pfam but no other domains were detected. The 

order of domains in the protein was not considered. Proteins with identical domain 

composition were clustered and visualized using the package UpsetR (v 1.3.3) in R 

(v.3.2.2)53.

Strain-specifc gene analysis

Sequencing  reads  were  trimmed  to  a  quality  of  20  using  BBDuk  (v  38.34)  and 

mapped to each genome bin with a minimum identity of 0.95 using BBMap (v 38.34). 

For the Bathymodiolus SUP05 datasets the average read coverage of all samples was 

reduced to 100x using samtools (v 1.3.1)63, and the bins with lower coverage were 

excluded from the analysis. The maximum read coverage was kept for the sponge 

genome bins (library 1600L: 56x, library 1600N: 55x, library 1600M: 191x) and free-

living genome bins (library C2484: 84x; library C2488: 73x). For the MOX the read 

coverage  was  reduced  to  70x  for  each  genome  bin  and  all  datasets  with  lower 

coverage were excluded.
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Identifcation of strain-specifc genes was performed as described in Ansorge et al.10 

(Chapter II), for each genome bin. Briefy, all genes that had lower coverage than 

gammaproteobacterial marker genes were classifed as strain-specifc. Subsequently, 

all genes that had an overlap with the contig proximities (100 bp on both edges of a 

contig were regarded as contig proximities) were fltered out. 

We plotted the percentage of strain-specifc genes of all coding sequences and the 

percentages  of  strain-specifc  genes  that  fall  into  the  core,  accessory  or  unique 

genome of a Thioglobaceae species using the ggplot2 (v 3.0.0) package in R (Fig. 6). 

Additionally,  the  fraction  of  strain-specifc  genes  in  each  COG  category  was 

calculated and plotted with the ggplot2 (v 3.0.0) package (Fig. 7).

Results

Diversity and phylogenetic relationships within the Thioglobaceae family

In order to determine the genomic diversity among members of the  Thioglobaceae 

family  we generated 14 new environmental  sequencing datasets  and included 80 

previously generated datasets from Bathymodiolus mussels from hydrothermal vents 

and  cold  seeps,  poecilosclerid  sponges  from  a  cold  seep,  and  free-living 

Thioglobaceae (Fig.  1,  Tab.  S2).  We  only  used  datasets  that  resulted  in  draft 

genomes of > 90% completeness. We also included genome sequences from three 

vertically transmitted vesicomyid symbionts, which had lower completeness due to 

their known genome reduction64,65,  two free-living SUP05 bacteria (Ca. Thioglobus 

autotrophicus  and  Ca.  Thioglobus  perditus),  and  three  free-living  bacteria  of  the 

sister  clade  Arctic96BD  (Ca. Thioglobus  singularis)  (Tab.  S1).  Single-cell  and 
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metagenomic sequences of other studies have not been included in our comparative 

analyses, because they did not fulfll the requirement of 90% completeness17,18,25,26. 

In studies that assess microbial diversity, it is helpful to determine the number of 

species and the degree of phylogenetic relatedness to ensure comparability between 

studies and to defne the level of genomic resolution that is covered in a study. The 

bacterial species concept is an ongoing debate since the discovery of bacteria and, 

despite  the  signifcance  of  strain-level  diversity,  is  recognized  to  be  essential  to 

ensure  comparability  among diferent  studies  of  biological  communities  including 

those limited to 16S rRNA sequencing66. We classifed the phylogenetic relationships 

of all (draft) genomes in our dataset, using average amino acid identity (AAI), average 

nucleotide identity (ANI), gene content dissimilarity and phylogenetic analysis based 

on the core protein sequences. We grouped all genomes that showed ANI of >95% as 

belonging to the same species66,67 (Fig. S1, S2). According to these widely accepted 

cut-ofs, we estimated that in our dataset, we covered 14 species from the SUP05 

clade and two species in the Arctic96BD clade (Fig. 2). Half of the SUP05 species 
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were symbionts of Bathymodiolus mussels, sampled from 15 diferent sites and were 

termed ‘NMAR’ (from host species B. azoricus and B. puteoserpentis), ‘SMAR’ (from 

host species B. sp. from the southern Mid-Atlantic-Ridge), ‘Bbro’ (from host species 

B. brooksi), ‘Bh_sup05’ (from host species B. heckerae), Bcr_sup05 (from host species 

B.  sp.,  site  DC673),  ‘Bthe’  (from host species  B. thermophilus),  ‘Bsep’  (from host 

species  B. septemdierum), ‘sox2’ (from host species  B. heckerae and  B. sp. cryptic 

species, site DC673). 

A clear genomic similarity cut-of at the genus level  has been not been identifed  

yet68. AAI values around 70% have been considered as a possible genus boundary 

cutof67, but other studies based on the gene content within a group found that, the 

genus level appears to cover a broad range of gene content dissimilarity mostly below 

0.468.  All  members of the SUP05 clade had gene content dissimilarities below 0.3 

when orthologous groups of proteins were compared and AAI values > 68% (Fig. S2). 

Although we cannot clearly determine whether these lineages all belong to the same 

genus, a well-supported clade, AAI and gene content dissimilarity values indicate that 

these  lineages  belong  to  a  coherent  phylogenetic  group68,67.  The  published  Ca. 

Thioglobus genomes included three members from the sister clade Arctic96BD and 

two species from the SUP05 clade. Despite sharing the genus name Ca. ‘Thioglobus’, 

the  AAI  <  65%  and  gene  content  dissimilarities  between  0.3  to  0.45  between 

genomes that have been assigned to this genus indicate that these lineages belong to 

separate genera (Fig. 2, S1, S2). We decided to include all Ca. ‘Thioglobus’ strains 

and refer to the combined clades SUP05 and Arctic96BD as the Thioglobaceae family 

as it was has recently been classifed 15 (see Fig. 2).
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Species pangenomes and genetic signatures in the Thioglobaceae

We calculated the accessory and core genomes for each of  the identifed species 

groups  containing  three  or  more  draft  genomes  (i.e.  ‘NMAR’,  ‘SMAR’,  ‘Bbro’, 

‘Bh_sup05’  and ‘Bthe’  -  all  associated with  Bathymodiolus).  Per  species,  the core 

genome was formed by 33 to 77% of the genes encoded in each genome (Fig. 3). 

These  numbers  fall  among  those  of  well-known  medically  important  human-

associated bacteria (Fig. 4). For SUP05 species ‘NMAR’ and ‘Bbro’ we had a large 

number of draft genomes available (29 and 36, respectively), therefore the fraction of 

accessory genes can be considered to be within known ranges. The SUP05 species 

‘SMAR’, ‘Bh_sup05’ and ‘Bthe’ had only a few samples and their accessory genomes 

may still increase with additional genomes. 

 

Our phylogenetic analysis revealed that a polyphyletic group of lineages within the 

Thioglobaceae exhibits  a  free-living  lifestyle  when  the  three  genomes  of  Ca. 

‘Thioglobus’ singularis from the Arctic96BD clade are included (Fig. 2). However, 

even considering only the SUP05 clade, the free-living lifestyle was paraphyletic, as 

the subclade with Ca. ‘Thioglobus’ autotrophicus included other SUP05 lineages that 

are  symbiotic  in  Bathymodiolus mussels.  The  seven  horizontally  transmitted 

intracellular  symbiont  species  that  colonize  Bathymodiolus mussels  form  a 

polyphyletic group within the SUP05 clade. The fact that lineages of these lifestyles 

do not form monophyletic clades allowed us to distinguish between diferentiation 

that refects phylogeny or ecology (e.g. lifestyle), respectively. 
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One common mechanism in the adaptation to new lifestyles and environments is the 

acquisition of new genes by horizontal gene transfer as well as loss of genes encoding 

proteins involved in functions that are not needed anymore69. To tease apart the role 

of  lifestyle and environment in the  Thioglobaceae family, we performed a two-step 
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analysis.  First,  as  the draft  metagenome assembled genomes (MAGs)  represent  a 

mixture of closely related strains, we produced a single representative MAG per site 

and SUP05 species, that included all genes encoded. Thus, we ensured that all strains 

and genomic potentials per SUP05 species were covered for each site.  Second, we 

performed clustering of orthologous protein sequences of these representative MAGs 

to determine which protein sequences are unique to specifc lifestyles (Fig. 3). 

The core genome shared by all representative MAGs consisted of 456 genes, whereas 

104 additional genes were exclusively shared among all the members of the SUP05 

clade.  Sulfur  oxidation  is  considered  the  core  metabolic  feature  shared  by  all 

members  of  this  group.  Interestingly,  all  compared  species  had  the  potential  to 
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oxidize  sulfur  but  the  pathways  difered  substantially  between  the  SUP05  and 

Arctic96BD-19 (Ca. ‘Thioglobus’ singularis) clades. In fact, Ca. ‘Thioglobus’ singularis 

genomes lacked the  Sox sulfur oxidation enzyme system and the  Dsr dissimilatory 

sulfte reductase system, the most common mechanisms for the oxidation of reduced 

sulfur  compounds,  as  well  as  intermediate  steps  of  the  2-thiouridine  sulfur  relay 

system.  In  cultivation  experiments,  sulfur  oxidation  and  the  formation  of  sulfur 

globules  has  been  observed  in  Ca. ‘Thioglobus’  singularis  and  the  presence  of 

thiosulfate increased heterotrophic growth in this species isolate24. However, only the 

Apr system, which facilitates the oxidation of sulfte to sulfate18, is encoded in the 

genome of  Ca. ‘Thioglobus’ singularis. Instead,  Ca. ‘Thioglobus’ singularis lineages 

included in this study encoded the proteins that are needed to use the extracellular 

amino acid taurine, which could potentially be used as a sulfur source70. In line with 

this, we found amino acid transport and metabolism mechanisms enriched in KEGG 

and COG categories of Ca. ‘Thioglobus’ singularis genomes (Tab. S4, S5).

We  hypothesized  that  convergent  evolution  of  a  particular  lifestyle,  such  as  the 

colonization  of  an  animal  host,  is  based  on  similar  mechanisms  and  therefore 

refected  in  the  presence  of  orthologous  genes  that  may  have  been  horizontally 

acquired. Therefore, we tested whether we can identify shared orthologous protein-

coding genes that are specifc to some of the lifestyles in the Thioglobaceae. First, we 

compared  the  host-associated  and  free-living  lifestyles  and  did  not  detect  any 

orthologous gene sets specifc to a symbiotic  lifestyle within the SUP05 clade.  In 

contrast, we could detect 11 genes that were unique to all free-living Thioglobaceae 

lineages.  These  included  a  malate  synthase  A  and  isocitrate  dehydrogenase 

phosphataseskinase,  both  part  of  the  glyoxylate  cycle71 for  the  use  of  alternative 

carbon-sources.  Additionally,  some  of  these  genes  encoded  proteins  involved  in 
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antimicrobial defense. 40 additional genes unique to the free-living lineages within 

the  SUP05  clade  included  proteins  involved  in  propionate  catabolism,  reductive 

synthesis  of  deoxyribonucleotides  from  ribonucleotides,  nitric  oxide  reduction, 

glycosyltransferases and a  putative extracellular protein.  These proteins represent 

potential candidates for gene content specifc to the free-living lifestyle that may have 

been convergently lost in the host-associated lineages.

We  also  considered  the  diferent  symbiotic  lifestyles:  intracellular  and  vertically 

transmitted,  intracellular and horizontally transmitted,  and symbionts of  unknown 

transmission  mode  and  cellular  location.  We  could  identify  12  genes  that  were 

exclusively shared by the vertically transmitted clam symbionts and 87 genes unique 

to  the  sponge  symbionts.  However,  these  two  clades  form  monophyletic  groups 

associated with specifc host groups, hence it is not possible to distinguish between 

phylogenetic diferentiation and lifestyle-specifc gene signatures. As stated above, 

the polyphyletic clade of horizontally transmitted Bathymodiolus symbionts allows to 

tease apart phylogeny and ecology. Intriguingly, we could not identify gene signatures 

unique to the Bathymodiolus-associated lifestyle. In contrast, when we considered all 

intracellular symbionts independent of the host animal group and transmission mode, 

we could detect two genes unique to this group. These were annotated as LemA-like 

protein, a transmembrane protein with unknown function and a heat-shock protein 

HtpX with possible protease activities. In addition to lifestyle (i.e. association with a 

host,  free-living),  the environment could select  for  genetic  signatures in  bacterial 

lineages. One sampling site in our dataset,  Chapopote,  harbors four distinct host-

associated SUP05 species, but there were no genes specifc to all SUP05 bacteria 

from this site that were missing from all others (Fig. 3).
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We expected that genetic features specifc to horizontally transmitted Bathymodiolus 

symbionts might not be detectable by the orthologous clustering approach, as this is 

mainly  based  on  sequence  similarity.  We  have  shown  that  the  Bathymodiolus 

symbionts form a polyphyletic group, thus theoretically, the same function could be 

carried out by genes that are too dissimilar at the sequence level to be detected by 

this  method.  Therefore,  we  performed  an  additional  clustering  based  on  the 

functional similarity of proteins as inferred by their Pfam domain composition. In this 

analysis, the protein clusters are not defned based on sequence similarity, but on 

their  identical  domain  composition,  which  we  would  expect  if  the  proteins  have 

similar functions. Only proteins that shared all their predicted domains were grouped 

together.  Consistent  with  the  orthologous  clustering,  this  analysis  did  not  reveal 

proteins  with  identical  domain  composition  unique  to  the  Bathymodiolus SOX 

symbionts (Fig. 3). 

As a second approach, we aimed to determine whether functional profles based on 

genetic repertoires are more strongly infuenced by the lifestyle or the environment. 

Therefore, we assigned each gene to clusters of orthologous groups (COGs) of broad- 

(COG  letters)  and  fne-scale  (COG  numbers)  categories  and  used  these  to  infer 

genome similarities based on their functional profles (Fig. 5). The clustering based 

on  functional  profles  revealed  that  the  genomes  grouped  mainly  according  to 

phylogenetic relatedness rather than lifestyle,  even when fne-scale COG numbers 

were  used.  This  fnding  aligns  with  the  lack  of  genes  unique  to  horizontally 

transmitted symbionts of  Bathymodiolus mussels. Especially members of the SUP05 

subclade A showed high similarity in their functional profles. Subclade A consists of 

intracellular symbionts with both horizontal and vertical transmission, and free-living 

lineages, together comprising a highly-supported subclade within the SUP05 at genus 
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level (Fig. 2, 5). We subsequently analyzed which functional categories (COG) mainly 

defned two principal components, and detected toxin-related genes such as RTX and 

Rhs, mobile elements and restriction-modifcation systems, which can be considered 

drivers of  the functional  separation between clusters (Tab. S6).  The evolutionary 

history of diferent toxin classes has recently been elucidated in the  Bathymodiolus 

SOX symbiosis,  showing extensive variation in the presence and number of toxin-

related genes according to lineage or clade29,36,30. This is in line with our clustering 

analysis  and  indicates  that  phylogenetic  factors,  rather  than  metabolic  functions 

drive diferences between the clades. Sayavedra et al.36 also identifed an enrichment 

of mobile elements, such as restriction-modifcation (RM) systems, transposases and 

integrases  in  Bathymodiolus symbionts  compared  to  related  lineages  within  the 

SUP05-clade  and  hypothesized  that  these  mechanisms  play  a  role  in  mediating 

possibly lineage-specifc genome rearrangements. In addition to enrichment in mobile 

elements such as transposases and RM-systems (Tab. S4, S5), we identifed CRISPR-

Cas systems within the genomes of symbiotic SUP05-lineages (Fig. S4). CRISPR-Cas 

systems are a prokaryotic  defense mechanism against bacteriophages and foreign 

DNA72. Our results show that except for a single species, ‘Bh_sup05’, all symbiont 

species associated with  Bathymodiolus mussels encoded  Cas genes,  up to 14 per 

genome, with high variability between individuals and sites. The sponge-associated 

SUP05 lineages also encoded Cas genes, two to nine per genome. In contrast, neither 

the free-living nor the vertically transmitted lineages in the SUP05 group sensu-lato 

encoded  any  Cas gene.  Bathymodiolus and  sponge  symbionts  therefore  clearly 

encode a much higher number of mobile elements than SUP05-lineages with other 

lifestyles.
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Gene content variation among strains within SUP05 populations

Extensive  gene  content  variation  among  highly  related  strains  within  single 

Bathymodiolus mussels  has  been  described  recently10 (Chapter  II).  Such  strain 

diversity is usually overlooked with standard genome binning approaches. These are 

not  sensitive  enough  to  tease  apart  highly  similar  strain  genomes  resulting  in 

consensus  genomes  of  potentially  many  diferent  strains.  Here,  we  built  on  our 

previous analyses and expanded our approach to the entire SUP05 clade. Our aim 

was to test whether within-population variation in gene content is a general feature 

of host-associated and free-living SUP05 bacteria across diferent bacterial species, 

sampling sites, and animal hosts for those with a symbiotic lifestyle (Fig. 6). Herein, 

we defne a strain-specifc gene as any gene that had a lower read coverage than 

defned single-copy phylogenetic marker genes from the PhylaAmphora database73 

that  are  assumed  to  be  encoded  by  all  strains.  The  strain-specifc  genes  in  co-

160



Chapter 3 | Genome structure in the SUP05 clade

occurring  SOX  populations  ranged  from 2-33% of  the  protein-coding  genes.  The 

percentage of genes that were not encoded by all symbiont strains associated with 

one host individual was generally similar in individuals sampled from the same site 

with the exception of individuals from site MC853 in the northern Gulf of Mexico 

(Fig. 1, 6). The major fraction of strain-specifc genes was annotated as ‘hypothetical 

proteins’ with unknown functions (Fig. 6). The distribution of genes that could be 

assigned to COG categories revealed that in  Bathymodiolus and sponge symbionts, 

strain-specifc  genes  covered  all  20  categories  (Fig.  7).  In  the  free-living  SUP05 

bacteria, strain-specifc genes could be found in all except the four COG categories D 

(Cell cycle control, cell division, chromosome partitioning), F (Nucleotide transport 

and  metabolism),  P  (Inorganic  ion  transport  and  metabolism)  and  Q  (Secondary 

metabolites biosynthesis, transport and catabolism). 

Most strain-specifc genes in Bathymodiolus SOX were part of the accessory genomes 

which was expected as these are not encoded in all members of a species and hence 

are part of the variable genome. Surprisingly, we detected that a prominent number 

of strain-specifc genes, as detected by low read coverage within SUP05 populations 

(e.g. within a single mussel individual), could also be assigned to the core genome of 

single SUP05 species (Fig. 6). This revealed that there were genes that appeared to 

be essential to all investigated populations, but not to each bacterial cell in a SUP05 

species. Thus by defnition, these proteins should not be regarded as part of the core 

genome. All COG categories were found among these genes. The strain-specifc genes 

of the species core genome included annotations involved in the following processes 

that could shift the niche regimes of the diferent strains: denitrifcation (e.g.  Nar, 

NarK),  phosphorous  acquisition  (e.g.  PhnA,  polyphosphate  kinase  2),  iron-related 

transporters and amino acid synthesis.
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We  extended  the  gene  content  variation  analysis  to  the  MOX  symbiont  of 

Bathymodiolus, which has recently been shown to have less nucleotide diversity, and 

possibly  less  strain  variability,  within  single  hosts  compared  to  the  SOX34 (see 

Chapter V). Consistent with this, we discovered less gene content variation in the 

MOX  symbiont  compared  to  many  SOX  populations,  with  a  proportion  of  strain-

specifc genes ranging from 2 to 12% of their genes within single populations (Fig. 6, 

S3).
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Discussion

Phylogeny,  rather  than  lifestyle  drives  genetic  composition  in  the  Thioglobaceae  

family

Our results  reveal  the genetic  diversity  within and between 16 species of  mostly 

environmental samples of bacteria belonging to the  Thioglobaceae family. Bacteria 

from this  group  are  widespread  in  the  world’s  oceans  and  have  evolved  distinct 

lifestyles, including the association with various invertebrate hosts. We hypothesized 

that  lifestyle-specifc gene content  has evolved within  the  Thioglobaceae to  allow 

them to thrive in diferent habitats. Indeed, we detected proteins specifc to either 

the symbionts of clams, or the symbionts of sponges. However, these symbionts that 

associate  with  the  same  group  of  animal  hosts,  sharing  lifestyle  traits  such  as 

transmission mode and location within or outside host cells, belonged to two distinct 

monophyletic clades. Therefore, these traits could potentially be linked to a number 

of factors including transmission mode, the host animal group, or the phylogenetic 

history. For the polyphyletic group of free-living  Ca. ‘Thioglobus’ singularis strains 

and SUP05 species, we identifed a number of proteins that are potentially specifc to 

a free-living lifestyle. Some of the functional annotations (e.g. proteins involved in the 

glyoxylate  bypass)  suggested  importance  when  environmental  resources,  such  as 

carbon, vary. In contrast to free-living bacteria that are subjected to currents and 

diferences in the availability of resources, symbiotic lineages may experience more 

uniform availabilities of  these resources by residing in a host that keeps them in 

favorable conditions. Therefore,  some of these functions may not be necessary or 

benefcial  in  the  symbiotic  lineages  and  have  potentially  been  lost  throughout 

evolution74.
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Similar to the free-living lifestyle, we expected shared genetic traits that are specifc 

to lineages associated with mussel hosts from the genus Bathymodiolus. We showed 

that the symbionts colonizing  Bathymodiolus form a polyphyletic group,  a feature 

that could enable us to tease apart whether gene content overlaps are explained by 

phylogeny or lifestyle. To our surprise, none of the analyses on orthologous proteins, 

protein  domains,  and  functional  COG  profles  revealed  genes  common  to  all 

Bathymodiolus symbionts. This suggests that Bathymodiolus symbionts have evolved 

diferent  mechanisms  to  occupy  the  same  niche,  which  is  living  as  intracellular 

symbionts of very closely related host animals from the same genus. Such signatures 

could  result  from convergent  evolution  which has been suggested to afect  other 

divergent  bacterial  lineages,  such  as  ruminant  pathogens  and  sponge  symbionts, 

leading to the emergence of  similar  functions  with diferent  genetic  solutions75,76. 

