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ABSTRACT 

My thesis explored a fascinating animal-bacterium symbiosis, the one engaging interstitial ma-

rine nematodes belonging to the Stilbonematinae. They are unique as every worm species car-

ries on its surface a single phylotype of sulfur-oxidizing Gammaproteobacteria belonging to 

the genus Candidatus Thiosymbion. Despite being globally distributed in shallow-water ma-

rine sediments and at abundances so high as to potentially influence sediment geochemical 

cycles, we still do not know why these organisms associate. Based on seminal ecological stud-

ies, it has long been hypothesized that the symbionts associate with the nematodes to exploit 

their vertical migrations through the redox zone, that is, to alternatively access O2 in the upper 

sand layers and sulfide in the deeper ones. However, up until this work, the physiological re-

sponse of the holobiont to the conditions encountered while migrating through the sand re-

mained unknown. Therefore, in my Ph.D. studies, I analyzed Laxus oneistus physiological re-

sponse to superficial sand- and deep sand-like conditions by applying a broad array of tech-

niques including comparative transcriptomics, lipidomics, proteomics, and metabolomics, 

qPCR, stable isotope-based techniques, Raman spectroscopy, and in situ physico-chemical 

measurements. Moreover, to link symbiont physiology to its cell biology, I performed ultra-

structural studies and applied DNA fluorescence in situ hybridization (FISH).  

The results collected in the course of my Ph.D. led to four publications which can be 

conceptually grouped into three parts: 1) symbiont response to oxygen (Paredes et al., 2021); 

2) host response to oxygen (Paredes et al., under review); 3) symbiont cell biology (Weber,

Moessel, Paredes et al., 2019; Weber, Paredes et al., accepted). Concerning part (1), we showed

that, under anoxia, sulfur oxidation genes were upregulated, and the symbiont appeared to be

less stressed and to proliferate more. In the presence of oxygen, instead, genes involved in

carbon and nitrogen assimilation were upregulated. Hence, we proposed that animal-mediated

access to oxygen, rather than enhancing sulfur oxidation, would promote carbon storage and

the synthesis of vitamins and cofactors. Moreover, the symbiont could profit from host-derived

organic compounds and lipids. In part (2), we showed that the anoxic host did not enter sus-

pended animation, nor appeared to suppress its metabolism. Instead, it upregulated degradation

pathways (e.g., the ubiquitin-proteasome system, autophagy, and apoptosis), as well as genes

that may mediate symbiosis establishment (e.g., lectins, mucins). On the other hand, when ox-

ygen was available, it seemed to engage in costly biological processes such as development,
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feeding, mating, and locomotion and also upregulated immune pathways and effectors (e.g., 

fungicides, bactericidal/permeability-increasing proteins). Finally, in part (3) we showed a 

fixed chromosome configuration in Candidatus Thiosymbion and hypothesized that it might 

facilitate the localization of membrane proteins involved in symbiosis to the worm-bacterium 

interface. Finally, we characterized the morphology and reproductive mode of the first-ever 

reported cuboid bacterium. 
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INTRODUCTION 

The art of symbiosis 

Symbiosis or "the living together of differently named organisms", as coined by the German 

mycologist and botanist Heinrich Anton de Bary (de Bary 1879), describes associations be-

tween dissimilar species. Although the term mostly refers to mutually beneficial associations 

(mutualism) that may increase fitness for all partners (Douglas and Smith, 1989; Margulis and 

Fester, 1991; Smith 1991), symbiosis involves a wide array of interactions (Saffo, 1992, Martin 

and Schwab, 2013). For example, commensalism (beneficial for one without an effect on the 

other), and parasitism (beneficial for one at the expense of the other) are also among the most 

common symbiotic alliances (Goff, 1982; Paracer et al., 2000; McFall-Ngai and Gordon, 

2006). Additionally, to describe the evolutionary stability of an association, the concept of 

symbiosis oftentimes involves the word intimate. That is, those organisms that reside within 

their hosts (endosymbionts) are believed to have a higher degree of intimacy than those living 

attached to the surface (ectosymbionts) (Smith, 1979; Rosati et al., 2004). This definition, how-

ever, might be under dispute, as ectosymbiotic associations have proven to be a result of com-

plex coordination and communication between the participating partners and might even dis-

play a high degree of phylogenetic congruency (Goffredi, 2010; Zimmerman et al., 2016). 