Similarly,  genes  encoding  the  key  enzyme in  carbon  fxation  RubisCO have  been 

suggested to have emerged by convergent evolution in SOX symbionts, including the 

Bathymodiolus symbionts77. Intriguingly, the SUP05 lineages associated with sponges 

included  in  this  study  are  the  only  SUP05  bacteria  known  to  encode  a  type  1C 

RubisCO, whereas other lineages encode either type 1A or type II, including another 

Thioglobaceae lineage  from  deep-sea  sponges78 (Maxim  Rubin-Blum,  personal 

communication). This supports our hypothesis that phylogeny, rather than lifestyle 

drives genetic composition in the SUP05 clade. Previous fndings revealed massive 

variation in the distribution of genes potentially involved in host-symbiont interaction 

among lineages of  Bathymodiolus symbionts29,30. Expansion and loss of toxin-related 

genes,  often replaced by secretion systems, support our hypothesis of  convergent 

evolution  of  distinct  host-microbe  interaction  mechanisms  in  Bathymodiolus 

symbioses. 
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In  addition  to  the  host  and  the  type  of  symbiotic  association,  environmental 

conditions  could  select  for  shared  genetic  signatures  among  sympatric  bacterial 

lineages inhabiting a particular environment. However, just as we found no genomic 

signatures  shared by all  symbiotic  or  Bathymodiolus-associated lineages,  the four 

diferent SUP05 species sampled at the same seep site did not share any unique gene 

sets. Instead, with the exception of the free-living lineages, we could only detect gene 

content  specifc  to  closely  related  lineages  within  sub-clades.  Thus,  our  results 

indicate  that  genetic  repertoires  mostly  resemble  phylogenetic  relatedness  rather 

than  ecological  diferentiation,  encompassing  both  lifestyle  and  environmental 

conditions. One key feature uniting these bacteria is their sulfur metabolism linked to 

the fxation of inorganic carbon. Considering the variety of lifestyles within the clade, 

this suggests that the core genetic backbone in SUP05 bacteria provides a repertoire 

that is adaptable to these diferent lifestyles and can support an exclusively free-

living lifestyle, or provides benefts to an animal host. This is supported by the fact 

that chemosynthetic symbioses with diferent animal hosts, such as  Bathymodiolus 

mussels, vesicomyid clams and sponges have evolved multiple times over the course 

of evolution, possibly from free-living lineages27,30.  Our data show that rather than 

one optimal  solution,  Bathymodiolus symbionts may have evolved distinct  genetic 

solutions  that  allowed  the  establishment,  interaction  and  persistence  of  these 

intimate associations through convergent evolution.

Genetic flexibility is key

For the frst time, we could estimate core and accessory genomes for fve diferent 

species of Bathymodiolus symbionts in order to determine their fexible gene pool in 

nature.  This  revealed  that  the  extent  of  genomic  fexibility  in  Bathymodiolus 
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symbionts  is  similar  to  medically  relevant  human-associated  bacteria.  Efective 

population size, adaptation to new niches, and lifestyle have been suggested to be 

major factors driving accessory genome size6. For  example, a reduction in efective 

population size due to strong physical bottlenecks during transmission of the human 

pathogen  Chlamydia  trachomatis may  be  an  explanation  for  their  very  small 

accessory genomes (see  Fig. 4). In contrast, bacterial species with lots of diferent 

lifestyles such as Escherichia coli, or Prochlorococcus marinus, both with potentially 

enormous efective population sizes3, had very large accessory genomes (Fig. 4). In 

Bathymodiolus symbionts, efective population size could be large, considering their 

horizontal  transmission  and  the  high  density  of  host  colonies.  However,  the 

transmission  and  colonization  process  is  not  fully  understood  and  the  efective 

population size is still  unknown79.  In fact, efective population sizes are extremely 

dificult to quantify in most natural bacterial populations. Migration and adaptation to 

new niches may be essential for the success of SUP05 symbionts in the ephemeral 

and  dynamic  habitats,  like  hydrothermal  vents  and  cold  seeps,  in  which  the 

environmental conditions change with location and time over scales from seconds to 

thousands of years, and from millimeters to thousands of kilometers80. Even within a 

single animal host individual, distinct niches might be occupied by diferent symbiont 

strains10,31. The necessity to adapt to new niches may be one of the defning features 

of life at vents and seeps, and thus one of the main factors driving gene content 

variation in Bathymodiolus symbionts and free-living SUP05.

In theoretical models, the more phylogenetically related two co-occurring strains are, 

the more likely they have the same growth requirements, which would likely result in 

competition81,82.  Increased genetic variation among highly related strains can allow 

these  strains  to  occupy  diferent  niches  and  therefore  co-exist10 (Chapter  II). 
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Populations with strains that have distinct genetic repertoires allow fexibility of the 

consortium to react to changing conditions through shifts in the strain abundances. 

Some  strain-specifc  genes  may  be  subject  to  negative  frequency-dependent 

selection; hence these genes only provide a beneft when rare in the population83,84. 

For example this could apply to denitrifcation genes that have already been shown to 

be  variable  in  populations  of  SUP05  symbionts  in  Bathymodiolus mussels  of  the 

MAR10 (Chapter  II)  and  Bathymodiolus  septemdierum31 which  was  confrmed  for 

other SUP05 lineages and hosts in this study. Lower abundance of some of these 

genes  in  the  population  could  be  selected  for  by  costs  of  carrying  that  gene, 

avoidance of accumulation of metabolic intermediates and possibly the exchange of 

intermediates between bacterial cells. This hypothesis is supported by our fndings 

that a substantial fraction of variable genes within single populations are part of the 

species core genome spanning multiple sites and even host species (e.g. NMAR-SOX). 

These genes are present in each host individual sharing the same SUP05 species. 

However, they are not encoded by each strain in the community. We hypothesize that 

the encoded proteins are potentially involved in functions that are essential for the 

population  or  host  while  they  are  not  essential  to  every  single  strain  in  the 

community. Therefore, these could be considered conserved core functions only at 

the population level. 

Also evolvability itself, referred to as the potential of a population to evolve adaptive 

solutions  to  unknown  future  conditions  (www.nature.comssubjectssevolvability last 

accessed 1rst  Feb 2019)  could be favored by selection.  This could be the case if 

(acquired) variable genes are neutral or slightly deleterious and the cost of keeping a 

gene can be balanced by the  beneft of  adaptability  to  a potential  environmental 

change85. A wider repertoire of mobile genetic elements could increase the frequency 
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of gene loss and acquisition, increasing genetic variation on which selection can act 

upon.  This  may  result  in  persistence  of  within-population  heterogeneity 

predominantly in non-constant environments85.

The key to success in the SUP05 clade may be the ability to keep their genomic set 

up  fexible,  frst  on  evolutionary  time  scales  in  terms  of  plasticity  in  their  gene 

content as has been suggested for the free-living lineages18, and second on very short 

time scales with mosaics of strains occupying distinct micro-niches. SUP05 bacteria 

partition these capabilities into distinct strains with small genomes rather than one 

versatile strain that carries the potential to deal with many diferent conditions. One 

factor  that  can  increase  genomic  plasticity,  and  therefore  lead  to  convergent 

evolution  of  similar  lifestyles  with  diferent  genetic  set  ups,  is  horizontal  gene 

transfer (HGT). Metabolic genes, such as the hydrogenase, have been shown to be 

afected by HGT in symbiotic SUP05 bacteria77. This, as well as the duplication and 

loss  of  genes,  can  lead  to  variation  in  gene  content  and  increase  the  accessory 

genome of bacterial species. 

Phage-mediated exchange of genetic material

Evolvability of the SUP05 clade could be selected for by a higher number of mobile 

elements increasing or regulating gene acquisition and loss. Indeed, multiple RM and 

CRISPR-Cas systems were identifed in Bathymodiolus SUP05 symbionts10,36 (Chapter 

II). RM systems have been described to be involved in phage defense, increase of 

genomic variation, control of HGT and stabilization of genomic islands46. In addition, 

naturally competent bacteria, such as  Helicobacter pylori, have been characterized 

by increased numbers of RM systems86.  Bathymodiolus SUP05 symbionts have been 
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shown  to  be  highly  enriched  in  RM  systems  compared  to  their  free-living  and 

vertically  transmitted  relatives36 which  may  be  one  factor  in  increasing  genetic 

diversity within these populations.

Our  results  show  that  Bathymodiolus and  sponge  symbionts  have  a  variety  of 

CRISPR-Cas systems, as well as CRISPR-spacer sequences, representing records of 

past phage infections (Fig. S4)87,72. We can therefore assume that Bathymodiolus and 

sponge  symbionts  have  been  infected  by  bacteriophages,  which  are  considered 

important mediators of HGT88,89. Although we could not identify CRISPR-Cas systems 

in  the  free-living  SUP05  members,  massive  phage  infection  has  been  shown  for 

bacteria  of  this  group  with  sulfur-oxidation  genes  in  the  phage  gene  pool90,25. 

Therefore  phages  likely  are  one  of  the  driving  forces  of  genetic  diversity  in  the 

SUP05 clade, possibly leading to an increase in evolvability88.

Assuming  that  HGT plays  a  role  for  most  members  of  the  SUP05  clade,  it  was 

puzzling to discover that symbionts of sponges and  Bathymodiolus were so heavily 

enriched  in  CRISPR-Cas  and  RM  systems  compared  to  the  free-living  relatives, 

particularly because their location within a host may ofer a sheltered environment 

from phage predation (Tab S4, S5, Fig. S4). However, phages have been shown to 

be able to even reach bacteria that reside intracellularly in eukaryotic cells91. One 

factor that could potentially increase the selective pressure towards increased rates 

of HGT may be the association with a host, adding the ‘meta-organism’ as unit of 

selection. For a host at hydrothermal vents and seeps, it might be more benefcial to 

harbor  a  fexible  and  genomically  adaptable  symbiont  population  as  has  been 

suggested for this and other systems before10,92 (Chapter II).  Compared to a free-

living  bacterial  population,  this  could  increase  selective  pressure  towards 
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mechanisms  that  increase  evolvability  within  the  symbiont  population  through 

frequent  exchange  of  genetic  material.  Alternatively,  phage  predation  could  be 

enhanced in the low-diversity host-associated microbial communities, as opposed to 

the  more  diverse  free-living  communities  (e.g.  kill-the-winner  hypothesis).  Thus, 

phage  defense  mechanisms  may  have  been  selected  for  in  symbionts  to  avoid 

extinction93.  RM-  and  CRISPR-Cas  systems are  both  variable  among co-occurring 

strains10,94,  and  RM  systems  have  been  shown  to  be  diferentially  regulated  via 

phasing in bacterial population95. This leads to diferent susceptibility of co-occurring 

strains to phage infection and HGT in general.

Conclusion

Genetic  diversity,  co-existence  and  genomic  plasticity  are  important  factors  for 

microbial community dynamics, particularly in host-associated microbial species. In 

humans,  even  small  diferences  in  the  genetic  set  up  may  determine  whether  a 

microbial partner is benefcial or harmful to our health12. Our study sheds light on the 

diversity of bacteria belonging to the widespread SUP05 clade, revealing a ‘hidden’ 

within-population diversity which has previously been overlooked. We show that a 

substantial fraction of up to 33% of all genes can be variable in single populations 

(e.g.  within  single  host  individuals),  some  of  which  appear  to  be  core  functions 

present in all populations. Distinct co-existing strains could therefore be considered 

‘jigsaw pieces’ to fulfll a composition of functions as a consortium instead of a single 

versatile strain. 

Except for the free-living lineages, we could not detect genetic signatures that can be 

confdentially considered as features of a particular lifestyle and concluded that in 
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the SUP05 clade, the orthologous gene repertoire is mainly refected by phylogeny 

rather than ecology. Instead we suggest that convergent evolution may have led to 

the emergence of similar lifestyles (e.g. the association with Bathymodiolus mussels) 

with  diferent  genomic  solutions  in  divergent  bacterial  lineages.  We  further 

hypothesize  that  selection  for  increased  evolvability  could  create  conditions  for 

multiple  distinct  lifestyles to  emerge and explain  persistence of  within-population 

heterogeneity in the SUP05 clade. As postulated previously by Hunt  et al.4, “[…] a 

large (flexible) gene pool [...], if shared by horizontal gene transfer, gives rise to large  

numbers of ecologically adaptive phenotypes.”.  This aligns with our results which 

suggest  that  genomic  plasticity  in  closely  related  lineages  of  the  SUP05  clade 

appears  to  facilitate  adaptation  to  various  diferent  lifestyles  and  habitats. 

Integrating  laboratory  studies  on  strain  competition,  co-existence  and  genetic 

exchange with high-resolution studies on natural communities, such as this one, is 

key to develop testable hypotheses. These can help us understand the dynamics in 

natural microbial communities in a changing environment.
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Table S6 | Loadings, COG category and annotation for principle component 1 and 2 in Fig. 5. Only highest loadings with a 
value < -0.1 and > 0.1 are displayed. 

PC1 COG Annotation PC2 COG Annotation

-0.10 COG0438_M
Glycosyltransferase  involved  in  cell 
wall bisynthesis

-0.31 COG3209_M Rhs family protein

-0.21 COG2826_L
Transposase and inactivated 
derivatives, IS30 family

-0.14 COG3039_L
Transposase and inactivated 
derivatives, IS5 family

-0.13 COG3328_L
Transposase (or an inactivated 
derivative)

-0.13 COG2801_L
Transposase InsO and inactivated 
derivatives

-0.11 COG0532_J
GTPase

-0.11 COG2865_K
Predicted transcriptional regulator, 
contains HTH domain

-0.10 COG1192_D
ATPases involved in chromosome 
partitioning

0.72 COG2931_Q RTX toxin 0.23 COG0859_M ADP-heptose:LPS heptosyltransferase

0.20 COG3209_M Rhs family protein 0.16 COG2931_Q RTX toxin

0.16 COG0270_L DNA-cytosine methylase 0.13 COG0526_OC
Thiol-disulfde isomerase or 
thioredoxin

0.16 COG0457_R Tetratricopeptide (TPR) repeat 0.12 COG0790_R TPR repeat

0.14 COG0286_V
system, DNA methylase subunit

0.11 COG0583_K
A-binding transcriptional regulator, 
LysR family

0.13 COG3177_S Fic family protein 0.11 COG1280_E
Threonineshomoserineshomoserine 
lactone efux protein

0.13 COG0732_V Restriction endonuclease S subunit

0.11 COG2801_L
Transposase InsO and inactivated 
derivatives
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Table S1 | Accession numbers and references for published genomes used in this study.

Species Bioproject Biosample Accession Reference

PRJNA252014 SAMN02848474 CP008725.1 none

PRJNA414010 SAMN07775767 CP023860.1 none

PRJNA229178 SAMN04054243 CP006911.1 Marshall and Morris, 2015

PRJNA224116 SAMN03280981 NZ_CP010552.1 Shah and Morris, 2015

PRJNA421259 SAMN08136125 PNQY00000000.1 Callbeck et al., 2018

PRJNA16841 SAMN02598375 CP000488 Newton et al., 2007

PRJNA236124 SAMN02641591 JARW00000000.1 Lee et al., 2014

PRJDA18267 SAMD00060908 AP009247 Kuwahara et al., 2007

PRJDB949 SAMD00024725 AP013042.1 Ikuta et al., 2016

Ca. Thioglobus singularis GG2

Ca. Thioglobus singularis NP1

Ca. Thioglobus singularis PS1

Ca. Thioglobus autotrophicus EF1

Ca. Thioglobus perditus CMC

Ca. Ruthia magnifca CM

Ca. Ruthia magnifca UDC-CM

Ca. Vesicomyosocious okutanii HA

B. septemdierum thiotrophic symbiont
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Cruise Ecosyste Host species Site Latitude Longitude pth [m] Year DNA LibrarDNA extraction Seq Ref
BioBaz 2013 Vent B. azoricus RB MAR 36.22943 -33.90196 2273 2013 1600F DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus RB MAR 36.22943 -33.90196 2273 2013 1600G DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus RB MAR 36.22943 -33.90196 2273 2013 1600H DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus RB MAR 36.22943 -33.90196 2273 2013 1600I DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus RB MAR 36.22943 -33.90196 2273 2013 1600J DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSET MAR 37.28912 -32.27549 1690 2013 DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSET MAR 37.28912 -32.27549 1690 2013 1586C DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSET MAR 37.28912 -32.27549 1690 2013 1586D DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSET MAR 37.28912 -32.27549 1690 2013 1586E DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSET MAR 37.28292 -32.27561 1689 2013 1586F DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSET MAR 37.28292 -32.27561 1689 2013 1586G DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSET MAR 37.28292 -32.27561 1689 2013 1586I DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSET MAR 37.28292 -32.27561 1689 2013 1586J DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSMS MAR 37.28806 -32.27557 1700 2013 1586K DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSMS MAR 37.28806 -32.27557 1700 2013 1586N DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus LSMS MAR 37.28806 -32.27557 1700 2013 1586O DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus MG MAR 37.84445 -31.5189 836 2010 1586P DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus MG MAR 37.84445 -31.5189 836 2010 1586Q DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus MG MAR 37.84445 -31.5189 836 2010 1586R DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
BioBaz 2013 Vent B. azoricus MG MAR 37.84445 -31.5189 836 2010 1586S DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Sayavedra, 2016
ODEMAR Vent B. puteoserpentis SEM MAR 13.51347 -44.963133 2432 2014 1115A DNeasy blood & tissue 2x250bp Sayavedra, 2016
ODEMAR Vent B. puteoserpentis SEM MAR 13.51347 -44.963133 2432 2014 1115B DNeasy blood & tissue 2x250bp Sayavedra, 2016
ODEMAR Vent B. puteoserpentis SEM MAR 13.51347 -44.963133 2432 2014 1115C DNeasy blood & tissue 2x250bp Sayavedra, 2016
M126 Vent B. puteoserpentis LG MAR 14.75325 -44.98014 3047.3 2016 2487A DNeasy blood & tissue or Zhou et al., 1996 2x150bp Sayavedra, 2016
M126 Vent B. puteoserpentis LG MAR 14.75325 -44.98014 3047.3 2016 2487B DNeasy blood & tissue or Zhou et al., 1996 2x150bp Sayavedra, 2016
M126 Vent B. puteoserpentis LG MAR 14.75325 -44.98014 3047.3 2016 2487C DNeasy blood & tissue or Zhou et al., 1996 2x150bp Sayavedra, 2016
M126 Vent B. puteoserpentis SEM MAR 13.51353 -44.963047 2446.6 2016 2487D DNeasy blood & tissue or Zhou et al., 1996 2x150bp Sayavedra, 2016
M126 Vent B. puteoserpentis SEM MAR 13.51353 -44.963047 2446.6 2016 2487E DNeasy blood & tissue or Zhou et al., 1996 2x150bp Sayavedra, 2016
M126 Vent B. puteoserpentis SEM MAR 13.51353 -44.963047 2446.6 2016 2487F DNeasy blood & tissue or Zhou et al., 1996 2x150bp Sayavedra, 2016
ATA57 Vent WA MAR -4.81043 -12.37237 2989 2008 1501A, 159 Zhou et al., 1996 2x150bp Ansorge et al., 2019
M78-2 Vent CL MAR -4.80327 -12.3718 2971 2009 C11-2 DNeasy blood & tissue 2x150bp Ansorge et al., 2019
M78-2 Vent CL MAR -4.80327 -12.3718 2971 2009 C11-3 DNeasy blood & tissue 2x150bp Ansorge et al., 2019
M78-2 Vent CL MAR -4.80327 -12.3718 2971 2009 C11-4 DNeasy blood & tissue 2x150bp Ansorge et al., 2019
M78-2 Vent CL MAR -4.80327 -12.3718 2971 2009 C11-5 DNeasy blood & tissue 2x150bp Ansorge et al., 2019
M78-2 Vent CL MAR -4.80327 -12.3718 2971 2009 C11-6 DNeasy blood & tissue 2x150bp Ansorge et al., 2019
M78-2 Vent LI MAR -9.54657 -13.209733 1490 2009 L10-2 DNeasy blood & tissue 2x150bp Ansorge et al., 2019
M78-2 Vent LI MAR -9.54657 -13.209733 1490 2009 L10-4 DNeasy blood & tissue 2x150bp Ansorge et al., 2019
M78-2 Vent LI MAR -9.54657 -13.209733 1490 2009 L10-5 DNeasy blood & tissue 2x150bp Ansorge et al., 2019
M78-2 Vent LI MAR -9.54657 -13.209733 1490 2009 L5-1 DNeasy blood & tissue 2x150bp Ansorge et al., 2019
M78-2 Vent LI MAR -9.54657 -13.209733 1490 2009 L5-4 DNeasy blood & tissue 2x150bp Ansorge et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712B Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712C Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712D Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712E Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712F Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1241 -89.14010 1073 2015 1712G Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1241 -89.14010 1073 2015 1712H Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1241 -89.14010 1073 2015 1712I Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1241 -89.14010 1073 2015 1712J Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1241 -89.14010 1073 2015 1712K Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1247 -89.14110 1078 2015 1712L Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1247 -89.14110 1078 2015 1712M Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712N Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712O Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712P Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712Q Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712R Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1247 -89.14110 1073 2015 1712S Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1247 -89.14110 1078 2015 1712T Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1247 -89.14110 1078 2015 1712U Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1237 -89.14040 1073 2015 1712V Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1247 -89.14110 1078 2015 1712W Zhou et al., 1996 2x250bp Picazo et al., 2019

NA58 Seep B. brooksi MC853 GoM 28.1241 -89.14010 1073 2015 1712X Zhou et al., 1996 2x250bp Picazo et al., 2019
M114-2 Seep B. heckerae CH GoM 21.90005 -93.4354 2925 2015 1600D DNeasy blood & tissue 2x100 bp Rubin-Blum et al., 2017
M114-2 Seep B. heckerae CH GoM 21.90005 -93.4354 2925 2015 2769A DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Rubin-Blum et al., 2017
M114-2 Seep B. heckerae CH GoM 21.90005 -93.4354 2925 2015 1600D DNeasy blood & tissue 2x100 bp Rubin-Blum et al., 2017
M114-2 Seep B. heckerae CH GoM 21.90005 -93.4354 2925 2015 1600O DNeasy blood & tissue 2x100 bp Rubin-Blum et al., 2017
M114-2 Seep B. heckerae CH GoM 21.90005 -93.4354 2925 2015 1600P DNeasy blood & tissue 2x100 bp Rubin-Blum et al., 2017
M114-2 Seep B. heckerae CH GoM 21.90005 -93.4354 2925 2015 2769A DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Rubin-Blum et al., 2017
M114-2 Seep B. heckerae CH GoM 21.90005 -93.4354 2925 2015 2769B DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Rubin-Blum et al., 2017
M114-2 Seep B. heckerae CH GoM 21.90005 -93.4354 2925 2015 2769C DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Rubin-Blum et al., 2017
M114-2 Seep B. heckerae CH GoM 21.90005 -93.4354 2925 2015 2769D DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Rubin-Blum et al., 2017
M114-2 Seep B. heckerae CH GoM 21.90005 -93.4354 2925 2015 2769E DNeasy blood & tissue or Zhou et al., 1996 2x100 bp Rubin-Blum et al., 2017

NA043 Seep DC673 GoM 28.30933 -87.31085 2604 2014 1875A DNeasy blood & tissue 2x150bp Sayavedra et al, in prep

NA043 Seep DC673 GoM 28.30933 -87.31085 2604 2014 1875D DNeasy blood & tissue 2x150bp Sayavedra et al, in prep

M114-2 Seep B. brooksi CH GoM 21.90002 -93.43525 2925 2015 1789A DNeasy blood & tissue 2x150bp Rubin-Blum et al., 2017

M114-2 Seep B. brooksi CH GoM 21.90002 -93.43525 2925 2015 1789B DNeasy blood & tissue 2x150bp Rubin-Blum et al., 2017

M114-2 Seep B. brooksi CH GoM 21.90002 -93.43525 2925 2015 1789C DNeasy blood & tissue 2x150bp Rubin-Blum et al., 2017

Table S2 | Details of samples from environmental metagenomes. Samples marked in grey were processed in this study. For all draft genomes 
derived from other studies, the references to the respective publications are shown. RB: Rainbow, LSET: Lucky Strike – Eifeltower, LSMS: Lucky Strike – 
Montsegur, MG: Menes Gwen – White Flames, SEM: Semenov, LG: Logatchev – Quest, WA: Wide Awake, CL: Clueless, LI: Lilliput, MC853: site MC853, 
CH: Chapopote, DC673: site DC673, MK: Mictlan, Knoll 2201, TY: Tsanyao Yang, Knoll 2223, CS: Crab Spa, OMZ: Peru upwelling oxygen minimum zone.

1586B

B. sp.
B. sp.
B. sp.
B. sp.
B. sp.
B. sp.
B. sp.
B. sp.
B. sp.
B. sp.
B. sp.

B. sp. (Cryptic)

B. sp. (Cryptic)
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M114-2 Seep B. brooksi CH GoM 21.90002 -93.43525 2925 2015 3411K AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi CH GoM 21.90002 -93.43525 2925 2015 3411L AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi CH GoM 21.90002 -93.43525 2925 2015 3411M AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi CH GoM 21.90002 -93.43525 2925 2015 3411N AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi MK GoM 22.02238 -93.24648 3106 2015 3411A AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi MK GoM 22.02238 -93.24648 3106 2015 3411B AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi MK GoM 22.02238 -93.24648 3106 2015 3411C AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi MK GoM 22.02238 -93.24648 3106 2015 3411D AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi MK GoM 22.02238 -93.24648 3106 2015 3411E AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi TY GoM 22.39300 -93.40512 3365 2015 3411F AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi TY GoM 22.39300 -93.40512 3365 2015 3411G AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi TY GoM 22.39300 -93.40512 3365 2015 3411H AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi TY GoM 22.39300 -93.40512 3365 2015 3411I AllPrep DNA/RNA Mini Kit 2x150bp this study

M114-2 Seep B. brooksi TY GoM 22.39300 -93.40512 3365 2015 3411J AllPrep DNA/RNA Mini Kit 2x150bp this study
AT26-23 Vent B. thermophilus CS EPR 9.939167 -105.6561 2512.0 2014 1600R Zhou et al., 1996 2x150bp Sayavedra et al, in prep
AT26-23 Vent B. thermophilus CS EPR 9.939167 -105.6561 2512.0 2014 1600S Zhou et al., 1996 2x150bp Sayavedra et al, in prep
AT26-23 Vent B. thermophilus CS EPR 9.939167 -105.6561 2512.0 2014 1600T Zhou et al., 1996 2x150bp Sayavedra et al, in prep
M93 pelagic - OMZ Peru -12.23 -77.18 - 2013 C2484 AllPrep DNAsRNA Mini Kit - Callbeck et al., 2018
M93 pelagic - OMZ Peru -12.23 -77.18 - 2013 C2488 AllPrep DNAsRNA Mini Kit - Callbeck et al., 2018

M114-2 Seep Poecilosclerid bra. sp MK GoM 22.02238 -93.24648 3106 2015 1600M AllPrep DNAsRNA Mini Kit 2x150bp Rubin-Blum et al., 2017

M114-2 Seep Poecilosclerid encr. s CH GoM 21.90002 -93.43525 2925 2015 1600L AllPrep DNAsRNA Mini Kit 2x150bp Rubin-Blum et al., 2017

M114-2 Seep Poecilosclerid encr. s CH GoM 21.90002 -93.43525 2925 2015 1600N AllPrep DNAsRNA Mini Kit 2x150bp Rubin-Blum et al., 2017
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Bin Completeness [%] Contam. [%] Strain het.  [%]
1115A 94.53 3.09 75
1115B 93.41 3.09 85.71
1115C 94.53 0.56 100
1586B 93.41 0.84 100
1586C 92.85 0.84 50
1586D 93.97 0 0
1586E 92.85 0 0
1586F 92.85 1.4 33.33
1586G 93.97 0 0
1586I 94.53 0 0
1586J 93.97 0.56 0
1586K 92.28 0.56 0
1586N 94.53 0 0
1586O 93.6 1.12 50
1586P 91.72 0 0
1586Q 92.28 0 0
1586R 93.97 0 0
1586S 93.97 0 0
1600D 92.66 4.31 63.64
1600D.sox2 93.97 0 0
1600F 93.97 0 0
1600G 93.97 0 0
1600H 93.93 0 0
1600I 91.72 0 0
1600J 93.97 0.14 100
1600O 91.82 1.69 0
1600P 90.41 1.12 50
1600R 94.25 0.56 100
1600S 93.97 0.56 100
1600T 94.25 0.84 100
1712B 94.25 0.56 0
1712C 93.55 7.07 80
1712D 93.97 6.41 82.35
1712E 94.25 1.69 75
1712F 94.81 0 0
1712G 94.25 0.56 0
1712H 94.81 0.56 0
1712J 93.69 0 0
1712K 94.25 0.56 0
1712L 94.25 0.56 0
1712M 94.25 0.56 0
1712N 94.81 1.12 75
1712O 93.69 0.56 0
1712P 93.41 3.09 87.5
1712Q 94.25 0.56 0
1712R 94.25 1.52 100
1712S 93.27 7.4 95.65
1712T 94.25 0.56 0
1712U 93.69 0.56 0
1712V 94.25 0.56 0
1712W 93.97 5.99 95.24
1712X 94.25 0.56 0
1789A 93.27 0.56 0
1789B 93.83 0.6 0
1789C 93.83 0.56 0
1875A 93.97 1.69 66.67
1875Dcryp.sox2 87.13 1.12 0
2487A 94.16 1.4 57.14
2487B 94.72 1.4 57.14
2487C 94.72 1.4 83.33
2487D 94.53 1.12 66.67
2487E 94.72 1.12 66.67
2487F 94.53 1.97 83.33
2769A 93.5 0.84 50
2769A.sox2 93.13 0.41 100
2769B 92.47 2.53 40
2769C 93.22 3.65 80
2769D 91.96 4.12 91.67
2769E 90.13 1.69 33.33

Table S3 | Completeness, contamination and strain 
heterogeneity (of the contamination) for SUP05 draft 
genomes used in this study. Samples marked in grey were 
assembled and binned in this study. Other draft genomes were 
obtained from previous studies as listed in Tab. S2.

3411A 94.25 1.12 0
3411B 93.69 1.12 0
3411C 94.25 0.56 100
3411D 93.13 2.53 55.56
3411E 94.81 0.56 0
3411F 94.81 0.56 0
3411G 94.81 0 0
3411H 94.81 0.56 0
3411I 94.25 0 0
3411J 94.81 0.56 0
3411K 94.53 1.9 40
3411L 94.25 0.56 100
3411M 94.53 0.84 50
3411N 89.61 0.56 0
3411O 97.47 0.56 0
Bsep 94.83 0.56 100
C112 94.53 1.31 75
C113 94.53 1.4 66.67
C114 94.53 1.4 66.67
C115 94.25 1.4 100
C116 93.69 1.03 100
L102 93.33 1.12 100
L104 94.64 0.56 100
L105 92.96 0.56 100
L51 94.08 1.69 100
L54 94.36 0.84 100
turt 94.53 2.81 87.5
sponge_1600L 91.5 12.02 81.82
sponge_1600M 91.27 16.57 0
sponge_1600N 91.46 15.16 73.68
C2484_SUP05_PeruOMZ 92.28 3.14 63.64
C2488_SUP05_PeruOMZ 95.09 3.37 66.67
CaRuthiaMagnifcaCM 86.67 0 0
CaRuthiaMagnifcaUCDCM 87.23 0 0
CaThioglobusAutotrophicusEF1 94.64 0 0
CaThioglobusPerditusCMC 95.09 3.37 66.67
CaThioglobusSingularisGG2 91.86 0 0
CaThioglobusSingularisNP1 93.88 0 0
CaThioglobusSingularisPS1 94.36 0 0
CaVesicomyosociousOkutanii 85.69 0 0
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ID COG Description P-value Count
1875D_SOX2 COG0726_G Peptidoglycansxylanschitin deacetylase, PgdAsCDA1 family 9.51222E-08 12
1875D_SOX2 COG1401_V 5-methylcytosine-specifc restriction endonuclease McrBC, GTP-binding regulatory subunit McrB 6.56747E-05 6
1875D_SOX2 COG2801_L Transposase InsO and inactivated derivatives 0.00010272 19
1875D_SOX2 COG2826_L Transposase and inactivated derivatives, IS30 family 5.89854E-07 19
CaThioglobusAutotrophicusEF1 COG0859_M ADP-heptose:LPS heptosyltransferase 7.18684E-06 11
CaThioglobusSingularisGG2 COG0010_E Arginase family enzyme 0.00020666 4
CaThioglobusSingularisGG2 COG0318_IQ Acyl-CoA synthetase (AMP-forming)sAMP-acid ligase II 0.00063849 6
CaThioglobusSingularisGG2 COG0395_G ABC-type glycerol-3-phosphate transport system, permease component 4.37965E-05 6
CaThioglobusSingularisGG2 COG0518_F GMP synthase - Glutamine amidotransferase domain 0.00065022 4
CaThioglobusSingularisGG2 COG0665_E GlycinesD-amino acid oxidase (deaminating) 5.09949E-09 16
CaThioglobusSingularisGG2 COG0673_R Predicted dehydrogenase 4.37965E-05 6
CaThioglobusSingularisGG2 COG0687_E Spermidinesputrescine-binding periplasmic protein 0.00029864 5
CaThioglobusSingularisGG2 COG0697_GER Permease of the drugsmetabolite transporter (DMT) superfamily 1.47929E-06 16
CaThioglobusSingularisGG2 COG1012_C Acyl-CoA reductase or other NAD-dependent aldehyde dehydrogenase 5.86116E-06 11
CaThioglobusSingularisGG2 COG1175_G ABC-type sugar transport system, permease component 5.8549E-05 6
CaThioglobusSingularisGG2 COG1176_E ABC-type spermidinesputrescine transport system, permease component I 0.00088672 4
CaThioglobusSingularisGG2 COG1177_E ABC-type spermidinesputrescine transport system, permease component II 0.00088672 4
CaThioglobusSingularisGG2 COG1522_K DNA-binding transcriptional regulator, Lrp family 0.00075397 6
CaThioglobusSingularisGG2 COG1653_G ABC-type glycerol-3-phosphate transport system, periplasmic component 0.00016786 5
CaThioglobusSingularisGG2 COG2303_E Choline dehydrogenase or related favoprotein 8.60467E-05 5
CaThioglobusSingularisGG2 COG3839_G ABC-type sugar transport system, ATPase component 4.37965E-05 6
CaThioglobusSingularisGG2 COG4175_E ABC-type prolinesglycine betaine transport system, ATPase component 0.00046214 4
CaThioglobusSingularisGG2 COG4176_E ABC-type prolinesglycine betaine transport system, permease component 0.00046214 4
CaThioglobusSingularisGG2 COG4638_PR Phenylpropionate dioxygenase or related ring-hydroxylating dioxygenase, large terminal subunit 0.00065022 4
CaThioglobusSingularisGG2 COG5598_H Trimethylamine:corrinoid methyltransferase 0.00012178 5
CaThioglobusSingularisNP1 COG0395_G ABC-type glycerol-3-phosphate transport system, permease component 0.00046603 5
CaThioglobusSingularisNP1 COG0665_E GlycinesD-amino acid oxidase (deaminating) 4.23656E-09 16
CaThioglobusSingularisNP1 COG0673_R Predicted dehydrogenase 7.88277E-09 9
CaThioglobusSingularisNP1 COG0697_GER Permease of the drugsmetabolite transporter (DMT) superfamily 6.00288E-06 15
CaThioglobusSingularisNP1 COG1012_C Acyl-CoA reductase or other NAD-dependent aldehyde dehydrogenase 0.00018705 9
CaThioglobusSingularisNP1 COG1175_G ABC-type sugar transport system, permease component 0.00058709 5
CaThioglobusSingularisNP1 COG1744_R Basic membrane lipoprotein Med, periplasmic binding protein (PBP1-ABC) superfamily 0.00019647 4
CaThioglobusSingularisNP1 COG2303_E Choline dehydrogenase or related favoprotein 8.086E-05 5
CaThioglobusSingularisNP1 COG2849_S Antitoxin component YwqK of the YwqJK toxin-antitoxin module 3.88906E-05 7
CaThioglobusSingularisNP1 COG3839_G ABC-type sugar transport system, ATPase component 0.00046603 5
CaThioglobusSingularisNP1 COG4638_PR Phenylpropionate dioxygenase or related ring-hydroxylating dioxygenase, large terminal subunit 3.65823E-05 5
CaThioglobusSingularisPS1 COG0010_E Arginase family enzyme 0.00021609 4
CaThioglobusSingularisPS1 COG0395_G ABC-type glycerol-3-phosphate transport system, permease component 4.6728E-05 6
CaThioglobusSingularisPS1 COG0665_E GlycinesD-amino acid oxidase (deaminating) 4.46245E-08 15
CaThioglobusSingularisPS1 COG0673_R Predicted dehydrogenase 4.6728E-05 6
CaThioglobusSingularisPS1 COG0687_E Spermidinesputrescine-binding periplasmic protein 0.00031509 5
CaThioglobusSingularisPS1 COG0697_GER Permease of the drugsmetabolite transporter (DMT) superfamily 1.71813E-06 16
CaThioglobusSingularisPS1 COG1012_C Acyl-CoA reductase or other NAD-dependent aldehyde dehydrogenase 6.5401E-06 11
CaThioglobusSingularisPS1 COG1175_G ABC-type sugar transport system, permease component 6.24472E-05 6
CaThioglobusSingularisPS1 COG1176_E ABC-type spermidinesputrescine transport system, permease component I 0.00092605 4
CaThioglobusSingularisPS1 COG1177_E ABC-type spermidinesputrescine transport system, permease component II 0.00092605 4
CaThioglobusSingularisPS1 COG1522_K DNA-binding transcriptional regulator, Lrp family 0.000801 6
CaThioglobusSingularisPS1 COG1653_G ABC-type glycerol-3-phosphate transport system, periplasmic component 0.00017722 5
CaThioglobusSingularisPS1 COG2303_E Choline dehydrogenase or related favoprotein 9.09028E-05 5
CaThioglobusSingularisPS1 COG3839_G ABC-type sugar transport system, ATPase component 4.6728E-05 6
CaThioglobusSingularisPS1 COG4175_E ABC-type prolinesglycine betaine transport system, ATPase component 0.00048293 4
CaThioglobusSingularisPS1 COG4176_E ABC-type prolinesglycine betaine transport system, permease component 0.00048293 4
CaThioglobusSingularisPS1 COG4638_PR Phenylpropionate dioxygenase or related ring-hydroxylating dioxygenase, large terminal subunit 0.00067927 4
CaThioglobusSingularisPS1 COG5598_H Trimethylamine:corrinoid methyltransferase 0.00012861 5
Bsep COG3328_L Transposase (or an inactivated derivative) 1.87529E-06 12
site_rep.bbro_mc853 COG0732_V Restriction endonuclease S subunit 1.4578E-05 14
site_rep.bbro_mc853 COG2931_Q Ca2+-binding protein, RTX toxin-related 2.82367E-06 35
site_rep.bbro_MK COG0286_V Type I restriction-modifcation system, DNA methylase subunit 4.14333E-05 14
site_rep.bheck_CH COG1192_D Cellulose biosynthesis protein BcsQ 4.63965E-05 10
site_rep.bheck_CH COG3436_L Transposase 5.39614E-07 7
site_rep.bheck_CH COG3609_K Transcriptional regulator, contains ArcsMetJ-type RHH (ribbon-helix-helix) DNA-binding domain 2.48667E-06 6
site_rep.bthe_CS COG2931_Q Ca2+-binding protein, RTX toxin-related 1.16792E-10 43
site_rep.nmar_MG COG3385_L IS4 transposase 3.14078E-05 5
sponge1600L COG0340_H Biotin-(acetyl-CoA carboxylase) ligase 6.37414E-07 10
sponge1600L COG0666_R Ankyrin repeat 8.8776E-16 12
sponge1600L COG0790_R TPR repeat 8.703E-07 25
sponge1600M COG2026_JD mRNA-degrading endonuclease RelE, toxin component of the RelBE toxin-antitoxin system 8.3135E-06 9
sponge1600N COG0845_M Multidrug efux pump subunit AcrA (membrane-fusion protein) 4.93844E-05 17
sponge1600N COG1598_S Predicted nuclease of the RNAse H fold, HicB family 2.96466E-05 5
sponge1600N COG2026_JD mRNA-degrading endonuclease RelE, toxin component of the RelBE toxin-antitoxin system 2.97915E-09 13
sponge1600N COG2826_L Transposase and inactivated derivatives, IS30 family 0.0001276 20
sponge1600N COG3666_L Transposase 2.54479E-07 11
sponge1600N COG3668_R Plasmid stabilization system protein ParE 0.00017389 7
sup05C2484 COG0458_EF Carbamoylphosphate synthase large subunit 4.72633E-07 10
Wida COG0494_LR 8-oxo-dGTP pyrophosphatase MutT and related house-cleaning NTP pyrophosphohydrolases, NUDIX family4.69197E-14 26
Wida COG0823_U Periplasmic component of the Tol biopolymer transport system 3.2909E-08 13
Wida COG2801_L Transposase InsO and inactivated derivatives 4.53736E-08 33
Wida COG2931_Q Ca2+-binding protein, RTX toxin-related 2.18318E-15 63
Wida COG3039_L Transposase and inactivated derivatives, IS5 family 1.74401E-24 47
Wida COG3209_M Uncharacterized conserved protein RhaS, contains 28 RHS repeats 9.28341E-58 93
Wida COG3210_U Large exoprotein involved in heme utilization or adhesion 0.00026943 14
Wida COG3335_L Transposase 7.15873E-18 25
Wida COG3415_L Transposase 2.31739E-07 9
Wida COG3676_L Transposase and inactivated derivatives 1.32832E-09 18
Wida COG4637_R Predicted ATPase 0.00055587 10
Wida COG5492_N Uncharacterized conserved protein YjdB, contains Ig-like domain 1.22207E-05 8