The perpetuation of the symbiotic associations requires transmission events across cy-

cle stages and/or generations (reviewed in Bright and Bulgheresi, 2010, and Russel, 2019). 

Indeed, the symbionts adopt two main transmission modes: vertical or horizontal. The first 

describes the symbiont inheritance from parent to offspring, and a well-known example of this 

type would be the Aphid-Buchnera symbiosis. Here, the genome of the Buchnera endosymbi-

ont has undergone a dramatic reduction, a hallmark of strict vertical transmission (Shigenobu 

et al., 2000). On the other hand, horizontal transmission occurs when the symbiotic partner is 

acquired (e.g., through coprophagy; reviewed in Salem et al., 2015) or “captured” from the 

surrounding environment as in the case of the symbionts of the squid Euprymna scolopes or of 

the tubeworm Riftia pachyptila (Nyholm and McFall-Ngai, 2004; Nussbaumer et al., 2006).  
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Nevertheless, regardless of the transmission mode, the symbiotic interplay among organisms 

of the three domains of life (Eukarya, Bacteria, and Archaea) creates genetic, morphological, 

behavioral, and physiological innovations (Margulis and Fester, 1991; Douglas, 1994; Ott et 

al., 2004a, b; Cavanaugh et al., 2006; McFall-Ngai, 2008; Moya et al., 2008; Sudakaran et al., 

2017).  

Nowadays, there is no doubt that we live in a symbiotic Earth, yet the surge of this field 

only started a couple of decades ago (McFall-Ngai, 2008). That is because symbioses, espe-

cially microbial partnerships, were regarded as a mere curiosity more than the norm in biology 

(Smith and Douglas, 1987; McFall‐Ngai, 2015). Thus, it wasn’t until the advent of molecular 

markers (Woese et al., 1977; 1990), followed by the use of high-throughput technologies (e.g., 

next-generation sequencing) that also uncultivated organisms (see for example Wilbanks et al., 

2014; Ghanbari et al., 2015, Trojan et al., 2016; Zaremba-Niedzwiedzka et al., 2017) including 

a wealth of symbionts (see for example Shigenobu et al., 2000; Woyke et al., 2006; Newton et 

al., 2007; Moran et al., 2008; Petersen et al., 2016; Bongrand et al., 2016; Jäckle et al., 2019) 

could be characterized. Crucially, this led to the realization that i) microorganisms virtually 

rule the world (Woese et al., 1990; Pace et al., 2012), and that ii) host-microbial symbioses are 

pervasive and a driving force for the evolutionary success of eukaryotes (Dubilier et al., 2008; 

Lee et al., 2010; Gilbert et al., 2012; McFall-Ngai et al., 2013, Turney, 2020). 

 

Chemosynthetic symbioses 

 

Chemosynthesis describes the use of chemical energy derived from a variety of inorganic com-

pounds (e.g., hydrogen sulfide, H2S) to produce organic carbon (Winogradsky, 1887, reviewed 

in Jannasch et al., 1985). Before the Alvin dive, which led to the discovery of deep-sea hydro-

thermal vents in the Galapagos Rift in 1977 (Lonsdale, 1977; Corliss et al., 1979), it was widely 

assumed that primary production (i.e. the conversion of an inorganic carbon source into organic 

carbon) was mainly driven by light through photosynthesis (Tyler et al., 2003; Sogin et al., 

2021). Therefore, the unexpected encounter of a teeming ecosystem - far away from solar en-

ergy - revealed the importance of chemosynthesis for biomass production and life on Earth 

(Karl et al., 1980; Jannasch et al., 1985; Van Dover, 2000; Dubilier et al., 2008).  
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Investigations following the discovery evidenced that these communities are primarily com-

posed of chemosynthetic symbiosis between marine invertebrates (or protists) and chemo-

lithotrophic bacteria, and that beyond doubt, these relationships are ubiquitous in the marine 

environment (reviewed in Jannasch et al., 1985; Cavanaugh et al., 2006; and Dubilier et al., 

2008). Moreover, the participation of at least seven animal phyla combined with numerous 

bacterial lineages highlights the uncontestable success of these associations (Cavanaugh et al., 