Table S4 | Enrichment of COG categories in SUP05 draft genomes. Colors mark the corresponding lifestyle: 
green: horizontally transmitted intracellular symbiont (Bathymodiolus-associated), yellow: sponge symbiont of unknown 
transmission mode, blue: free-living.
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ID KEGG Description P-value Count
1875A_SUP05SOX K13735 adhesinsinvasin 4.410406163705E-10 10
1875D_SOX2 K07482 transposase, IS30 family 2.4462009100588E-07 19
1875D_SOX2 K07452 mcrB; 5-methylcytosine-specifc restriction enzyme B 5.4143449355543E-05 6
1875D_SOX2 K07481 transposase, IS5 family 7.8001290333206E-05 10
CaThioglobusPerditusCMC K02841 waaC, rfaC; heptosyltransferase I 4.3482080073431E-05 7
CaThioglobusSingularisGG2 K00108 betA, CHDH; choline dehydrogenase 0.000113331187464 5
CaThioglobusSingularisGG2 K00315 DMGDH; dimethylglycine dehydrogenase 0.000113331187464 5
CaThioglobusSingularisNP1 K02057 ABC.SS.P; simple sugar transport system permease protein 3.670481626657E-06 6
CaThioglobusSingularisNP1 K00108 betA, CHDH; choline dehydrogenase 0.000102847861325 5
CaThioglobusSingularisNP1 K00315 DMGDH; dimethylglycine dehydrogenase 0.000102847861325 5
CaThioglobusSingularisPS1 K00108 betA, CHDH; choline dehydrogenase 0.000118873374627 5
CaThioglobusSingularisPS1 K00315 DMGDH; dimethylglycine dehydrogenase 0.000118873374627 5
site_rep.bheck_CH K03496 parA, soj; chromosome partitioning protein 3.0441871056657E-05 10
sponge1600L K03524 birA; BirA family transcriptional regulator, biotin operon repressor s biotin---[acetyl-CoA-carboxylase] lig 4.0865042334278E-07 10
sponge1600L K07126 uncharacterized protein 1.124585224546E-06 24
sup05C2484 K01955 carB, CPA2; carbamoyl-phosphate synthase large subunit 5.5806963389653E-07 10
sup05C2488 K02841 waaC, rfaC; heptosyltransferase I 4.3738672276035E-05 7
Wida K07494 putative transposase 2.2535574867654E-24 25
Wida K08312 nudE; ADP-ribose diphosphatase 9.8342899641883E-21 25
Wida K07488 transposase 1.0195523971613E-10 18
Wida K03641 tolB; TolB protein 8.6072330249283E-09 13
Wida K07481 transposase, IS5 family 1.6119260593315E-05 13
Wida K07497 putative transposase 3.5901368924705E-05 18
Wida K07482 transposase, IS30 family 0.000127669316091 18

Table S5 | Enrichment of KEGG categories in SUP05 draft genomes. Colors mark the corresponding lifestyle: 
green: horizontally transmitted intracellular symbiont (Bathymodiolus-associated), yellow: sponge symbiont of unknown 
transmission mode, blue: free-living.
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Abstract

The studies  that  shape our  understanding of  genome evolution  in  endosymbionts 

have long been biased towards vertically  transmitted,  obligate  endosymbionts.  In 

contrast,  the  driving  forces  shaping  genome  evolution  in  horizontally-transmitted 

endosymbionts are not well understood. In our study we shed light on the impact of 

nucleotide and amino acid variation and natural selection on horizontally transmitted 

endosymbionts of deep-sea mussels in their natural conteit. Investigation of seven 

symbiont species from 15 geographic locations revealed that amino acid variation 

among co-eiisting strains and positive selection in symbiont traits appeared to be 

driven by host-symbiont interaction and environmental conditions. Previous analyses 

have only focused on gene content variation, but our fndings reveal that divergent 

evolution  among symbiont  populations  also  afects  core  functions,  such  as  sulfur 

oiidation. This trait is encoded in the entire genus and could therefore be considered 

conserved.  The sensitivity of our analysis allowed us to detect loci under positive 

selection  possibly  refecting  adaptation  of  the  symbiont  to  local  environmental 

conditions. Heterogeneity and allele frequencies further hold signatures that allow us 

to  understand the eitent  of  symbiont  eichange among hosts.  Population genomic 

analyses  on  these  signatures  suggested  that  symbiont  eichange  among  host 

individuals  may be less  prominent  in  host  species  Bathymodiolus brooksi than in 

other host species – a characteristic that appears to be infuenced by multiple factors 

such as host age and density. Our study shows that high-resolution genomic analyses 

aid  our  understanding  of  the  intimate  association  of  Bathymodiolus hosts  with 

specifc symbiont strains in their natural conteit, which is essential for deciphering 

the signatures of genome evolution in Bathymodiolus endosymbionts.
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Introduction

Genome evolution in symbiotic  bacteria is massively infuenced by the interaction 

with their host and the mode of symbiont transmission between host generations1,2. 

Endosymbionts  have  mostly  been  described  to  be  shaped  by  genome  reduction, 

genetic drift and non-adaptive processes2,3. However, these observations and theories 

usually  refer  to  obligate,  vertically  transmitted  symbionts,  while  the  evolutionary 

drivers  in  horizontally  transmitted  endosymbionts  are  not  well  understood.  The 

concept of efective population size Ne, the size of a theoretical population that would 

eiplain the observed genetic variation in the investigated population, is considered a 

key  factor  infuencing  the  strength  of  selection  and  genetic  drift  in  bacterial 

species4,5.  Most  vertically  transmitted  symbionts  undergo  a  population  bottleneck 

with each host generation, which decreases Ne and therefore shifts the balance away 

from purifying selection and towards genetic drift3.  In addition, isolation from the 

eiternal  environment  of  vertically  transmitted  endosymbionts  restricts  genetic 

eichange  with  other  bacteria  through  horizontal  gene  transfer.  These  factors, 

increasing the impact of genetic drift, also reduce the strength of purifying selection. 

Consequently,  slightly  deleterious  mutations  can  become  fied  in  bacterial 

populations under genetic drift4. The obligate lifestyle within animal hosts and the 

relaied  purifying  selection  due  to  reduced  Ne often  lead  to  reductive  genome 

evolution in vertically transmitted endosymbionts.  For eiample,  in some vertically 

transmitted  insect  symbionts  these  phenomena  have  led  to  eitreme  genome 

reduction that resulted in the loss of symbiont function. This so-called ‘evolutionary 

rabbit hole’ can be detrimental to a host that depends on its symbiont6. Replacement 

of the primary ‘defective’ symbiont with secondary symbionts that fulfll these lost 

functions may represent an escape route for the host from that rabbit hole7–9. Instead, 
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for the symbiont with its reduced genome, there seems to be no escape from that 

obligate association. Intriguingly, genome reduction has also been described for some 

free-living bacteria, such as  Prochlorococcus10. In contrast to vertically transmitted 

endosymbionts,  however,  this  process  is  considered  adaptive  and  favored  by  the 

selection for smaller and ‘streamlined’ genomes. Prochlorococcus, as most free-living 

bacteria, is characterized by large Ne, which implies strong efective selection4. The 

direction  of  selection  can  be  purifying,  eliminating  deleterious  mutations  from a 

population; or adaptive which can lead to the fiation of a mutation in the population. 

Selection can also be disruptive between diferent populations of a bacterial species, 

leading to the diversifcation in particular genes that are subject to diferent selection 

pressures  (e.g.  imposed  by  environmental  conditions).  Such diversifying  selection 

among bacterial populations can be detected by signifcant frequency shifts of the 

alleles11,12.

Besides vertically transmitted endosymbionts, with typically small Ne, and free-living 

bacteria  with  potentially  enormous  Ne,  there  are  horizontally  transmitted 

endosymbionts. These endosymbionts are acquired by each host generation from the 

environment,  imposing  a  challenge  for  host  and symbiont  in  maintaining  specifc 

recognition1.  The  mechanisms  that  ensure  successful  association  with  each  host 

generation and the time window during which the host is permissive to symbiont 

colonization are highly diverse and which refects the impact on symbiont genome 

evolution.  Horizontally  transmitted  symbionts  are  thought  to  be  subject  to 

evolutionary processes similar to free-living bacteria,  which means their  genomes 

should  be  similar  in  size  to  their  free-living  relatives  and  undergo  frequent 

recombination while deleterious mutations are selected against1. Yet, these factors 

are  strongly  infuenced  by  Ne which  can  vary  greatly  in  horizontally  transmitted 
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endosymbionts. For eiample, horizontally transmitted endosymbionts can undergo a 

strong  population  bottleneck  with  each  host  generation  similar  to  vertically 

transmitted  symbionts  (e.g.  Endoriftia13,  Vibrio  fscherii14),  whereas  other 

endosymbionts  continue  to  colonize  their  host  over  a  longer  period,  avoiding 

population bottlenecks. The latter results in a larger  Ne and has been hypothesized 

for  symbionts  of  Bathymodiolus deep-sea  mussels15.  A  key  characteristic  of 

horizontally  transmitted  endosymbionts  is  that  they  have  to  retain  the  ability  to 

survive both inside and outside their hosts,  occupying two vastly diferent niches. 

Furthermore, the physiological state of the free-living population, active or ‘dormant’, 

will  strongly infuence the frequency of  genetic  eichange with microbes from the 

environment,  and  thus  genome  evolution.  For  most  symbioses,  Ne and  details  in 

symbiont  transmission  are  often  unknown,  which  makes  prediction  of  the 

evolutionary  driving  forces  dificult.  Investigation  of  genome  signatures  in 

horizontally transmitted endosymbiont populations can therefore help to unravel the 

impact of natural selection and genetic drift in these communities. 

We investigated genomic signatures of selection in 7 diferent species of horizontally 

transmitted endosymbionts  associated with  Bathymodiolus mussels.  This  group of 

bivalves dominates hydrothermal vents and cold seeps in the deep sea, forming dense 

mussel  beds  in  these  eitreme habitats16.  Their  nutrition  depends on  intracellular 

sulfur-oiidizing  (SOX)  endosymbionts  that  use  chemical  energy  for  primary 

production in a process termed chemosynthesis17. This intimate association is thought 

to  have evolved multiple  times independently  from distinct  lineages of  free-living 

sulfur-oiidizing  bacteria18.  The  symbionts  are  horizontally  transmitted,  potentially 

frequently  throughout  the  hosts  lifetime15,19.  Thus,  despite  being  housed 

intracellularly in their hosts’ gill epithelia, the symbionts come into contact with the 
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eiternal environment and have access to genetic material from free-living bacteria. 

In contrast to vertically transmitted endosymbionts,  Bathymodiolus endosymbionts 

likely do not undergo strong population bottlenecks and may therefore evolve under 

completely  diferent selection regimes.  Indeed,  previous studies revealed that  the 

core genome of  SOX symbionts in  Bathymodiolus brooksi evolves under purifying 

selection  rather  than  the  neutral  processes  typical  for  vertically-transmitted 

symbionts20.  In  addition,  although  Bathymodiolus symbionts  have  relatively  small 

genome sizes, 1.4 to 2.8 mbp15,21,22, similar genome sizes (1.5 to 1.7 mbp) have been 

described for their closest free-living relatives  Ca. Thioglobus spp.23,24 (see Chapter 

III). This indicates that the symbiotic lifestyle per se in Bathymodiolus symbionts did 

not  lead  to  genome  reduction.  In  our  study  we  investigated  environmental 

metagenomes of 9  Bathymodiolus species from 15 diferent sampling sites (Tab. 1). 

The SOX symbionts belonged to 7 diferent species as defned in Chapter III. 

Variation that leads to functional diferences among members within a population is 

the foundation for natural selection and evolution. The populations of Bathymodiolus 

SOX  symbionts  have  been  shown  to  be  heterogeneous  at  the  level  of  single 

nucleotides and their gene content15,20,22. However, it is unknown whether the degree 

of  nucleotide  variation  is  consistent  across  Bathymodiolus SOX symbiont  species. 

Indeed, two previous studies revealed diferent results in symbiont heterogeneity and 

population structure that warrant eiplanation15,20. In this study we compared genome 

signatures  such  as  nucleotide  variation,  functional  implications  of  these 

polymorphisms and population structure in diferent symbiont species, host species 

and  sampling  sites.  We  further  investigated  signatures  of  diversifying  genome 

evolution between symbiont populations within each species, providing a snapshot of 

the impact of selection in horizontally transmitted endosymbionts.
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Methods

Sample acquisition and processing

Sample  acquisition,  DNA  eitraction  and  metagenomic  processing  have  been 

described and summarized in the method section and Tab. S1, S2, S3 of Chapter III. 

All  datasets included in this study are summarized in  Tab. 1.  We investigated 88 

metagenomes  belonging  to  seven  symbiont  species  (after  ANI  cutof >  95%  as  

defned in  Chapter  III)  and originating from 15 distinct  sampling locations.  Each 

metagenome originated from gill tissue of a single host individual.    

Table 1 | Mussel metagenome samples included in this study. 

Sampling site Site 
type

# of 
individuals

Symbiont 
species

Host species Sample library#

Menez Gwen (MG) Vent 4 NMAR B. azoricus 1586P,Q,R,S
Lucky Strike ET (LSET) Vent 8 NMAR B. azoricus 1586B,C,D,E,F,G,I,J
Lucky Strike MS (LSMS) Vent 3 NMAR* B. azoricus 1586K,N,O
Rainbow (RB) Vent 5 NMAR B. azoricus 1600F,G,H,I,J
Logatchev (LG) Vent 3 NMAR B. puteoserpentis 2487A,B,C
Semenov (SEM) Vent 6 NMAR B. puteoserpentis 2487D,E,F, 1115A,B,C
Clueless (CL) Vent 5 SMAR B. sp. 1 C112,C113,C114,C115,C116
Lilliput (LI) Vent 5 SMAR* B. sp. 2 L102,L104,L105,L51,L54
DC673 Seep 1 Bcr_sup05 B. sp. cryptic 1875A
MC853 Seep 21 Bbro B. brooksi 1712B-H,J,K,L,N-X
Chapopote (CH) Seep 8 Bbro* B. brooksi 3411K-N,1789A-C

5 Bh_sup05* B. heckerae 2769A,B,E, 1600D,P
Tsanyao Yang (TY) Seep 5 Bbro B. brooksi 3411F-J
Mictlan Knoll (MK) Seep 5 Bbro B. brooksi 3411A-E
Crab Spa (CS) Vent 3 Bthe* B. thermophilus 1600R,S,T

Myonin Knoll (MyK) Vent 1 Bsep B. septemdierum ikuta

*indicates site from which species reference genome for FST analysis originated
#Details of library treatment listed in Chapter III Tab. S2, S3

SNP calling and FST analysis

In order to determine the heterogeneity within symbiont populations of single hosts, 

we performed a  SNP calling analyses.  First,  we trimmed all  Illumina sequencing 

reads  to  a  minimum  quality  of  20  using  BBDuk  (v  38.34,  Bushnell  B.  - 
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sourceforge.net/projects/bbmap/) and mapped these with a minimum identity of 95% 

to  the  symbiont  genome  bin  of  each  sample  separately  using  BBMap  (v  38.34, 

Bushnell B. - sourceforge.net/projects/bbmap/). Mapping fles were all sampled to the 

same  read  depth  of  100i  and  SNP  calling  on  each  library  was  performed  with 

Genome  Analysis  Toolkit  (v  3.8.0)  (GATK)25 and  with  parameters  described 

previously15 (Chapter  II).  SNPs  were  annotated  with  snpEf (v  4.3) 26 and 

nonsynonymous (N) and synonymous (S) counts per gene were retrieved from the 

output fle. 

For the FST analysis we mapped all quality trimmed reads to a reference genome per 

symbiont species with minimum identity of 95% with BBMap (v 38.34) and sampled 

all mapping fles to the same read depth of 100i. Both was necessary to compare 

polymorphic loci between samples. Allele frequencies from all polymorphic site were 

retrieved  from  the  variant  call  format  (vcf)  fle  obtained  from  SNP  calling  we 

performed  with  GATK  (v  3.8.0)25 according  to  the  parameters  described  in 

previously15. Calculation of pairwise FST for each locus was performed according to 

custom  scripts  that  were  used  in  Ansorge  et  al.15 (deposited  in 

https://github.com/deropi/BathyBrooksiSymbionts)  and are  based on  Schloissnig  et 

al.27. Pairwise FST was plotted per site and between sites for each symbiont species 

using the ggplot2 (v 3.0.0) package in R (v.3.2.2)28.

Outlier identifcation

We plotted the number of S, N and the N/S ratio per gene within each sample in a boi 

plot using the ggplot2 (v 3.0.0) package in R (v 3.2.2)28.  Since the data were not 

normally  distributed  and  highly  skewed  we  applied  robust  statistics  with  the 
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adjboiStats function in the robustbase (v 0.92-7) package in R (v 3.2.2)28 to identify 

outliers for the number of S, N and N/S ratio per gene (Fig. S1).

To identify candidate loci under diversifying selection we retrieved FST outliers with 

BayeScan (v. 2.1)29. We used a setting of prior odds 100 and regarded all genes with 

positive values of alpha, indicative of diversifying selection, and a q-value of 0.05 as 

candidate loci under diversifying selection (Fig. S2). All genes that had one or more 

diversifying loci were regarded as potentially diversifying.

Orthologous clustering

To compare shared sets of genes that were identifed as N, S, N/S or FST outliers we 

clustered orthologous genes according to sequence similarity of 0.5 with USEARCH 

as  implemented  in  BPGA (v  1.3.0)30.  Shared  clusters  of  orthologous  genes  were 

visualized with the UpsetR (v 1.3.3) package in R (v 3.2.2). Each gene identifed as 

outlier was furthermore assigned to Clusters of Orthologous Groups (COGs)31 using 

BPGA (v 1.3.0) to assess to which functional categories the outliers belonged to. 

Results

Symbiont nucleotide variation is predominantly nonsynonymous

Single  nucleotide  polymorphisms  (SNPs)  are  powerful  signatures  to  elucidate 

population dynamics and evolutionary processes in bacterial genomes. To understand 

whether  diferent  species  of  SOX  associated  with  mussels  of  the  genus 

Bathymodiolus show similar evolutionary signatures in their genomes, we analyzed 

88  metagenomes  from  7  diferent  symbiont  species  (NMAR,  SMAR,  Bbro,  Bthe, 
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Bh_sup05,  Bcry_sup05 and Bsep;  as  determined in  chapter  III)  from 15 diferent 

sampling  locations  (Tab.  1).  We  calculated  SNPs  per  kbp  (SNPs/kbp)  for  each 

symbiont population within single host individuals to determine how heterogeneous 

these populations are. This analysis revealed that a SOX symbiont population within 

single hosts can have a broad range of population nucleotide diversity between < 1 

and 13 SNPs/kbp. Interestingly, two symbiont species Bbro and Bthe showed a broad 

range of heterogeneity values at each of the fve sampling locations, whereas the 

other  three  species  from  9  distinct  sites  showed  a  rather  narrow  range  of 

heterogeneity per site (Fig. 1). 

Two  types  of  SNPs  can  be  detected  within  a  population:  synonymous  or  silent 

substitutions  (S),  where  the  nucleotide  change  does  not  result  in  an  amino  acid 

change of the protein, and nonsynonymous substitutions (N) where the nucleotide 

change  also  leads  to  a  change  in  the  amino  acid.  Generally,  within  symbiont 

populations in single host individuals approi. 60% of all detected SNPs, and 69 to 

75% of all SNPs in coding sequences, were nonsynonymous (Fig. 2). This means that 
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most  polymorphic  sites  in  the  Bathymodiolus symbionts  lead  to  diferent  protein 

sequences. Intriguingly, a substantial proportion – 7 to 15% of all  N substitutions 

afected the length of the protein sequence by either causing a premature stop codon 

or  the loss of  a  stop codon (data  not  shown).  To determine which proteins were 

enriched  in  amino  acid  substitutions,  and  potentially  divergent  between  the  co-

eiisting symbiont strains, we identifed outlier genes that had a high N/S ratio as a 

proiy to detect genes particularly enriched in N over S. (Fig. S1). 

To verify whether symbiont populations of diferent host individuals shared genes 

with  particularly  large  N/S  ratio,  we  clustered  orthologous  genes  according  to 

sequence  similarity  (Fig.  3).  This  revealed  an  eitreme  variability  of  the  genes 

showing a high N/S ratio, as every population had a unique characteristic profle and 

such genes were rarely shared between populations. Furthermore, very few genes 

were  identifed  as  outliers  (<  8)  for  the  SOX  symbiont  species  Bbro  and  Bthe, 

whereas  the  other  three  species,  NMAR,  SMAR  and  Bh_sup05,  had  much  more 

outliers (> 8, Fig. 3). 
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In addition, we investigated whether the outlier genes were associated with similar 

functional categories and assigned the outliers of high S, N, N/S values to Clusters of 

Orthologous Groups (COGs) (Fig. 4). For the N/S ratio we could identify two COG 

categories, Q and L, that appeared characteristic for members of the species NMAR, 

from some vent felds.  Genes that belong to these two categories are involved in 

secondary metabolite synthesis and transport, and DNA replication, recombination 

and repair, respectively. All samples of symbiont species Bh_sup05 and the closely 

related lineage Bcr_sup05, as well as the divergent lineage Bsep, had N/S outliers in 

COG  category  C,  which  includes  genes  coding  for  proteins  involved  in  energy 

production  and  conservation.  Finally,  we  did  not  detect  common patterns  in  N/S 

outliers for species SMAR and Bbro. However, both species showed N outliers in COG 

category L (DNA replication, recombination and repair). These were not detected as 

enriched in S and might have been absent from the N/S plot if there were no S in 

these genes. In summary, COG categories Q, L and C were most likely to have amino 

acid substitutions among co-eiisting strains. However, confrming the lack of shared 

patterns,  the  functional  categories  enriched  in  N  or  N/S  outliers  seem  to  be 

dependent on the symbiont species and even within a species, potentially also on 

sampling location. 
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Diversifying selection acts upon symbiont populations

Most tests for adaptive selection, including the commonly used dN/dS32,33,  require 

suficient divergence, or knowledge of distinct strain genome sequences. In natural 

populations,  miitures  of  closely  related  strains  make  these  tests  unsuitable.  Yet, 

population  genetic  diferentiation  can  be  indicated  by  the  frequency  of  SNPs  at 

diferent loci in a reference genome (FST). FST outliers among populations of highly 

related bacteria can therefore identify candidate loci that are potentially evolving 

under  diversifying  selection29.  We  calculated  FST  outliers  among  all  symbiont 

populations  per  species  to  identify  genes  that  carry  loci  afected  by  diversifying 

selection (Fig. S2). 

In contrast to the heterogeneity within single bacterial populations (shown above) the 

FST outlier  test  identifes  signifcant  diferences  in  allele  frequencies  between 

populations of the same species and therefore can indicate whether loci are evolving 

under selection. The direction of selection can be either purifying, which means that 

deleterious  mutations  are  selected  against,  or  disruptive,  selecting  for  allele 

frequencies that diversify among the compared populations. To identify traits that are 

possibly adaptive, we focused on the latter and identifed genes with one or more loci 

that were afected by diversifying selection29. Eicluding all hypothetical proteins from 

the analysis,  the number of genes that contained diversifying loci difered greatly 

between symbiont species: 848 genes in Bbro, 272 in Bh_sup05, 146 genes in Bthe, 

1171 genes in NMAR, and 126 genes in SMAR. It was not surprising to identify more 

diversifying  loci  in  symbiont  species  Bbro  and  NMAR,  as  the  populations  were 

collected from many diferent sites that difer in biogeochemical conditions, which 

may lead to diferences in the selection pressure. Surprisingly though, orthologous 

205



Chapter 4 | Symbiont evolution

clustering  revealed  that  almost  half  of  the  genes,  identifed  as  diversifying  were 

shared  between  species  Bbro  and  NMAR (Fig.  5).  This  was  confrmed when  we 

analyzed the COG categories of the diversifying candidate genes and found highest 

similarities, according to abundance of COG categories, between these two species 

(Fig. 5).

Genes with diversifying loci could be found in most COG categories (Tab. S1 only 

digital  on  CD).  Gene categories  that  had  most  diversifying  loci  included  toiin-

related genes, such as RTX, Rhs or insecticidal toiins, secretion systems or mobile 

elements. However, we also detected diversifying loci in genes encoding important 

206



Chapter 4 | Symbiont evolution

metabolic  processes,  such as energy generation.  For eiample,  we identifed three 

genes, HypE, HypD and HypB with diversifying loci in the SMAR symbiont species 

that included samples from two distinct vent feld (Clueless and Lilliput). These genes 

are part of the hydrogenase operon that encodes the capability to use hydrogen as an 

additional energy source and has been shown to be part of the accessory genome 

among  co-eiisting  symbiont  strains15,22.  For  three  species,  Bh_sup05,  Bbro  and 

NMAR,  we  detected  the  sulfte  reduction-associated  complei  DsrMKJOP  as 

diversifying. For NMAR, we additionally identifed diversifying loci in the SoiABXYZ 

genes.  The  proteins  encoded  by  these  two  gene  sets  are  essential  to  the  sulfur 

oiidation pathways, a key component of the energy metabolism in the symbionts. 

Thus, our results suggest that diversifying selection acts upon both accessory and 

core functions.

Symbiont population structure difers between B. brooksi and other host species

In addition to the identifcation of diversifying loci,  FST can be used to determine 

population  structure.  Especially  in  natural  symbiont  populations  that  cannot  be 

cultured in the laboratory this is a powerful approach to understand transmission and 

symbiont population dynamics between host individuals15,20. We used FST to determine 

how  similar  the  diferent  symbiont  populations  were  within  a  species.  Hence, 

pairwise FST per gene was calculated among all samples per symbiont species (Fig. 

6). Large FST values indicate diferentiation and low values indicate high similarity 

between  populations.  We  detected  that  for  symbiont  species  NMAR,  SMAR  and 

Bh_sup05, the individuals from the same site have very similar symbiont populations 

(relatively  small  FST),  whereas  those  from  diferent  sites  tend  to  be  more 

diferentiated.  Eiceptions  were  vent  felds  Lucky  Strike  (site  Montsegur  and 
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Eifeltower) and Menez Gwen, which also had rather similar symbiont populations 

despite  the  distance  separating  these  sampling  sites  (Fig.  6).  Intriguingly,  this 

pattern was completely diferent for symbiont species Bbro and Bthe, both of which 

showed highly diferentiated signals also among individuals from the same site. This 

is consistent with and linked to the SNP densities that difered strongly according to 

host individual (Fig. 1). 

We investigated if host age could be a factor that is infuencing the broad range of 

SNP densities  and diferences  in  FST between individuals  of  the  same site  in  the 

symbiont species Bbro and Bthe. We plotted SNP counts against mussel shell length 

which is an indicator of host age34 and showed that regardless of shell length, some 
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individuals had low symbiont diversity (for Bthe hosts shell lengths were unknown). 

This analysis also revealed that at a shell length above 17 cm there seems to be a 

drop in heterogeneity in most host individuals, and this is mainly driving the negative 

correlation between shell length and SNPs/kbp (Fig. 7).

Discussion

Non-neutral symbiont heterogeneity refects increased evolvability

Our study provides the foundation for elucidating the genome signatures of allelic 

variation and selective pressure in horizontally transmitted endosymbiont populations 

inBathymodiolus hosts. The high number of N SNPs in intra-host populations suggest 

functionally meaningful variation among co-eiisting strains. In fact, N substitutions 

can potentially have strong impact on bacterial lifestyle, including host specifcity as 
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shown for  pathogenic  Salmonella  enterica35.  In  the  SOX symbionts  up to  75% of 

detected SNPs were N substitutions, a value that is consistent with previous fndings 

in S. enterica strains, where N SNPs represented 79% of all coding SNPs. However, 

in contrast to the S. enterica strains that infected multiple diferent animal hosts, and 

thus likely eiperienced starkly varying selective pressures,  Bathymodiolus symbiont 

strains  that  co-eiist  in  a  single  host  individual  showed  similar  N  polymorphism 

numbers, and thus possibly functional heterogeneity. It is worth noting that not all 

amino acid substitutions are equally efective. Whether, and how much the function of 

a protein is altered by a substitution depends on the position in the protein where the 

amino  acid  was  replaced,  and  the  chemical  properties  of  the  amino  acid36.  For 

eiample, if an amino acid with similar chemical properties as the original one was 

replaced in a position that is not important for the protein task, protein function may 

not be afected. In contrast, if the substitution is in the active site of an enzyme, or 

afects protein folding, a single replacement may have large impact on function. On 

the other hand, premature or lost stop codons, which in our dataset accounted for up 

to 15% of all Ns, very likely afects protein function. Overall, our data indicate that 

the  genetic  variability  in  the  SOX endosymbiont  is  not  “neutral”,  but  rather  the 

product of natural selection. 

Within  symbiont  populations,  three  COG categories  were  particularly  afected  by 

amino  acid  substitutions:  energy  metabolism,  secondary  metabolism,  DNA 

recombination and repair. This suggests that co-eiisting strains show variability in 

diferent functional categories, which is in line with previous fndings of functional 

heterogeneity  in  the  genomic  content  of  co-eiisting  strains  in  Bathymodiolus 

symbionts15,22. In our analyses we obtained a snapshot of sequence variation within 

single bacterial populations at a single time point. The direction of selection at N loci 
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within symbiont populations remains unclear, as the observed polymorphisms may be 

transient  and  have  not  yet  been  fied  or  purged  by  selection.  However,  such 

functionally diferent polymorphisms may represent signatures of parallel evolution 

of co-eiisting strains within the host37, as has been shown for bacterial pathogens. 

This study showed that even if a trait is adaptive, it does not necessarily sweep to 

fiation in the population leading to a decrease in heterogeneity in favor of this allele. 

Instead diferent alleles can persist in parallel over years37, increasing the population 

heterogeneity.  In  fact  we  hypothesized  in  Chapter  III  that  evolvability  itself,  the 

potential  of  a  population to adapt  to  unknown future conditions,  could be a trait  

selected  for.  A  ‘standing  stock’  of  functionally  diferent  loci,  as  observed  in  the 

present  study,  supports  this  hypothesis.  While  slightly  deleterious  mutations  are 

eipected to be purged by selection in populations with large  Ne
38, heterogeneity in 

adaptive traits could persist and increase evolvability.

Divergent selection afects core functions in Bathymodiolus endosymbionts

As for most horizontally transmitted endosymbionts, Ne is unknown in Bathymodiolus 

symbionts. If Ne is reduced, e.g. by transmission bottlenecks such as those observed 

in  Ca. Endoriftia13, selection is eipected to be weak and evolution mostly driven by 

(neutral) genetic drift2,4.  If  there is no such bottleneck and symbionts continue to 

colonize their host over an eitended period of time, Ne is eipected to be larger, and 

genome evolution driven by both, selection and genetic drift. Previously, Picazo et 

al.20 showed that the SOX symbiont species Bbro at site MC853 evolves mainly under 

a purifying selection regime, showing that selection is efective in this species. This 

result was based on analyses over the entire core genome of the symbiont strains 

from one sampling site. In our study we compared FST among symbiont populations to 
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identify candidate genes that have been evolving under selection within fve diferent 

symbiont  species.  Our analysis  included core and accessory genes,  diferent sites 

with distinct biochemical conditions (e.g. site MC853, CH, MK and TY for symbiont 

species Bbro) and diferent host species (e.g.  B. azoricus and  B. puteoserpentis for 

symbiont species NMAR,  Tab. 1). We detected candidate genes under diversifying 

selection  by  signifcant  shifts  in  allele  frequencies.  While  this  approach  detects 

divergent selection between the populations within one species, it is not possible to 

determine which type of  selection is  afecting a single population. Many of  these 

diversifying loci identifed in toiin-related genes that have been hypothesized to be 

involved  in  host-symbiont  interaction21.  Diversifying  selection  in  the  interaction 

mechanisms can help to defne host specifcity as has been suggested for S. enterica, 

in which N in interaction-related proteins infuence the type of animal host which 

could  be  infected35.  Potential  interaction  mechanisms in  Bathymodiolus symbionts 

could  thus  be  selected  for  by  the  interaction  with  the  host,  ensuring  specifc 

recognition and successful colonization that is essential in horizontally transmitted 

symbionts1.  For  eiample,  this  could  be  the  case  if  Bathymodiolus hosts  that  are 

isolated (e.g. geographically at diferent sites). These hosts may (co-)evolve diferent 

recognition mechanisms with their local symbiont population. Another eiample can 

be observed in  the NMAR symbiont  species.  This  symbiont  species colonizes two 

diferent  host  species,  B.  azoricus and  B.  puteoserpentis,  and  thus  host-symbiont 

interaction mechanisms may be diferent. Alternatively, toiin-related genes may also 

be  involved  in  other  processes  such  as  symbiont-mediated  host  defense  against 

pathogens21. Diversifying selection therefore could indicate diferences in pathogen 

abundance or types. 
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In  addition  to  the  host,  eiternal  environmental  conditions  can  apply  selective 

pressure on the symbionts,  particularly  considering that  they obtain their  energy 

from the environment17,39.  We previously identifed diferences in gene abundances 

within and among Bathymodiolus symbiont populations and hypothesized that this is 

an adaptive process driven by environmental conditions15. Here, we tested whether 

we  can  fnd  further  evidence  for  such  selective  processes,  based  on  allele 

frequencies.  We identifed several  diversifying loci  in genes encoding proteins for 

energy generation pathways, such as hydrogen and sulfur oiidation. Such data can 

be interpreted in the light of the concentration of resources in the environment. In 

fact, between the two sampling sites Clueless and Lilliput hydrogen concentrations 

difer substantially15,40,41, which could eiplain our fnding of diversifying selection in 

hydrogenase-related genes among the symbiont populations at these two sites. The 

substrate  concentration  could  therefore  afect  the  direction  of  selection  on  the 

metabolizing enzymes. Unlike hydrogen oiidation, sulfur oiidation genes are part of 

the core genome in  Bathymodiolus symbionts (Chapter III).  Yet,  we also detected 

diversifying selection on these genes in three out of fve symbiont species. Therefore, 

our  study  supports  the  previous  hypothesis  of  adaptive  processes  driven  by 

environmental conditions in Bathymodiolus symbionts and eitends this observation to 

core genes, which, although not subject to variation in presence or absence in co-

occurring strains, nevertheless showed signatures of diversifying selection between 

populations.

The detection of diversifying loci among populations of the same symbiont species 

suggests that  Ne is large enough to allow selection to be efective, and to minimize 

the efect of genetic drift. Therefore, the within-host heterogeneity, which included an 

enrichment of N substitutions in energy generation pathways, is not neutral. These 
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polymorphisms may instead serve as diverse repertoire of traits that can be selected 

for  or  against  in  diverse  environmental  settings.  Despite  efective  selection, 

heterogeneity nevertheless persists in symbiont populations, thus contributing to the 

evolvability  of  the  symbiont  populations.  Our  results  align  well  with  previous 

analyses, and altogether strengthen the idea that functional heterogeneity based on 

both gene content variation and nucleotide and amino acid polymorphisms may be 

benefcial, and evolvability may be selected for15 (see Chapter III). 

Continuous symbiont exchange might be linked to host age and abundance

The comparison of the FST values within and between sites revealed that for most 

Bathymodiolus species,  B.  azoricus,  B.  puteoserpentis,  B. sp.  1  Clueless,  B. sp.  2 

Lilliput  and  B.  heckerae,  mussel  individuals  from the  same sampling  site  harbor 

similar symbiont populations. This was in line with previous fndings15 and supports 

the hypothesis of symbiont eichange among co-occurring host individuals. Symbiont 

eichange would lead to increased heterogeneity within symbiont populations and low 

FST values between populations of the same site. However, for host species B. brooksi 

and  B. thermophilus we observed eitensive diferences in the symbiont population 

structure within and among host individuals, which possibly refects diferences in 

the symbiont acquisition. For B. thermophilus, the limited number of individuals (3), 

sampling  sites  (1)  and  unknown  shell  lengths  hinder  our  ability  to  eiplain  the 

observed diferences between individuals. Our observations for B. brooksi are in line 

with the results of Picazo et al.20, who analyzed samples from a single site (MC853), 

which were also part of our analysis. In addition, we included three more sampling 

sites for the same host and symbiont species and showed that this observation of 
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variation in symbiont population heterogeneity and FST between host individuals still 

holds  true. In  order  to  fully  understand  transmission  processes  in  the  symbiont 

population it is essential to tease apart the reason for this discrepancy between B. 

brooksi and  the  other  host  species  we  analyzed.  Our  results  indicate  a  possible 

connection with shell length indicative of host age, since B. brooksi samples included 

specimen larger than 17 cm which were not available for any of the other species. Of 

the species sampled, only B. brooksi grows to such large sizes. We see a clear drop in 

heterogeneity at shell lengths above 17 cm (also shown by Picazo et al.20). Growth 

rates and maiimum sizes difer between species of Bathymodiolus42,43. Growth rates 

consistently slow down with age in the few species so far investigated, eventually 

reaching saturation, however, the length at which growth ceases difers from species 

to  species.  An individual  that grows very slowly has less growing gill  tissue that 

needs to be colonized by symbionts. Symbiont diversity may decrease as the host 

ages through stochastic loss of symbiont strains. In actively growing individuals these 

might be constantly replenished by strains from the environment. These observations 

could  eiplain  the  drop  of  heterogeneity  in  older  hosts,  and  partially  eiplain  the 

diferences in FST between B. brooksi and the other species because only in B. brooksi 

we had hosts larger than 17 cm. However, the patterns we see (Fig. 7) cannot be fully 

eiplained by host age, as some small B. brooksi host individuals also show relatively 

low symbiont diversity. 

Another possible eiplanation for the similarity of symbiont populations in co-occuring 

host  individuals  is  the  number  of  symbiont  cells  in  the  water  column,  e.g.  the 

environmental symbiont “titer”. The symbiont species along the Mid Atlantic Ridge 

originate  from mussel  beds  that  are eitremely  dense.  In  contrast,  Bathymodiolus 

brooksi from the sampling sites MC853, MK, TY and CH occurred in small isolated 
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patches  with  CH  being  the  site  with  most  mussels  per  patch  (personal 

communication with Christian Borowski  and Maxim Rubin-Blum and images from 

feld work)20. This more scattered distribution of mussels may decrease the symbiont 

titer in the water column, which could make the uptake from the water column less 

eficient  and  the  re-infection  within  the  animals  therefore  the  more  dominant 

colonization process.  Loss of  symbiont strains may thus not be replenished in all 

individuals, leading to a decrease in heterogeneity in the  B. brooksi mussels which 

consequently leads to an increase in FST between individuals. 

Altogether, these data indicate that the colonization dynamics over the lifetime of 

Bathymodiolus hosts  are  still  not  fully  understood.  This  variation  observed  in  B. 

brooksi and  B.  thermophilus might  be  due  to  a  variety  of  factors  including  host 

species,  symbiont  titer,  host  age  and  symbiont  loss.  We  suggest  a  systematic 

approach with diferent size ranges of not only adult mussels but also juveniles of 

diferent host species to investigate, how symbiont transmission happens throughout 

the lifetime of Bathymodiolus. 