2006; Dubilier et al., 2008). As the ecosystems they inhabit are primordially oligotrophic, it 

quickly became apparent that the nutrition of the thriving populations was substantially sup-

ported by the chemosynthetic microorganisms (reviewed in Ott et al., 2004a, b; Cavanaugh et 

al., 2006, Taylor and Glover, 2006; and Dubilier et al., 2008, Petersen and Yuen, 2020). Strik-

ingly, these are capable of making use of an astonishing array of electron donors for energy 

generation (e.g., hydrogen, carbon monoxide, hydrogen sulfide) (reviewed in Cavanaugh et al., 

2006; Dubilier et al., 2008, Petersen and Yuen 2020). Among prominent examples evidencing 

the symbiont's role in host nutrition are the Riftia, Rimicaris, and Zoothamium symbioses 

(Minic et al., 2001; Minic and Herve, 2003; Ponsard et al., 2013; Volland et al., 2018).  

 

Ectosymbiotic nematodes: the Stilbonematinae 

 

My thesis focuses on a fascinating invertebrate-bacterium chemosynthetic symbiosis involving 

marine nematodes belonging to the Stilbonematinae. They are a subfamily of interstitial free-

living marine nematodes (Chromadoria, Desmodoridae, Stilbonematinae), and prominent 

members of the shallow-water meiofauna (Wieser, 1959; Ott and Novak, 1989; Ott et al., 

2004a, b; Tchesunov, 2013; Scharhauser et al., 2020). Stilbonematinae comprise a monophy-

letic group (Kampfer et al., 1998; Bayer et al., 2009; Zimmerman et al., 2016) of approximately 

50 different species grouped in 11 genera, and although some have been found in bathyal eco-

systems, the majority are globally occurring in intertidal or shallow subtidal marine sediments 

(Tchesunov, 2013; Armenteros et al., 2014; Ott et al., 2014a, b; Scharhauser et al., 2020). Syn-

apomorphic characteristics of Stilbonematinae include: (i) the presence of unique epidermal 

glandular sense organs (GSOs; Nebelsick et al., 1992; Bauer-Nebelsick et al., 1995) that may 

secrete molecules (C-type lectins) mediating specific symbiont attachment (Nussbaumer et al.,  
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2004; Bulgheresi et al., 2006, 2011), (ii) a reduced oral cavity, with a muscular-glandular phar-

ynx (Ott et al., 2004b), and crucially (iii) every worm species carries on its cuticle a single 

phylotype of sulfur-oxidizing Gammaproteobacteria belonging to the genus Candidatus Thio-

symbion (Polz et al., 1994; Bayer et al., 2009; Bulgheresi et al., 2011; Pende et al., 2014, Weber 

et al., accepterd), thereby establishing a one-to-one (binary) ectosymbiosis (reviewed in Ott et 

al., 2004a, b).  

On the surface of the worms, the ectosymbionts are arranged in either monolayer or 

multilayer coats that cover the totality of the nematodes (only the head and tail remain symbi-

ont-free) (Ott et al., 2004a, b). Additionally, the bacteria display a wide array of morphological 

plasticity. Namely, they range from rod-shaped, crescent-shaped, filamentous, to cuboid-like 

bacteria (reviewed in Scharhauser et al., 2020; Weber et al., accepted). The stable and long 

codivergent evolutionary history of Stilbonematinae and their ectosymbionts suggests that the 

transmission mode of Ca. Thiosymbion is predominantly vertical (Zimmerman et al., 2016).  

 

The Laxus oneistus ectosymbiosis 

 

During my doctoral studies, I mainly focused on studying the physiology of one Stilbonemat-

inae, the nematode Laxus oneistus, and its rod-shaped ectosymbiont Candidatus Thiosymbion 

oneisti. The latter stands perpendicular to the surface of the nematode and only attached with 

one pole, creating a monolayer that covers the whole worm (except its anterior and posterior 

extremities) (Polz et al., 1994; Ott et al., 1995; Ott et al., 2004a, b). Notably, Ca. T. oneisti was 

estimated to account for up 12 % of the holobiont volume (Ott et al., 2004 b).  