Conclusion and outlook

Our  study  revealed  the  potential  of  high-resolution  metagenomics  datasets  for 

understanding both genome evolution in  natural  symbiotic  bacteria  and symbiont 

transmission in deep-sea animal hosts. A strong bias towards the study of genome 

evolution  in  vertically  transmitted  endosymbionts  has  left  a  lot  of  ‘unknowns’  in 

horizontally  transmitted  symbionts.  The  selection  regimes  under  which  bacteria 

evolve  is  strongly  afected by  Ne,  which  can vary  substantially  between  diferent 

horizontally  transmitted  endosymbionts.  Our  observations  of  high  heterogeneity, 
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efective natural selection and high similarity of symbiont populations between co-

occurring  hosts  all  support  the  hypothesis  of  continuous  symbiont  uptake  and 

eichange in Bathymodiolus. B. brooksi is an eiception that can possibly be eiplained 

by factors such as age and abundance of free-living symbionts. The high density of 

amino acid substitutions within symbiont populations and diversifying genes between 

populations are in line with previous fndings of functional heterogeneity within and 

between symbiont populations in some Bathymodiolus symbionts15 (see Chapter III). 

Our fndings show that  natural  selection afects not only  accessory but also core 

functions and strongly  supports  the idea that  evolvability  is  selected for  in these 

symbioses, and both the environment and the host can drive such selection.

In addition to the environment, other factors such as phage predation, interaction 

among symbiont strains or with other symbiont species, and diferences in lifestyles 

can also act as selective forces. A more targeted analysis based on multi-factorial 

combinations  of  e.g.  environments,  hosts  species,  hosts  age,  would  help  to  tease 

apart some of the factors driving diversifying selection in the symbionts. The analyses 

of  allele  frequencies and FST outliers  is  a sensitive method that captures ongoing 

evolutionary  processes  implying  that  the  genomic  signals  we  described  were  of 

relatively  recent  selection within symbiont  species11.  Additional  analyses could be 

performed  to  detect  more  ancient  selection  based  on  substitution  rates  of  fied 

mutations between the symbiont species (e.g. dN/dS)33. In order to perform a dN/dS 

analyses, the genomes have to be divergent. For this analysis representative genomes 

for each species is required. The symbiont lineages in this study are closely related to 

free-living  bacteria  and  symbionts  of  other  host  types  (e.g.  sponges).  A  dN/dS 

analysis among all of these would allow us to detect signatures of selection between 

these  lifestyles.  Finally,  by  investigating  the  genes  under  strong  purifying  or 
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balancing selection, within species through FST outliers or between species through 

dN/dS, we could start to understand which functions are fundamental in the symbiont 

lineages, hence need to be conserved.  

The population-wide genome signatures we detected in Bathymodiolus symbionts can 

be  eiplained by a large  Ne.  This  deviates  substantially  from most  studies on the 

genome  evolution  of  endosymbionts,  as  these  considered  usually  vertically 

transmitted  symbionts  with  small  Ne.  The  high  functional  heterogeneity  and  the 

efective selection we identifed are not observed in the ‘typical’ endosymbiont, but 

are  reminiscent  of  a  ‘typical’  free-living  bacterium.  Compared  to  the  latter,  a 

horizontally transmitted endosymbiont has a host-associated and a free-living stage, 

and therefore is characterized by the necessity to survive under both conditions. The 

consequences of this multidimensional lifestyle on genome evolution are of strong 

interest  because  the  latter  can  help  use  to  understand  fundamental  processes 

underpinning symbiotic associations. For eiample, genomic signatures in  Solemya 

velum symbionts  have  revealed  that  instead  of  strict  vertical  transmission,  the 

symbionts eiperience occasional horizontal transmission events resulting in a miied 

transmission mode44,45. Horizontal transmission of endosymbionts can result in small 

and  large  Ne and  studies  such  as  ours  show  the  potential  of  elucidating  the 

evolutionary dynamics afecting these communities. We encourage to continue and 

deepen  the  investigation  of  genomic  evolutionary  signatures  in  natural 

endosymbionts  undergoing  horizontal  transmission,  which  may  be  a  bacterial 

‘solution’ to avoid going down the evolutionary rabbit hole. 
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Chapter  V  |  Preliminary  results,  concluding  remarks  and 
future directions

Life  at  hydrothermal  vents  and  cold  seeps  is  almost  exclusively  supported  by 

chemosynthesis (Jannasch H. W., 1985). Most of the fauna in these habitats owe their 

success to their association with bacterial, chemosynthetic symbionts that provide 

their nutrition  (Dubilier et  al.,  2008).  Bathymodiolus mussels are one of the most 

dominating animal groups and extremely widespread in chemosynthetic habitats all 

around the world, including hydrothermal vents, cold seeps, whale and wood falls 

(Duperron,  2010).  The diversity  of  symbionts  in  the  Bathymodiolus symbiosis  has 

been  subject  of  study  since  their  discovery.  In  1995  it  was  shown  that  some 

Bathymodiolus species  have  evolved  a  dual  symbiosis  with  two  divergent  16S 

phylotypes – a SOX and a MOX symbiont – that coexist in single bacteriocytes (Distel 

et al., 1995). Since then up to 6 diferent symbiont species have been detected to 

associate with single Bathymodiolus species and individuals (Duperron et al., 2008). 

A few studies based on 16S sequences and the intergenic spacer region discovered 

more  closely  related  phylotypes  in  single  mussels  of  B.  puteoserpentis and  B. 

azoricus in both SOX and MOX symbionts (DeChaine and Cavanaugh, 2005; Won et 

al.,  2003).  This  raised  the  suspicion  that  there  is  more  hidden  diversity  in 

Bathymodiolus communities than previously thought. For a long time it was unknown 

whether and to what extent these phylotypes difered functionally from each other. 

And this is a key question, because this has potentially major consequences for the 

host and for the interaction among strains within the symbiont population. In fact, 

during the time of my studies Ikuta et al. (2016)  discovered hidden diversity in the 

SOX  symbiont  in  B.  septemdierum hosts  by  using  recent  methodologies  and 

sequencing  technologies.  However,  in  this  study  a  single  host  individual  was 
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sequenced,  leaving  the  extend  of  intra-specifc  diversity  in  other  Bathymodiolus 

species  and  potential  implications  for  the  symbiotic  association  elusive.  The 

combination of high-resolution metagenomic and metatranscriptomic sequencing, as 

well  as  the  development  of  computational  workfows  has  a  great  potential  of 

resolving  such  microdiversity.  During  my  studies  I  developed  a  metagenomic 

approach  to  study  intra-specifc  strain  diversity  in  natural  populations  of 

Bathymodiolus, which can potentially also be applied to other systems. My results 

have revealed extensive intra-specifc functional heterogeneity in the SOX symbiont 

and its  relatives from the widespread SUP05 clade.  Using polymophism data and 

nucleotide frequencies, we obtained insights into symbiont population structure that 

can  help  us  understand key  processes  such as transmission,  which  are  currently 

impossible  to  observe  in  nature or  in  the laboratory.  My results  have challenged 

current evolutionary theories and ofer explanations how these can be extended to 

account for our observations of pervasive strain diversity in environmental deep-sea 

symbioses.

5.1 Microdiversity in Bathymodiolus symbionts

Investigating intra-specifc diversity within bacterial populations poses an immense 

challenge when the bacteria cannot be cultured in the laboratory. This is also the 

case for all Bathymodiolus symbionts. But even for bacteria that have been cultured, 

it is unclear how much these cultures represent the diversity of populations in the 

environment.  Both factors stress the need for  cultivation-independent  methods to 

investigate  intra-specifc  diversity.  Metagenomic  sequencing  has  the  potential  to 

detect even single nucleotide changes within bacterial species. The major remaining 

challenge is to tease apart highly similar strains from metagenomes, to link single 
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nucleotides that stem from the same cell. For example, the high sequence similarity 

among strains of the same species often cannot be resolved during the assembly. This 

leads to the production of contigs that represent a consensus sequence of a strain 

mixture, thus masking the underlying sequence heterogeneity among single strains. 

Detecting  this  heterogeneity  requires  sophisticated  approaches  and  workfows  as 

those I developed for this study (chapter II). In addition, I took advantage of the low 

species diversity in Bathymodiolus symbionts with a maximum of six, but usually only 

one or two species of symbionts in a single animal. This low diversity allowed me to 

obtain the high sequencing coverage within symbiont species (e.g. > 100x in the SOX 

symbiont)  that  is  needed  to  investigate  strain-level  diversity.  The  workfow  I 

developed  detected  extensive  genome-wide  heterogeneity  in  the  SOX  symbiont, 

which was unexpected based on  their  homogeneity  at  the level  of  single  marker 

genes  (Duperron,  2010;  Duperron  et  al.,  2008,  2006).  This  heterogeneity  was 

manifested  in  nucleotide  polymorphisms  and  gene  content  variation.  Using  this 

approach I was able to detect up to 16 diferent SOX strains in single Bathymodiolus 

hosts and revealed functional heterogeneity among these (chapter II). Such a high 

number was also surprising as endosymbioses are usually expected to have low strain 

heterogeneity.  This  is  due  to  genetic  conficts,  that  can  arise  when  two  strains 

compete for the same resource (Russel et al., 2017; Frank, 1996). Recent studies that 

used high-resolution sequencing technology have revealed some strain-level diversity 

in chemosynthetic endosymbionts of Ridgeia piscesae (Perez and Juniper, 2017) and 

Riftia pachyptila (Polzin et al., 2019; Robidart et al., 2008) tubeworms and Solemya 

velum clams (Russell and Cavanaugh, 2017). However, these numbers were one order 

of magnitude lower than those in Bathymodiolus mussels. Former studies, based on 

the 16S rRNA gene have shown the co-existence of up to nine ribotypes in Osedax 

worms (Verna et al., 2010; Gofredi et al., 2007) and up to 7 ribotypes in shipworm 
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symbionts  (Luyten et al.,  2006). However, the extent for genomic variation within 

these  host  species  has  not  been  shown.  Thus,  the  number  of  16  strains  in 

Bathymodiolus is the highest reported so far to co-exist intracellularly within single 

animal hosts.

There are diferent possible explanations why no study has so far observed such a 

high number of co-existing strains. First, the limitations in sequencing technologies. 

Only in the recent years these have given us the resolution to tease apart strain-level 

diversity.  Ellegaard  and  Engel  (2019) have  postulated  that  nucleotide  diversity 

increased up to a sequencing depth of 1000x, a number that so far is rarely reached 

in metagenomic studies.  Also in our study we observed that when increasing the 

sequencing  coverage,  we  can  detect  a  higher  number  of  strains.  Whereas  at  a 

sequencing  depth  of  100x  we  detected  9  co-existing  symbiont  strains  in  B. 

puteoserpentis, this number increased to 16 when we reached a sequencing coverage 

of  370x.  Therefore,  other  endosymbiont  populations  may  have  a  hidden  micro-

diversity that will be discovered as high-resolution studies increase. Second, there 

may  be  biological  reasons.  In  endosymbioses  the  co-existence  of  closely-related 

strains  can  have  drastic  consequences.  For  example,  competition  between  these 

strains  for  host  resources  can  lead  to  the  destabilization  or  potentially  even 

breakdown of the symbiotic association  (Frank, 1996). This can be caused by the 

emergence of cheater strains which get all the resources provided by the host but 

gives  nothing  or  less  in  return.  A  cheater  strain  therefore  has  a  competitive 

advantage over the mutualistic strain, as can be observed in rhizobial symbionts of 

legumes  (Sachs et  al.,  2010a,  2010b).  We ofered one possible  explanation under 

which circumstances high endosymbiont strain diversity may be tolerated (chapter 

II). Specifcally, we suggested that when the symbionts’ energy source comes from 
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the environment and not directly from the host there is less competition for host 

resources and therefore less opportunity to cheat (chapter II, see  5.4). This would 

limit  the endosymbioses with high strain diversity to those systems with external 

energy sources (e.g. chemosynthetic and photosynthetic symbioses).

5.1.1 How diverse is the MOX symbiont?

The  extent  of  strain  diversity  was  unknown for  the  SOX symbiont  until  recently. 

Similarly,  it  was  unclear  how  heterogeneous  the  MOX  symbiont  is  and  how  it 

compares to the SOX symbiont – i.e. whether it is characterized by a high or low 

intra-specifc  diversity.  In  chapter  III  we  have  shown,  that  within  most  MOX 

populations less than 5% of all protein-coding sequences were strain-specifc. These 

results indicate that the MOX population is not clonal, and strains within a single host 

individual can difer in their gene content. However, the degree of this variation was 

vastly less that what we observed for the SOX symbiont in  Bathymodiolus mussels 

(chapter  II  and  III).  Therefore,  our  results  suggested  a  lower  degree  of  overall 

variability within the MOX symbiont. Consistently, Picazo et al. (2019, contributed 

works) found lower nucleotide diversity in the MOX symbiont when it was compared 

to the SOX. This analysis was performed on a single host species, B. brooksi, from a 

single site, MC853, in the Gulf of Mexico (GoM). Here, I extended this analysis to 

three host species from seven sites and the preliminary results confrmed the low 

degree of heterogeneity (Fig. 1). Within MOX populations of single host individuals, 

genome-wide  heterogeneity  was  mostly  below  3  SNPs/kbp  (for  comparison,  SOX 

symbionts had up to 13 SNPs/kbp). However, there were a few exceptions with > 5 

SNPs/kbp in B. brooksi individuals from site MC853. Such a striking diference in the 

intra-specifc diversity of MOX and SOX symbionts is remarkable and needs to be 
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interpreted in the light of multiple factors that defne this symbiotic consortium: i) 

heterogeneity in the free-living symbiont  population,  ii)  selective symbiont  uptake 

and iii) restriction of symbiont uptake to short time window (physical bottleneck).

The  frst  and most  obvious  reason that  can  explain  a  diference in  the  symbiont 

heterogeneity is the heterogeneity of the potentially colonizing symbiont population. 

Both SOX and MOX symbionts have been suggested to be horizontally transmitted 

(Fontanez  and  Cavanaugh,  2014;  Wentrup  et  al.,  2014;  Won  et  al.,  2003).  This 

implies,  that  there  has  to  be  a  free-living  stage  that  colonizes  juvenile  host 

individuals.  If the pool of free-living MOX bacteria is less heterogeneous than the 

SOX population, this would lead to a lower heterogeneity of MOX symbionts within 

the  host  as  well.  To  determine  this  we  need  to  have  an  estimate  of  the  strain 

composition in the environmental MOX population. However, despite many years of 

research investigating the  Bathymodiolus symbiosis,  this is  still  unclear.  Symbiont 

sequences have been found in environmental samples from water and bioflms but 

their  genomic  diversity  remains  to  be  shown  (Fontanez  and  Cavanaugh,  2014; 

Crépeau et al., 2011).

Secondly, the host might be discriminating between strains that can colonize the gill 

tissue and those that cannot. Such processes have been described for example in 

Euprymna scolopes squids that are highly selective towards strains that can colonize 

their light organs (Nyholm and McFall-Ngai, 2003; Visick and McFall-Ngai, 2000). It 

is therefore possible that the host is selective towards just a few MOX strains that 

can  successfully  colonize  the  host.  Instead,  such  discrimination  might  be  more 

relaxed  or  absent  towards  diferent  SOX  strains,  explaining  the  diferences  in 

heterogeneity. 
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Lastly, there could be a diference in the transmission mode between SOX and MOX 

symbionts.  We have hypothesized that the SOX symbiont is acquired continuously 

from the environment (discussed further down). However, this time frame where host 

tissue can be colonized from an external population could be restricted in the MOX 

symbiont. A short time window for colonization from the external population would 

impose a physical bottleneck that can reduce population heterogeneity within the 

host. An example for such a bottleneck was shown in Riftia tubeworms where only a 

few symbiont cells can colonize host juveniles  (Nussbaumer et al., 2006). If chance 

was to dictate which strain can colonize the juvenile host, this could also cause a 

diference in the strains between host individuals. 

Interestingly, preliminary analyses of nucleotide polymorphisms in the MOX revealed 

a wider span in the degree of heterogeneity for B. brooksi from the GoM, compared 

to other host species (Fig. 1). This was similar to the SOX where I also observed a 

wide span in the degree of heterogeneity in host species  B. brooksi,  whereas the 

degree  of  heterogeneity  was  always  similar  among  co-occurring  hosts  of  other 

species (chapter II., III and IV). 

In addition to measures of heterogeneity in the symbiont populations of individual 

hosts, the degree of similarity between symbiont populations of two host individuals 

can help to untangle symbiont transmission, which otherwise is virtually impossible 

to  observe  in  nature  (chapter  II  and  IV).  FST is  a  population  genetic  measure 

indicating how similar two populations are. Therefore I  analyzed the FST between 

MOX  populations  of  diferent  host  individuals  from  the  same  site.  This  analysis 

revealed that the MOX populations between individuals from a single site are very 

similar for host species B. puteoserpentis (vent site SEM, LG) and B. heckerae (seep 
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site CH) (Fig. 1). This is in line with our observations in the SOX symbiont that also 

showed a  high similarity  between the symbiont  populations  of  individual  mussels 

from  the  same  site  (chapter  IV).  Intriguingly,  for  B.  brooksi  (only  site  MC853 

investigated for the MOX) the symbiont populations between host individuals from 

the same site difered substantially for both symbiont types (Fig. 1 and chapter IV). 

This  observation  suggests  that  both  symbionts  are  subject  to  similar  population 

dynamics.  These preliminary  results  also  strengthen our  observation for  the SOX 

symbiont, indicating that  B. brooksi is fundamentally diferent from the other host 

species, although the reasons for this diference are still unclear. 

 

5.1.2 What makes B. brooksi unusual?

In  Chapter  IV  we  discovered  that  B.  brooksi had  a  much  wider  range  of  strain 

diversity  compared  to  other  Bathymodiolus species.  Some  explanations  for  such 

discrepancy have been outlined in Chapter IV. Here I expand on the possible reasons 

that  were  discussed  and  speculate  about  additional  scenarios  that  could  be 

considered. B. brooksi individuals difer from those of other host species in two ways: 
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i) The symbiont population heterogeneity in B. brooksi is extremely low for some host 

individuals. Instead, other individuals harbor a heterogeneous SOX population. This 

leads  to a  wide  range of  values  in  the degree of  symbiont  heterogeneity.  ii)  The 

similarity  of  symbiont  populations  is  very  low  between  some  co-occurring  hosts 

(chapter IV). Both is in stark contrast to what we observe for the other host species 

B. azoricus,  B. puteoserpentis,  B. sp. 1 from Clueless,  B. sp. 2 from Lilliput and  B. 

heckerae (Fig. 2). For these host species, the degree of symbiont heterogeneity is 

similar among individuals from the same site. In addition, the symbiont populations 

are very similar between the individuals, as shown by low FST values. This indicates 

that generally co-occurring host individuals share most of their SOX symbiont strains.

There are three factors that can possibly explain the diference between B. brooksi 

and the other host species: i) host age, ii) symbiont abundance in the environment 

and  iii)  host  species.  First,  the  extremely  low  symbiont  diversity  in  some  host 

individuals could by infuenced by host age. As discussed in chapter IV and in Picazo 

et al. (2019, contributed works), all very old individuals with shell lengths above 17 

cm investigated so far have low symbiont diversity (Fig. 2). B. brooksi individuals can 

grow very large and the largest individuals we collected were up to 25 cm in shell 

length. As pointed out in chapter IV, the growth rates for  B. brooksi are unknown. 

However,  B. brevior and  B. thermophilus mussels were shown to slow down their 

growth when they reached a certain shell length   (Nedoncelle et al., 2013; Schöne 

and Giere, 2005). Interestingly, for B. thermophilus, a reduction in growth rate starts 

at a shell length of around 16 cm. This host species reaches shell lengths of up to 

18.4 cm (Nedoncelle et al., 2013; Rhoads et al., 1981) which is larger than B. brevior 

individuals  but  still  smaller  than  maximum shell  lengths  that  we  observed  in  B. 

brooksi. Assuming that new gill tissue is continuously colonized by a mixture of self-
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infection  and  environmental  symbionts,  this  balance  of  symbiont  source  might 

become shifted when tissue growth slows down. For example, this could be due to the 

velocity of tissue growth. Internal self-infection might not be fast or eficient enough 

to colonize fast growing gill tissue. Instead, when SOX strains from the environment 

come in contact with young symbiont-free tissue, they can possibly colonize it. If gill 

tissue  is  produced at  a  much slower  rates  in  old  individuals,  the  chance of  self-

infection by the internal symbiont population could be higher than the colonization by 

a (possibly rare) strain from the environment. Slow growth therefore could lead to a 

decrease in the chance of environmental symbionts to ‘meet’ symbiont-free tissue. 

Such a process might also be infuenced by the loss of microvili on bacteriocytes after 

being colonized  by  symbionts,  possibly  indicating that  there  is  only  a  window of 

opportunity for the colonization (Wentrup et al., 2014). This would explain why there 

are  no  new  strains  coming  in.  However,  this  does  not  explain  why  symbiont 

heterogeneity drops in old individuals. 