As the genus name Thiosymbion evokes, as previously suggested (Powell et al., 1979; 

Ott et al., 1982), and as supported by ecological and biochemical studies (Ott and Novak, 1989; 

Schiemer et al., 1990; Ott et al., 1991; Polz et al., 1992; Hentschel et al., 1999), their phyloge-

netic placement (Zimmermann et al., 2016) and genetic repertoire (Petersen et al., 2016; 

Paredes et al., 2021), Ca. T. oneisti are chemoautotrophic sulfur-oxidizers (thiotrophic). That 

is, they possess the genetic capability to harness chemical energy from the oxidation of reduced 

sulfur compounds (e.g., sulfide, thiosulfate) to drive carbon dioxide (CO2) fixation (Cavanaugh 

et al., 2006). Indeed, the autotrophic nature of the symbionts was confirmed by detecting Ru-

BisCO (ribulose 1,5 bisphosphate carboxylase/oxygenase) (Polz et al., 1992), a key enzyme  
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for CO2 fixation in the Calvin-Benson-Bassham (CBB) cycle, and by showing uptake of 14C-

labeled bicarbonate (Schiemer et al., 1990). In addition, my doctoral work unequivocally con-

firmed CO2 fixation by the symbionts, by showing for the first time, sites of symbiont 13C-

labeled bicarbonate uptake using NanoSIMS visualization (Paredes et al., 2021). In 1999, 

Hentschel et al. expanded the knowledge of Ca. T. oneisti physiology, and showed that it was 

capable of using nitrate (NO3
-) as an alternative electron acceptor to oxygen (O2) and that ni-

trate respiration to nitrite (NO2
-) was stimulated by sulfide but not as much by thiosulfate. Later 

on, genomic (Petersen et al., 2016) but also transcriptomic and proteomic data (Paredes et al., 

2021) confirmed their ability to perform complete denitrification from nitrate to dinitrogen gas 

(N2).  

Based on seminal ecological studies, it has long been hypothesized that the symbionts 

associate with the nematodes to exploit their vertical migrations through the redox zone. That 

is, to alternatively access O2 (e- acceptor) in the upper sand layers and sulfide (e- donor) in the 

deeper ones. In return, the symbionts would protect the host from sulfide poisoning (Ott and 

Novak, 1989, Ott et al., 1991; Hentschel et al., 1999). 

 In these anoxic layers, the symbionts might use NO3
-, NO2

-, fumarate, thiosulfate, and 

polysulfide as alternative e- acceptors (Hentschel et al., 1999; Paredes et al., 2021). Neverthe-

less, up to this thesis, it was unknown how the Laxus-Thiosymbion symbiosis was affected by 

the different conditions encountered while migrating through the redox zone. More generally, 

omics-based physiological investigations were lacking, despite the availability of stable iso-

tope-based studies (Ott et al., 1991; Conway et al., 1989; Dando et al., 1993, Volland et al., 

2018) and of morphological and ultrastructural analyses (Bauer-Nebelsick et al., 1995; Bright 

and Sorgo, 2003). In Chapters II and III of this thesis, to provide a comprehensive physiological 

analysis of the Stilbonematinae-Thiosymbion consortium, for a better understanding of its evo-

lution and its functioning, I applied a palette of omics techniques. The latter inspired by the 

groundbreaking studies performed on other nematode-bacterium (e.g., the Xenorhabdus–Stei-

nernema symbiosis; Goodrich-Blair, 2007; Murfin et al., 2015) and chemosynthetic symbioses 

such as those engaging Olavius algarvensis (Kleiner et al., 2012; Wippler et al., 2016), and R. 

pachyptila (Childress and Girguis, 2011; Hinzke et al., 2019).  
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From Symbiont physiology to Symbiont cell biology 

Despite the inability to isolate the ectosymbionts into pure cultures, the growth and division 

modes responsible for their various shapes (e.g., rod, filaments) and for their spatial arrange-

ment on the worm surface (e.g., rods forming monolayers resembling epithelia) have started to 

be characterized at the molecular level (Bulgheresi, 2016; Pende et al., 2018; Weber et al., 

2019; Weber et al., accepted). One unconventional reproductive strategy is that of the ecto-

symbiont of L. oneistus, Ca. T. oneisti. Instead of lengthening, this symbiont grows in width 

and undergoes FtsZ-based longitudinal fission, thereby guaranteeing to both its daughter cells, 

continuous, transgenerational host attachment (Polz et al., 1992; Leisch et al., 2012). This di-

vision mode is likely supported by the arrangement of the bacterial actin homolog MreB into 

a medial ring-like structure, which does not exclude the poles. Crucially, this led to the hypoth-

esis that in animal symbionts MreB is needed for cell growth and division (Pende et al., 2018). 

Strikingly, Ca. T. oneisti cell division is radically different from that of model rods (such as 

Escherichia coli) that are known to grow in length (excluding MreB from the poles) and then 

undergo transverse binary fission (Bendezú and de Boer, 2008; den Blaauwen, 2013; Rowlett 

and Margolin, 2015; Kawazura et al., 2017). 

How to explain the evolution of these extraordinary cell division modes? In Chapter II, 

we show that the symbiont might profit from host-derived lipids and organic compounds. In 

light of this, the longitudinal division would enable both daughter cells to stay attached to the 

host and profit from the nutrients diffusing from its cuticle. But longitudinal division raises 

another important issue: how are the symbiont's chromosomes segregated? In bacterial model rods, 

chromosomes exist in two main configurations termed longitudinal and horizontal (reviewed 

Wang et al., 2013). Longitudinal refers to the localization of the origin of chromosome 

replication (ori) and the terminus of replication (ter) at opposite cell poles. In the transverse 

configuration, instead, the ori and ter co-occur at midcell.  

In Chapter IV, we show that the longitudinal dividing Ca. T. oneisti exhibits a unique 

DNA-segregation mode. Namely, the sister ori segregate bi-dimensionally (i.e. along both the 

short and the long cell axis), and localize together with the ter (at both the beginning and end 

of the cell cycle), at the center of the cell. As a result, the chromosome orientation toward the 

host is maintained throughout the generations (Weber et al., 2019). Therefore, Chapter IV 
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(Weber et al., 2019) adresses for the first time the chromosome configuration of a free-living 

bacterial symbiont, and we hypothesize that the fixed chromosome orientation might be an 

adaption to the symbiotic lifestyle. 

In addition, Chapter IV describes the host-polarized and FtsZ-mediated division mode 

of the cube-like Candidatus Thiosymbion cuboideus (Weber et al, accepted). The latter is the 

ectosymbiont of the free-living marine nematode Catanema sp. (Stilbonematinae) (Scharhau-

ser et al., 2020). Crucially, cuboid cell shapes are rare, and within prokaryotes (and up until 

this thesis; Chapter IV) they had only been described in halophilic Archaea (Walsby, 1980; 

Oren, 1999). 



Chapter I 

14 

MAJOR GOALS OF THE THESIS 

Chemosynthetic hosts are believed to have adopted several strategies to fulfill one key nutri-

tional requirement of their thiotrophic symbionts: the use of oxygen as their main electron ac-

ceptor. In the case of Stilbonematinae, it is hypothesized that vertical migrations across oxi-

dized and reduced sediments would bridge the gap between oxygen and sulfide. This implies 

that symbioses with Stilbonematinae evolved for thiotrophic bacteria to regularly access oxy-

gen. However, up to my Ph.D. research, the impact of oxygen on chemosynthetic ectosymbio-

ses has not been studied. Therefore, I focused on Laxus oneistus which, like other Stilbonemat-

inae, thrives at oxic-anoxic interfaces (Ott and Novak, 1989), and addressed the following 

questions: 

1. What is the global physiological response of the ectosymbiont Candidatus Thiosym-

bion oneisti to oxygen?

2. What is the global physiological response of the nematode host Laxus oneistus to oxy-

gen?

3. How does symbiont cell biology, namely its reproduction mode, serve its physiology?
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OUTLINE OF THE THESIS 

My Ph.D. thesis is a cumulative thesis (Kumulative Dissertation). The structure is written in 

the following order: an abstract in English, a general introduction (Chapter I), followed by the 

corresponding individual publications dealing with: symbiont (Chapter II) and nematode host 

(Chapter III) physiological response to oxygen, symbiont cell biology (Chapter IV), an all-

embracing discussion and conclusive remarks (Chapter V), and finalizing with the correspond-

ing cited literature an abstract in German (Zusammenfassung) and acknowledgments.  