A decrease in symbiont diversity could be explained by the loss of symbiont strains. 

This could happen through internal competition among the bacteria. If strains from 

the environment can colonize new gill cells, symbiont strain loss through competition 

may  be  balanced  by  replenishment  with  external  strains.  A  connection  between 

changes in microbiota diversity and host age has been observed in other symbioses. 

For  example,  the  gut  microbiota  of  honey  bees  becomes  unstable  in  old  bees 

compared to young and mid-aged individuals (Ellegaard and Engel, 2019). Similarly, 

instability and reduced genetic diversity are characteristic for the gut microbiome in 

elderly humans  (Nagpal  et  al.,  2018; Salazar et  al.,  2017;  Claesson et  al.,  2011). 

Therefore, I hypothesize that old age induces a change in the symbiont population, 

possibly due to ineficient acquisition of external strains in B. brooksi. Unfortunately, 
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the lack of other host species with shell lengths above 17 cm hampers our ability to 

tease  apart  the  impact  of  host  age  on  symbiont  strain  heterogeneity  from other 

factors, such as the environment or host species.

A second factor that can possibly cause the diference between B. brooksi and other 

host species is the density of symbionts in the surrounding seawater. There is no 

evidence  so  far  for  a  proliferating  free-living  population  of  the  SOX  symbiont 

(Fontanez and Cavanaugh, 2014). In fact, Ponnudurai et al. (2017) suggested that the 

metabolic capabilities including an incomplete TCA in the SOX genomes indicates 

that these symbionts depend on the host for survival. Thus the free-living stage of the 

SOX symbiont might be only a transition stage where the cells can survive but not 

proliferate. If this is the case, the uptake of symbionts highly depends on the density 

of  mussel  individuals  at  a  vent  or  seep  site  as  these  would  ‘inoculate’  the 

environment  with  symbiont  strains.  Following  this  line  of  thought,  it  might  be 

possible that the mussel density explains the diversity patterns we see in B. brooksi. 

The host species B. brooksi occurs at many cold seep sites in the GoM. Our samples 

originated from one site in the northern GoM (MC853) and three sites in the southern 

GoM (CH: Chapopote, MK: Mictlan Knoll 2201 and TY: Tsanyao Yang Knoll 2223). A 

general feature that is common to the seep sites in this study is the low density and 

patchy  distribution  of  host  individuals  (Fig.  2).  This  was  in  contrast  to  the 

hydrothermal  vent  sites  at  the  Mid  Atlantic  Ridge  (MAR)  which  typically  had 

extensive mussel  beds  with many thousands of  individuals  (Fig. 2).  We observed 

extremely low heterogeneity values of approx. 1 SNP/kbp only at two out of four seep 

sites – in 4 out of 5 individuals at site TY, and in 11 out of 21 individuals at site 

MC853.  If  there  are  only  few  host  individuals  that  release  symbionts  into  the 

environment this might shift the balance between self-infection and colonization of 
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young gill tissue from external strains towards the former. Instead, stochastic factors 

may dictate whether strains get exchanged among host individuals. This hypothesis is 

supported by the fact that the similarity of symbiont populations between B. brooksi 

individuals  was  lower  than  in  all  other  species  examined,  indicating  that  not  all 

strains get eficiently exchanged (chapter IV). In the case of extremely low strain 

heterogeneity in B. brooksi individuals at TY and MC853, it is unclear whether this is 

due to symbiont loss or a reduced colonization by environmental strains. Symbiont 

loss could potentially happen through competition among strains within a host or due 

to preferential digestion by the host. The latter would require the host to diferentiate 

among strains or alternatively certain strains may have found more eficient ways to 

escape host digestion. 

Finally,  the diference in  B. brooksi  compared to other host  species could be the 

result of diferences in the biology of the host species that afect how they interact 

with  symbionts.  It  is  intriguing  that  in  addition  to  having  unusual  symbiont 

population structure, phylogenetically, B. brooksi is quite divergent to the other host 

species included in this study (Lorion et al., 2013). We have hypothesized convergent 

evolution of diferent mechanisms that allowed the establishment of a symbiosis for 

diferent  symbiont  (and  host)  species  (Chapter  III,  Sayavedra,  2016).  Thus,  a 

diference  in  host-symbiont  interaction  mechanisms  could  lead  to  a  less  eficient 

colonization of B. brooksi hosts by external symbionts. B. brooksi co-occurs with host 

species B. heckerae at site CH (Fig. 2). Unlike B. brooksi, B. heckerae had a narrow 

range  in  the  degree  of  symbiont  heterogeneity  and  a  high  symbiont  population 

overlap between individuals. This supports the hypothesis that the host species can 

infuence the processes of symbiont uptake and exchange.
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In  order  to  tease  apart  the  above-mentioned possibilities  I  suggest  to  perform a 

systematic sequencing efort across a wide range of age cohorts in the host species 
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(including very young juveniles and very old individuals) and from sites with diferent 

densities in the mussel beds. Ideally this was performed for two or more host species, 

including  B. brooksi. This implies a huge sampling efort, which might be dificult, 

considering the mussel’s deep-sea habitat. 

5.2. Functional heterogeneity in regulatory mechanisms

In chapter II we observed fundamental gene content diferences in the high-afinity 

phosphate transport system PstSCAB and the two-component phosphate-dependent 

regulatory  system  PhoR-PhoB  (Pho  regulon,  Santos-Beneit,  2015) between 

Bathymodiolus SOX symbiont species but also within populations of the same species 

and  even  within  single  host  individuals  (Ansorge  et  al.,  2019,  chapter  II).  We 

screened additional datasets, most of which were briefy discussed in chapter II (Tab. 

1).  We  observed  that  these  Pst-system  and  PhoR-PhoB  were  absent  at  three 

hyrothermal  vent  sites (Lilliput,  Myonin Knoll,  Crab Spa),  corresponding to three 

diferent symbiont species (one at each vent site). In addition these systems were 

strain-specifc at two vent sites at least. In contrast, Pst and PhoR-PhoB were absent 

from the clam symbionts and most free-living SOX lineages (Tab. 1). As pointed out 

in chapter II we could not fnd any other description of a bacterial species lacking 

both  the  Pst  and  PhoR-PhoB  system.  Our  observations  suggest  that  the  SOX 

symbionts  of  Bathymodiolus vary  substantially  not  only  in  their  phosphorus 

acquisition  mechanisms,  but  also  in  phosphate-dependent  regulation  of  gene 

expression.  In  other  bacteria  this  system  has  been  described  to  be  involved  in 

regulating  mechanisms  that  are  potentially  important  in  symbiosis,  such  as  the 

production  of  secondary  metabolites  and  virulence  factors  (Romano et  al.,  2015; 

Santos-Beneit, 2015; Lamarche et al., 2008). 
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Host or free-living Symbiosis Species PstS PstC PstA PstB PhoB PhoR

B. azoricus mussel NMAR LSET 1 1 1 1 1 1 1 1 present 1586B

B. azoricus mussel NMAR LSMS 1 1 1 1 1 1 1 1 present 1586K

B. azoricus mussel NMAR RB 1 1 1 1 1 1 1 1 present 1600G

B. azoricus mussel NMAR MG 0 1 1 1 1 1 1 1 present 1586Q

B. puteoserpentis mussel NMAR SEM 1 1 1 1 1 1 1 1 present 1115C

B. puteoserpentis mussel NMAR LG 1 1 1 1 1 1 1 1 present 2487A

mussel SMAR CL 1 1 1 1 1 1 1 1 present C112

mussel SMAR LI 0 0 0 0 0 0 0 1 present L102

mussel SMAR WA 1 1 1 1 1 1 1 1 present WA

B. brooksi mussel Bbro TY 1 1 1 1 1 1 1 1 present 3411F

B. brooksi mussel Bbro CH 1 1 1 1 1 1 1 1 present 3411K

B. brooksi mussel Bbro MC853 1 1 1 1 1 1 1 1 present 1712M

B. brooksi mussel Bbro MK 1 1 1 1 1 1 1 1 present 3411A

B. heckerae mussel Bh_sup05 CH 1 1 1 1 2 1 1 1 present

B. heckerae mussel Bh_sox2 CH 1 1 1 1 1 1 1 1 present 1600D_SOX2

B. septemdierum* mussel Bsep MyK 0 1 0 0 0 0 0 1 present AP013042.1

mussel Bcry_sox2 DC673 1 1 1 1 1 1 1 1 present 1875A

mussel Bcry_sup05 DC673 1 1 1 1 1 1 1 1 present 1875D

B. thermophilus mussel Bthe CS 0 0 0 0 0 0 0 1 present 1600T

C. magnifca* clam Rmag CM 0 0 0 0 0 0 0 1 present CP000488

C. magnifca* clam Rmag UCDCM 0 0 0 0 0 0 0 1 present JARW00000000.1

C. okutanii* clam Voku HA 0 0 0 0 0 0 0 1 present AP009247

Free-living Tauto EF1 0 0 0 0 0 0 0 1 present NZ_CP010552.1

Free-living Tsing GG2 0 0 0 0 0 0 0 1 present CP008725.1

Free-living Tsing PS1 0 0 0 0 0 0 0 1 present CP006911.1

Free-living Tsp MED612 1 1 1 1 0 1 1 1 present 2026721.3

Free-living Tsp MED218 0 0 0 0 0 0 0 1 present 1986874.3

SUP05* Free-living Tsp SUP05 0 0 0 0 0 0 0 1 present 655186.3

SUP05 Free-living Tperd C2484 0 0 0 0 0 0 0 1 present C2484

SUP05 Free-living Tperd C2488 0 0 0 0 0 0 0 1 present C2488

Table 1 | Presence and absence of Pst genes, PhoR-PhoB, PhoU and a low-afinity transporter for 
phosphate in the SOX symbionts and other relatives from the Thioglobaceae family. Light grey indicates that 
these genes were strain-specifc within symbiont populations, medium grey indicates that this gene was present and dark 
grey indicates that more than one copy of the gene were present.

Site/ 
strain

Pho
U

PhoU 
homolog

Low-afinity  
P-transporter

Library / 
Accession

B. sp. Clueless

B. sp. Lilliput

B. sp. Wideawake

1600D_SUP05S
OX

B. sp. Cryptic GoM

B. sp. Cryptic GoM

Ca. T. autotrophicus*

Ca. T. singularis*

Ca. T. singularis*

Ca. T.  sp. strain*

Ca. T.  sp.*

* Publications describing these genomes are (from top to bottom): Ikuta et al., 2015, Newton et al., 2007, Lee et al., 2014, Kuwahara et al., 2007, 
Shah and Morris, 2015, Marshall and Morris, 2015, Callbeck et al., 2018



Chapter 5 | Preliminary results, concluding remarks and future directions

The  variability  we  observed  in  the  Pho  regulon  is  likely  linked  to  variability  in 

intergenic  regions  as  well.  Genes  that  are  regulated  by  the  Pho  regulon  are 

characterized by the presence of specifc DNA sequences in the non-coding promoter 

region, called the ‘PHO box’. If the response regulator PhoB is phosphorylated, which 

is the case for example during phosphate limitation, it  binds to the PHO box and 

activates or represses the transcription of a particular gene  (Santos-Beneit, 2015). 

The DNA sequences of these PHO boxes thus determine whether PhoB can bind. 

Therefore,  we  would  expect  nucleotide  variation  in  the  PHO  box  to  have  a 

fundamental efect on the gene expression in the SOX symbionts. Preliminary data 

indicate that the number of polymorphisms difers between inter-genic regions in the 

SOX symbiont (data not shown). However, to what extent promoter binding sites are 

afected, needs to be investigated. The PHO box often consists of two 11-nucleotide 

direct repeat units with seven well  conserved nucleotides within bacterial species 

(Santos-Beneit, 2015). Between species, these sequences are less conserved which 

poses a challenge to the de novo detection of PHO boxes in bacterial genomes. One 

approach could be to create a database with all known PHO box sequences and blast 

these against the genomes of interest. In addition, promoter regions of genes that are 

likely regulated by PhoR-PhoB, such as phosphate-acquisition mechanisms, could be 

screened for direct repeat sequences. If this is successful, these potential PHO boxes 

could be blasted against the rest of the genome to detect other genes that may be 

regulated by this mechanism.

Considering the importance of inter-genic regions for cellular processes such as gene 

regulation, the question arises how natural selection afects these. Especially, for an 

endosymbiont  with  horizontal  transmission  mode  such  as  the  SOX symbiont,  the 

regulation  of  gene  expression  may  be  essential  to  survive  in  very  distinct 
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environments  inside  and  outside  of  the  host.  Fluctuation  in  the  availability  of 

resources,  as can be observed at  hydrothermal vents  (Zielinski  et  al.,  2011) may 

impose an additional requirement for precise regulation of the symbiont metabolism. 

In fact, despite often considered neutral  (Wang and Chen, 2013; Hu et al.,  2006), 

bacterial  inter-genic  regions  have  recently  been  described  to  experience  strong 

purifying selection and potentially even positive selection (Thorpe et al., 2017). The 

investigation of allele signatures in promotor binding sites, such as the PHO Box, 

could therefore help to identify evolutionary signatures in the regulatory machinery 

of endosymbionts. Population genetic concepts for the detection for selection could 

be one approach to identify inter-genic loci that have been subject to adaptive or 

purifying selection (see chapter IV, Hohenlohe et al., 2010). 

5.3 Mediators of genomic plasticity

In Chapters II, III and IV we analyzed the striking plasticity in the genomes of SUP05 

symbiont strains. We hypothesized that the variability among closely related strains 

can  be  explained  by  frequent  horizontal  acquisition  and  loss  of  genes  and  gene 

clusters, as well as genome rearrangements. Horizontal acquisition of genes needed 

for using additional energy sources as well as carbon fxation has been suggested 

before for the SOX symbionts of Bathymodiolius (Kleiner et al., 2012). Sayavedra et 

al. (in  prep., contributed  works)  showed  that  the  Bathymodiolus symbionts  are 

enriched in mobile genetic elements (MGEs) such as transposases and restriction-

modifcation (RM) systems, compared to their free-living relatives and the related 

vertically transmitted clam symbionts. RM systems have been described to be have a 

variety of functions, many of which increase genomic variation (Vasu and Nagaraja, 

2013). These functions include genome rearrangements, horizontal gene transfer and 
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phage  defense.  Therefore,  the  enrichment  of  RM  systems,  as  often  observed  in 

naturally competent bacteria, could indicate an increased uptake of foreign DNA that 

needs to  be controlled  to avoid  harmful  efects on the cells  (Vasu and Nagaraja, 

2013). 

5.3.1 Potential functions of CRISPR-Cas in the SOX symbionts

I discovered that the SOX strains symbiotic to  Bathymodiolus mussels encoded Cas 

genes  that  are  associated  with  clustered  regularly  interspaced  short  palindromic 

repeats (CRISPR). CRISPR-Cas systems have been described as an ‘adaptive immune 

system’ that protects prokaryotes from viruses and other sources of mobile genetic 

elements,  such  as  plasmids  (van  der  Oost  et  al.,  2014;  Makarova  et  al.,  2011; 

Barrangou et al., 2007). The palindromic repeats are separated by short sequences 

called ‘spacers’ which represent a memory of foreign DNA encountered during past 

infections.  Typically,  the CRISPR-Cas interference happens in three stages.  In the 

frst stage, termed adaption, the CRISPR array expands by incorporation of another 

spacer sequence along with another repeat sequence. This stage is followed by the 

expression stage, where the Cas genes are transcribed to form the CRISPR RNAs 

(crRNAs) that each include a spacer sequence as target recognition. Finally, during 

the interference stage, crRNAs bind to the complementary target sequences and thus 

guide  the  Cas  proteins  towards  the  correct  target  sequence  which  then  gets 

degraded (Westra et al., 2014; Yosef et al., 2012). My studies revealed that CRISPR-

Cas  systems  and/or  arrays  were  encoded  in  all  Bathymodiolus and  sponge  SOX 

species, except for species Bh_SUP05. Despite this, the distribution of CRISPR-Cas 

systems was  highly  variable  at  the  strain  level  and  between  sampling  sites.  For 

example, at site Menez Gwen not a single SOX symbiont strain encoded any CRISPR-
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related  feature.  In  addition,  the  representation  of  Cas-genes  varied  considerably 

among  co-existing  strains  within  single  host  individuals  (Ansorge  et  al.,  2019) 

(chapter  II).  Intriguingly,  I  found  that  the  free-living  relatives  and  vertically 

transmitted clam symbionts did not encode any CRISPR-Cas gene or array (chapter 

III,  Tab.  2).  This  raises  the  intriguing  possibility  of  a  connection  between  the 

CRISPR-Cas  system and  the  host-associated  lifestyle  with  horizontal  transmission 

mode. This was especially surprising as the free-living relatives were shown to be 

heavily  infected  by  phages  (Anantharaman  et  al.,  2014;  Roux  et  al.,  2014) and 

nevertheless  lack  any CRISPR-Cas defense  system.  Apart  from protection  against 

foreign DNA, some types of CRISPR-Cas systems were shown to be involved in other 

processes.  To  investigate  this,  I  identifed  the  types  of  CRISPR-Cas  systems  and 

discovered that  all  three  classifed types  I-III  were  present  in  the  Bathymodiolus 

symbionts (Tab. 2). Surprisingly, CRISPR-Cas system type II was present in 45% of 

the 94 Bathymodiolus SOX draft genomes analyzed, and in the three sponge SOX as 

well and was therefore the most common type. Type II CRISPR-Cas is the rarest of all 

CRISPR-Cas systems and only present in 5% of all bacteria  (Chylinski et al., 2014; 

Makarova et  al.,  2011).  Interestingly,  type II  CRISPR-Cas are over-represented in 

pathogens and commensal bacteria (Chylinski et al., 2014), and the presence of this 

system has been described to be linked to virulence in Campylobacter jejuni (Louwen 

et al., 2013),  Legionella pneumophila (Gunderson and Cianciotto, 2013),  Neisseria 

meningitidis and Francisella novicida (Sampson et al., 2013). The latter,  F. novicida 

has been shown to target its own mRNA to downregulate the expression of surface 

lipoproteins  which  allows  the  pathogen  to  invade,  remain  undetected  in  human 

epithelial cells and thus evade immune response. Like other mechanisms that were 

frst detected in bacterial pathogens, this system may not be limited to pathogenic 

bacteria  but  also allow mutualistic  symbionts  to  invade and persist  in  eukaryotic 
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cells. Considering that  Bathymodiolus symbionts occur in epithelial gill tissue, one 

can imagine a similar mechanism as the one described for  F. novicida. This would 

also explain the absence of these systems in the free-living relatives as well as the 

clam symbionts. The latter do not need to invade host tissue from the outside but 

instead are transmitted through the germline (Endow and Ohta, 1990).

The other common CRISPR-Cas system in Bathymodiolus was type I, subtype I-F. In 

addition to defense against foreign DNA, this system has been shown to afect gene 

regulation of group behavior, such as bioflm formation in  Pseudomonas ariguinosa 

(Westra et al.,  2014; Cady and O’Toole, 2011). Possibly, similar mechanisms could 

contribute  to  a  diferential  regulation  of  genes  among  Bathymodiolus symbiont 

strains.
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SUP05 species site # spacers Type II Type I-F Type III-B

Bbro MC853 1.0 3-12 27-261 12 18 0 22 22

Bbro CH 1.0 3-4 0-57 5 0 0 7 7

Bbro MK 1.0 2-6 32-114 2 0 0 5 5

Bbro TY 1.0 2-3 32-56 1 1 0 5 5

SOX2 CH 1.0 0 27-261 0 0 0 3 3

SOX2 DC673 1.0 1 33 0 0 0 1 1

Bcry_SUP05 DC673 1.0 5 34 1 0 0 1 1

Bh_SUP05 CH 0.0 0 0 0 0 0 6 0

Bsep MyK 1.0 3 0 1 0 0 1 1

Bthe CS 1.0 5-14 15-195 1 3 2 3 3

NMAR SEM 0.8 0-5 0-17 5 1 0 6 5

NMAR LG 0.7 0-2 0 2 0 0 3 2

NMAR LSET 1.0 2-8 0-53 4 8 0 8 8

NMAR LSMS 1.0 2-5 0-42 1 3 0 3 3

NMAR MG 0.0 0 0 0 0 0 4 0

NMAR RB 0.2 0 0-2 0 0 0 5 1

SMAR CL 1.0 1-6 0-152 3 0 0 5 5

SMAR LI 1.0 0-5 0-2 3 2 0 5 5

SMAR WA 1.0 11 506 1 1 0 1 1

Sponge sox 1 CH 1.0 3-9 65-144 2 0 0 2 2

Sponge sox 2 MK 1.0 2 54 1 0 0 1 1

0.0 0 0 0 0 0 2 0

0.0 0 0 0 0 0 1 0

0.0 0 0 0 0 0 1 0

Peru OMZ 0.0 0 0 0 0 0 2 0

Table 2 | Distribution of CRISPR-spacers and Cas genes and the identifed types of CRISPR-Cas systems among 
SOX symbionts and relatives from the Thioglobaceae family. Grey markup indicates when a feature was present. 