The experimental part of the study was mainly carried out at the Smithsonian Field 

Station on Carrie Bow Cay, located on the Belizean Barrier Reef in Central America, and at 

Ilet à Cochons in Guadeloupe, France. My thesis comprises four original scientific articles (two 

first-authored, two second-authored). Below are the published and accepted papers and the 

manuscript under review, with their corresponding chapters: 

Chapter II 

Paredes, G. F., Viehboeck, T., Lee, R., Palatinszky, M., Mausz, M. A., Reipert, S., 

Schintlmeister, A., Maier, A., Volland, JM., S., Hirschfeld, C., Wagner, M., Berry, D., 

Markert, S., Bulgheresi, S., & Koenig, L. (2021). Anaerobic sulfur oxidation underlies ad-

aptation of a chemosynthetic symbiont to oxic-anoxic interfaces. mSystems, 6(3), e01186-

20. https://doi.org/10.1128/mSystems.01186-20

Chapter III 

Paredes, G. F., Viehboeck, T., Mausz, M., Saito, Y., Liebeke, M., Markert, S., Koenig L., 

& Bulgheresi, S. Differential regulation of degradation and immune pathways underlies 

adaptation of the symbiotic nematode Laxus oneistus to oxic-anoxic interfaces. Under re-

view and available online at https://doi.org/10.1101/2021.11.11.468236 

https://doi.org/10.1128/mSystems.01186-20
https://doi.org/10.1101/2021.11.11.468236
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Chapter IV 

Weber, P. M., Moessel, F. *, Paredes, G. F. *, Viehboeck, T., Vischer, N. O., & 

Bulgheresi, S. (2019). A Bidimensional Segregation Mode Maintains Symbiont Chromo-

some Orientation toward Its Host. Current Biology, 29(18), 3018-3028. 

https://doi.org/10.1016/j.cub.2019.07.064 *Contributed equally.  

Weber, P., Paredes, G. F. *, Viehboeck, T. *, Pende, N., Volland, JM., Gros, O., Ott, J., 

& Bulgheresi, S. Ftsz-Mediated Fission of a Cuboid Bacterial Symbiont. *Contributed 

equally. Accepted at iScience, and available online at: https://papers.ssrn.com/sol3/pa-

pers.cfm?abstract_id=3885987 

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3885987
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3885987
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ABSTRACT Chemosynthetic symbioses occur worldwide in marine habitats, but
comprehensive physiological studies of chemoautotrophic bacteria thriving on ani-
mals are scarce. Stilbonematinae are coated by thiotrophic Gammaproteobacteria. As
these nematodes migrate through the redox zone, their ectosymbionts experience
varying oxygen concentrations. However, nothing is known about how these varia-
tions affect their physiology. Here, by applying omics, Raman microspectroscopy,
and stable isotope labeling, we investigated the effect of oxygen on “Candidatus
Thiosymbion oneisti.” Unexpectedly, sulfur oxidation genes were upregulated in
anoxic relative to oxic conditions, but carbon fixation genes and incorporation of
13C-labeled bicarbonate were not. Instead, several genes involved in carbon fixation
were upregulated under oxic conditions, together with genes involved in organic
carbon assimilation, polyhydroxyalkanoate (PHA) biosynthesis, nitrogen fixation, and
urea utilization. Furthermore, in the presence of oxygen, stress-related genes were
upregulated together with vitamin biosynthesis genes likely necessary to withstand
oxidative stress, and the symbiont appeared to proliferate less. Based on its physio-
logical response to oxygen, we propose that “Ca. T. oneisti” may exploit anaerobic
sulfur oxidation coupled to denitrification to proliferate in anoxic sand. However, the
ectosymbiont would still profit from the oxygen available in superficial sand, as the
energy-efficient aerobic respiration would facilitate carbon and nitrogen assimilation.

IMPORTANCE Chemoautotrophic endosymbionts are famous for exploiting sulfur oxidiza-
tion to feed marine organisms with fixed carbon. However, the physiology of thiotrophic
bacteria thriving on the surface of animals (ectosymbionts) is less understood. One long-
standing hypothesis posits that attachment to animals that migrate between reduced
and oxic environments would boost sulfur oxidation, as the ectosymbionts would alter-
natively access sulfide and oxygen, the most favorable electron acceptor. Here, we inves-
tigated the effect of oxygen on the physiology of “Candidatus Thiosymbion oneisti,” a
gammaproteobacterium which lives attached to marine nematodes inhabiting shallow-
water sand. Surprisingly, sulfur oxidation genes were upregulated under anoxic relative
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to oxic conditions. Furthermore, under anoxia, the ectosymbiont appeared to be
less stressed and to proliferate more. We propose that animal-mediated access to oxy-
gen, rather than enhancing sulfur oxidation, would facilitate assimilation of carbon and
nitrogen by the ectosymbiont.