CRISPR-positive 
fraction

# Cas 
genes

# of 
genomes

# of positive 
genomes

Ca. T. singularis 1

Ca. T. singularis 2

Ca. T. autotrophicus

Ca. T. perditus
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Without  experimental  evidence,  the  role  of  CRISPR-Cas  in  the  Bathymodiolus 

symbionts remains unclear. However, with a more thorough mining of the available 

metagenomes we may be able to identify additional annotations of e.g. small CRISPR-

associated RNAs (scaRNAs) which would help to narrow down the functional role of 

the CRISPR-Cas system. In addition, a comparison of all identifed spacer sequences 

against i) virus sequence databases (e.g. IMG/VR), ii) general sequence databases 

(e.g. NCBI) or iii) against the symbiont genomes could aid the identifcation of target 

sequences and thus whether CRISPR-Cas systems in the SUP05 symbionts target self- 

or foreign DNA or both.

5.4 Why be diverse?

The central thread that runs through my doctoral studies always comes back to the 

extensive strain-level  diversity in the SOX symbiont  of  Bathymodiolus mussels.  In 

chapter  II  we  have  suggested  that  symbiotic  communities,  fed  by  environmental 

resources  and  not  directly  by  the  host  are  more  permissive  to  symbiont  strain-

diversity. Yet, there are few systems that have been observed to have strain diversity 

as  extensive  as  the  Bathymodiolus SOX  symbionts.  In  other  chemosynthetic 

symbioses,  e.g.  in  Riftia tubeworms  and  Solemya clams,  high-resolution 

metagenomics has revealed strain diversity. But the level of heterogeneity was much 

lower than in  Bathymodiolus SOX symbionts (Polzin et al., 2019; Perez and Juniper, 

2017; Russell and Cavanaugh, 2017). In addition, these symbiont communities were 

usually  dominated  by  a  single  strain,  which  does  not  seem  to  be  the  case  in 

Bathymodiolus. Similar observations were made in honey bee gut and human gut, 

using  high-resolution  sequencing  methods.  These  studies  reported  that  within 

individuals single strains of the same species are either dominant or rare, which can 
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possibly be explained by competitive exclusion (Ellegaard and Engel, 2019; Truong et 

al.,  2017;  Schloissnig  et  al.,  2013).  This  raises  the  question:  is  the  high  strain 

diversity between Bathymodiolus mussels the exception? And if so, how can this be 

explained? In symbiotic associations between bacteria and animal hosts there are two 

main  factors  that  infuence  the  symbiont  strain  diversity  and  composition:  i) 

colonization and ii) persistence. 

Strain diversity can only occur, if multiple symbiont strains are able to colonize a host 

individual.  Here,  the  symbiont  transmission  mode  has  a  strong  impact.  A  strict 

vertical  transmission  mode  usually  imposes  a  strong  physical  bottleneck  on  the 

symbiont with each host generation. Often, only a few cells are passed on, which 

consequently leads to a drastic reduction in the number of strains that are passed on 

to the next host generation. This was for example described in Buchnera symbionts of 

aphids  (Mira and Moran,  2002).  Therefore,  symbioses that undergo strict  vertical 

transmission  are  expected  to  have  restricted  strain  diversity.  In  the  horizontal 

transmission mode there are diferent possibilities. On the one hand there can be 

physical bottlenecks similar to those observed during vertical transmission. This is 

the case if the symbiont transmission happens during a short time window in juvenile 

hosts. One example can be found in  Riftia tubeworms. Here, only a few cells can 

colonize juvenile hosts, which implies that only a few strains can colonize the host 

tissue  (Nussbaumer  et  al.,  2006).  In  addition,  the  host  can  be  involved  in  the 

reduction of strains during the colonization process. Such selection mechanisms were 

described  in  symbioses  such  in  squids  colonized  by  Vibrio  fscheri (Bright  and 

Bulgheresi, 2010; Nyholm and McFall-Ngai, 2003; Visick and McFall-Ngai, 2000). In 

addition, the founder efect plays a role which implies whoever is the frst to occupy 

the tissue will persist, whereas other potential competitors are not able to invade this 
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habitat or niche. On the other hand, horizontal transmission can lead to the uptake of 

many diferent strains. This is the case if the colonization period is extended or even 

continuous throughout the lifetime of the host. In chapter II we have suggested such 

a colonization process for the SOX symbionts in Bathymodiolus.

The second factor that infuences strain diversity is the stable co-existence of multiple 

strains.  Here,  a  fundamental  theoretical  concept  is  important  to  consider:  if  two 

bacteria share the same resource, thus have overlapping ecological niches, they will 

compete. Competition ultimately leads to one strain out-competing the other, physical 

partitioning or  niche  diferentiation  (Russel  et  al.,  2017;  Ghoul  and Mitri,  2016). 

Generally, the more genetically similar two organisms are, the less likely they can co-

exist, because closely-related organisms are more likely to have the same resource 

requirements. This implies that two divergent species are more likely to co-exist than 

two highly  similar  strains  of  the same species.  In  symbioses  this  is  one possible 

explanation why often many diferent species are found in the same host (e.g. the 

human microbiome). Instead, within a bacterial species these microbiomes are often 

dominated  by  one  or  few strains  (Truong  et  al.,  2017;  Schloissnig  et  al.,  2013). 

Competitive exclusion among closely-related strains were also mentioned as possible 

explanations leading to the individualized profles of strains in the gut of individual 

honey bees (Ellegaard and Engel, 2019). 

So  how can  two  closely  related  strains  of  the  same species  stably  co-exist?  The 

options  that  could  allow  multiple  strains  to  co-exist  in  a  host  are  i)  reduced 

competition, ii) niche-partitioning, iii) physical separation, or a combination of these. 

In  chapter  II  we proposed that  the  non-limiting availability  of  the shared energy 

resource can reduce competition among the co-existing strains. This is for example 
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the  case  for  reduced  sulfur  compounds.  For  limiting  energy  substrates,  niche-

partitioning could explain the emergence and co-existence of strains. One example is 

the capability to oxidize hydrogen. While all strains in  Bathymodiolus hosts encode 

the machinery for hydrogen oxidation at one site (e.g. Lilliput), this capability is only 

encoded in a minor part of the strain population at another site (e.g. Clueless). This 

was  also  refected  in  a  higher  hydrogen  concentration  at  Lilliput  in  contrast  to 

extremely low concentrations at Clueless. Consequently, when hydrogen is limiting 

only some strains can occupy the niche of hydrogen oxidation. And fnally, symbiont 

strains could be physically separated in distinct bacteriocytes. This would prevent 

direct competition among strains within the same compartment and thus could allow 

multiple strains to co-exist within one individual (see 5.5.1). 

All these factors that allow persistence of multiple strains would likely also apply to 

other  chemosynthetic  symbioses  such  as  in  Riftia tubeworms,  that  acquire  their 

symbionts horizontally; and  Solemya clams that acquire their symbionts in a mixed 

mode  of  vertical  and  horizontal  transmission.  For  Riftia, we  know that  diferent 

individuals harbor diferent dominant symbiont strains. This implies that the entire 

strain  diversity  at  a  single  site  is  larger  than  the  strain  diversity  within  single 

individuals.  And yet  within single hosts there is  usually  only one dominant strain 

(Polzin et al., 2019; Perez and Juniper, 2017). However, the scarcity of high-resolution 

studies  beyond  a  few  marker  genes  makes  it  challenging  to  compare 

(chemosynthetic) symbioses and to pinpoint the factors that allow or prohibit strain 

co-existence  in  these.  Below  I  speculate  about  the  combination  of  factors  in 

Bathymodiolus that I consider necessary to explain the patterns we observed.
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First,  Bathymodiolus acquire  their  symbionts  from  the  environment.  We  have 

proposed that the evenness we observe between host individuals, with the exception 

of  B.  brooksi (see  5.1.2)  can  only  be  explained  if  the  host  individuals  exchange 

symbionts throughout their lifetime or at least over an extended period (chapter II). 

There might be processes within the host that could lead to the loss of symbiont 

strains. This could happen through competition among the symbionts, preferential 

digestion of specifc strains, phage predation against a specifc strain or by chance. 

However, if symbiont exchange is eficient, symbiont strains that get lost could be 

continuously replenished. This could be diferent in  Riftia and  Solemya symbionts, 

which are assumed not to be permissive to take up symbionts from the environment 

during their lifetime.

Second, there might be something inherent to the symbiont itself  that makes the 

symbiosis  special  and  high  strain  heterogeneity  stable.  In  the  Bathymodiolus 

symbiosis the mussel is often colonized by two primary symbiont types – the SOX and 

MOX  symbiont.  While  we  see  this  extensive  strain  diversity  in  the  SOX,  our 

preliminary data showed much lower diversity in the MOX symbiont. In chapter III 

and IV we suggested that evolvability could be a trait inherent to SUP05 bacteria, 

including the Bathymodiolus SOX symbionts. We suggested that evolvability could be 

increased  by  frequent  events  of  horizontal  gene  transfer  (HGT)  and  gene  loss, 

genome rearrangements and high nucleotide variability in the SOX symbiont. This 

might allow a fexibility to fll the available niche space, possibly consisting of many 

diferent micro-niches. Jigsaw pieces of strains thus end up to build a functioning 

meta-organism with subdivided tasks. The lower heterogeneity in the MOX symbiont 

suggests that it  is  more static in its genomic features than the SOX. I  suggest a 

targeted comparison of the degree of rearrangements, gene synteny and signatures 
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of HGT including phages between both symbionts. Based on my preliminary fndings 

of  low  heterogeneity  and  gene  content  variation  in  the  MOX  symbiont,  I  would 

predict that we identify less rearrangements, HGT signatures, etc. in MOX symbionts, 

resulting in a more static genome composition than the SOX.

In  summary,  the  strain  diversity  and  evenness  across  Bathymodiolus symbiont 

populations appear to be an exception among symbioses that have been looked at in 

such high-resolution, also compared to human and bee gut microbiomes. Our theory 

that symbioses with environmentally-derived symbiont resources are more permissive 

towards higher strain diversity should hold true if also the other factors described 

above are given. The amount of high-resolution data that are now generated every 

year will probably soon provide additional examples of symbiont strain diversity in 

nature. These will help to refne these theories even further and shed more light on 

how symbiont strains can co-exist in animal-microbe symbioses.

5.4.1 The evolution of ‘being ready’

I have been intrigued by the fact that SOX and MOX symbiont appear to have taken 

diferent evolutionary roads in this intimate association with Bathymodiolus hosts. I 

asked myself: how does evolution come up with a similar result – the intracellular 

association with deep-sea mussels – but with two diferent solutions? In chapters III 

and IV I suggested that in the SOX symbiont, and close relatives from the SUP05 

clade, the trait evolvability might have been selected for. Evolvability refers to the 

cryptic genetic capacity of a population that can lead to adaptive phenotypes when 

the environment changes  (Payne and Wagner, 2019). This means that an increased 

evolvability leads to the potential of a species to adapt to many diferent conditions 
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that might arise. For example, the extensive environmental abundance of antibiotics 

has  been  suggested  to  select  for  increased  evolvability  in  bacteria  which 

consequently leads to the even faster emergence of pathogenic strains with antibiotic 

resistence  (Gillings and Stokes,  2012). The foundation for evolvability is  diversity, 

which  can  be  generated  by  higher  mutation  rates,  recombination,  and  gene 

duplication, acquisition and loss. But how is the generation of variation, or the state 

of ‘being ready’ for any change, selected for? In a stable environment, generation of 

variability can be costly. Therefore the persistence of heterogeneity in a population 

needs a heterogeneous environment. Rainey and Cooper (2004) suggested that only 

with ecological opportunity, e.g. an additional energy substrate in the environment, 

the  acquisition  of  novel  genes  or  traits  can be  an advantage.  In  a  homogeneous 

environment such variation would most likely be too costly and therefore purged by 

purifying selection. Thus, an increased evolvability needs both: ecological opportunity 

and genomic innovation. A support for this theory is that e.g. hyper-mutating strains 

occasionally develop in populations under stress whereas this rarely happens under 

stable conditions (Gillings and Stokes, 2012). Also rates of horizontal gene acquisition 

and  recombinations  can  increase  under  stressful  conditions  (Gillings  and  Stokes, 

2012).  Therefore  a  heterogeneous  environment  and  a  decrease  in  the  cost  of 

acquiring foreign DNA can select for bacterial evolvability.

Interestingly, Rainey and Cooper (2004) suggested that the selection for duplication 

of regulatory features and their modularity can decrease the cost of acquiring foreign 

DNA. This is because the foreign DNA likely requires diferent regulatory cues and 

cascades. This is less deleterious to an organism when there is a duplicated version 

that can adapt whereas its twin can continue to regulate the inherent functions. Our 

observations of strain variability in regulatory elements of the SOX symbiont that 
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seemed  surprising  at  frst  could  thus  make  sense  in  the  light  of  selection  for 

modularity in regulatory components. 

I could imagine that early in their evolutionary history, the SOX and MOX symbionts 

encountered very diferent circumstances. Whereas the MOX clade may have been 

evolving under relatively stable conditions with little ecological opportunity, the SOX 

might have been evolving under selective pressure towards evolvability. A decrease of 

costs in the acquisition of foreign DNA and heterogeneous conditions may have set 

the  basis  for  the  SOX  clade  to  be  highly  evolvable  and  ‘ready’  for  unknown 

environments. This remains speculative and provides hypothesis for future directions 

with a focus on regulatory components in the symbionts of Bathymodiolus. 

5.5 Future directions

5.5.1 Sharing the compartment

One limitation of metagenomic analyses is the loss of spatial resolution. My studies 

could not reveal whether two functionally diferent strains can co-exist within a single 

bacteriocyte. However, this is a key question when we want to understand how such 

high strain diversity can be stable in single hosts. If two diferent strains share the 

same compartment, e.g. bacteriocyte, these will be competing for resources such as 

space within the host  cell,  and nutrients required by all  strains such as reduced 

sulfur compounds.  On the other hand,  there might be strains that beneft from a 

direct interaction by the exchange of metabolic intermediates in pathways that are 

variable  such  as  denitrifcation  (Ansorge  et  al.,  2019;  Lilja  and  Johnson,  2016) 

(chapter II). Ongoing studies have visualized a gene encoding the enzyme methanol 
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dehydrogenase  (MDH)  in  gill  tissue  of  Bathymodiolus spp.  This  gene  was  strain 

specifc in the SOX population and the images so far are inconclusive regarding the 

question whether all strains in a bacteriocyte encode this gene Sayavedra et al. (in 

prep.). We are currently working on creating a second set of probes for fuorescence 

in situ hybridization of the hydrogenase gene. This gene, encoding the capability of 

using  hydrogen  as  an  additional  energy  source,  was  also  detected  to  be  strain-

specifc in the SOX symbiont at multiple vent sites (Ansorge et al., 2019; Ikuta et al., 

2016) (chapter II). The distribution of this gene in the gill tissue of  Bathymodiolus 

mussels may potentially reveal that strains with diferent energy metabolisms can co-

exist in single bacteriocytes. In addition, such image-based approaches also can help 

to understand fne-scale processes, such as the distribution of symbionts within host 

tissue which is still not fully understood. An additional approach to understand the 

diversity within single bacteriocytes is to perform single-cell  sequencing on these 

cells.  While our eforts of performing single-cell  sequencing on the symbiont cells 

have been unsuccessful so far, sequencing single bacteriocytes may be more feasible. 

This has the potential to reveal which symbiont strains occur in direct contact to each 

other and can help to explain fne-scale population structure and its importance for 

co-existence.  Finally,  mass  spectrometry  imaging  has  the  potential  to  reveal 

metabolic diferences among co-existing strains in the gill tissue by the detection of 

metabolites or peptides  (Watrous and Dorrestein, 2011). In addition to the spatial 

information  this  has  great  advantage  of  detecting  phenotypic  variation  (see  next 

paragraph). 
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5.5.2 From genotype to phenotype

In the present work most of the results shed light on the genotypic variation that is 

present  in  symbiont  populations.  Although  some  of  our  analyses  also  included 

transcriptomic data revealing that gene content variation among co-existing strains 

afect genes that are expressed and thus should be ‘visible’ also in the phenotype of 

these strains. Ultimately, selection can only act if a genotypic variation leads to a 

phenotypic  change.  Some  of  the  variation  we  observe  might  lead  to  the  same 

phenotype  and  may  only  be  important  when  environmental  change  occurs.  An 

identical  phenotype  outcome  from  diferent  genotypes  has  been  described  as 

phenotypic  robustness  (Wagner,  2008).  Given a  robust  phenotype,  the  underlying 

genotypic variation can therefore support evolvability in the population (see 5.4). For 

example nonsynonymous polymorphisms that lead to amino acid substitutions in the 

protein  have  the  potential  to  cause  massive  to  no  changes  in  protein  function 

(chapter IV). We have shown that up to 15% of the nonynonymous substitutions afect 

the STOP codon and hence the length of the protein. Likely this has a huge impact on 

protein function, and shotgun proteomics would be one approach to investigate the 

phenotypic  efects.  However,  if  this  protein  is  encoded  in  multiple  copies  the 

phenotype may be only slightly afected. Phenotypes also strongly depend on gene 

regulation that allows bacteria to react to diferent environmental cues. Teasing apart 

the regulatory components, their variability and potential signatures of directional 

selection  may  therefore  help  to  understand  some  of  the  impact  on  phenotypic 

variation  (see  5.2.).  This  complexity  makes  it  extremely  dificult  to  predict  the 

phenotypic efects of genotypic variation. Adding to this complexity,  also identical 

genotypes can show diferent phenotypes leading to cell individualities (Nikolic et al., 

2017; Ackermann, 2013). It  is an intriguing thought that phenotypically,  SOX and 
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MOX symbionts may have similar levels of population heterogeneity, which is invisible 

at  the  genotype  level.  The  investigation  of  phenotypic  variation  in  the  symbiont 

population with additional methods is important to shed light on the above-mentioned 

questions and possibly to test some of the predictions that arise from the observed 

genotypic variations. Imaging-based methods such as mRNA-FISH  (Coleman et al., 

2007) or mass spectrometry imaging, detecting metabolites and peptides (Phelan et 

al., 2011) are therefore promising methods that can help to understand phenotypic 

variation in symbiont populations in their spatial context (Geier et al., 2019).

5.5.3 Catch me if you can

In  order  to  fully  understand  the  transmission  and  colonization  of  Bathymodiolus 

symbionts it  is  essential to compare the host-associated population with the free-

living stage. Marker sequences of  Bathymodiolus symbionts have been found in the 

environment, however it is still  unclear whether these can proliferate or originate 

from mussel  release  waiting passively  for  their  chance to  colonize  the  next  host 

(Fontanez  and  Cavanaugh,  2014;  Crépeau  et  al.,  2011).  Metagenomics, 

metatranscriptomics and metaproteomics of the free-living symbiont population are 

needed to understand their heterogeneity and activity outside of the host. This will 

help  to  understand whether  the  entire  free-living  pool  of  symbionts  can  colonize 

single host individuals or only a subset of these. The latter could be due to selection 

mechanisms by  the  host,  symbiont  competition  or  founder  efects.  Therefore,  the 

capture and comparison of  free-living to host-associated populations,  surely  is  an 

essential  next  step.  This  is  especially  important  to  fully  understand  symbiont 

transmission and to explain the diferences we observed in B. brooksi (5.1.2). 
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5.6 Concluding remarks

The data presented in my study for the frst time provide an overview of the intra-

specifc  diversity  in  endosymbionts  of  multiple  Bathymodiolus species.  My 

observations  in  these  natural  associations  have  challenged  theoretical  concepts 

underlining the value of studying symbiotic communities in their natural context for 

the extension of evolutionary models. Theory, hypotheses and observations in nature 

go hand in hand if  we want to understand the evolution and stability of  intimate 

symbioses.  Therefore it  is  essential  to  continue down this  path of  high-resolution 

meta-omic analyses and to test concrete hypotheses in laboratory experiments. Most 

analyses in this thesis were based on genotype variation of the SOX symbiont.  In 

future studies these should be extended to phenotype variation in not only the SOX 

but  also  the  MOX symbiont.  This  will  help  us  to  understand how the  interaction 

between species connects to the interaction between single strains. Therefore, the 

integration  of  imaging  technologies  ofering  spatial  resolution  and  a  closer 

integration with environmental data will enable us to understand the Bathymodiolus 

endosymbiosis and possibly explain observations in other systems as well. 
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