KEYWORDS Gammaproteobacteria, Thiosymbion, anoxia, chemosynthesis, sulfur
oxidation, symbiosis, thiotrophic bacteria

At least six animal phyla and numerous lineages of bacterial symbionts belonging
to Alphaproteobacteria, Gammaproteobacteria, and Campylobacteria (formerly

Epsilonproteobacteria) (1) engage in chemosynthetic symbioses, rendering the evolu-
tionary success of these associations incontestable (2, 3). Many of these mutualistic
associations rely on sulfur-oxidizing (thiotrophic), chemoautotrophic bacterial sym-
bionts that oxidize reduced sulfur compounds for energy generation in order to fix
inorganic carbon (CO2) for biomass buildup. Particularly in binary symbioses involving
thiotrophic endosymbionts, it is generally accepted that the bacterial chemosynthetic
metabolism serves to provide organic carbon for feeding the animal host (reviewed in
references 2 to 4). In addition, some chemosynthetic symbionts have been found capa-
ble of fixing atmospheric nitrogen, albeit symbiont-to-host transfer of fixed nitrogen
remains unproven (5, 6). As for the rarer chemosynthetic bacterial-animal associations
in which symbionts colonize exterior surfaces (ectosymbioses), fixation of inorganic
carbon and transfer of organic carbon to the host have been unequivocally shown
only for the microbial community colonizing the gill chamber of the hydrothermal
vent shrimp Rimicaris exoculata (7).

The majority of thioautotrophic symbioses have been described to rely on reduced
sulfur compounds as electron donors and on oxygen as terminal electron acceptor (3,
4). However, given that sulfidic and oxic zones are often spatially separated, also owing
to abiotic sulfide oxidation (8, 9), chemosynthetic symbioses (i) are typically found
where sulfide and oxygen occur in close proximity (e.g., hydrothermal vents, shallow-
water sediments) and/or (ii) exhibit host behavioral, physiological, and anatomical
adaptations enabling the symbionts to access both substrates. Among the former
adaptations, host-mediated migration across oxygen and sulfide gradients was pro-
posed for shallow-water interstitial invertebrates and Kentrophoros ciliates (reviewed in
references 2 and 3). The ectosymbionts of Stilbonematinae, a free-living nematode
subfamily of the Desmodoridae that inhabit marine sediments (2, 10), have also long
been hypothesized to associate with their motile hosts to maximize sulfur oxidation-
fueled chemosynthesis, by alternatively accessing oxygen in upper sand layers and sul-
fide in deeper, anoxic sand. This hypothesis was based upon the distribution pattern of
Stilbonematinae in sediment cores together with their migration patterns observed in
agar columns (10–12). However, several chemosynthetic symbionts were subsequently
shown to use nitrate as an alternative electron acceptor, and nitrate respiration was
stimulated by sulfide, suggesting that some may gain energy by respiring nitrate in
addition to oxygen (13–17). Furthermore, although physiological studies on chemosyn-
thetic symbioses are available (e.g., references 18 to 21), the impact of oxygen on the
symbionts’ central metabolism has not been investigated (remarkably, not even in
those symbionts that cover their hosts and are, therefore, directly exposed to fluctuat-
ing concentrations of oxygen).

Here, to understand how oxygen affects symbiont physiology, we focused on
“Candidatus Thiosymbion oneisti,” a gammaproteobacterium belonging to the basal
family of Chromatiaceae (also known as purple sulfur bacteria), which colonizes the sur-
face of the marine nematode Laxus oneistus (Stilbonematinae). This group of free-living
roundworms represents the only known animals engaging in monospecific ectosym-
bioses, i.e., a given nematode species is typically ensheathed by a single “Ca.
Thiosymbion” phylotype, and in the case of “Ca. T. oneisti,” the bacteria form a single
layer on the cuticle of their host (22–25). Moreover, the rod-shaped representatives of
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this bacterial genus, including “Ca. T. oneisti,” divide by FtsZ-based longitudinal fission,
a unique reproductive strategy which ensures continuous and transgenerational host
attachment (26–28).

Like other chemosynthetic symbionts, “Ca. Thiosymbion” bacteria have been con-
sidered chemoautotrophic sulfur oxidizers based on several lines of evidence: stable
carbon isotope ratios of symbiotic nematodes are comparable to those found in other
chemosynthetic symbioses (12); the key enzyme for carbon fixation via the Calvin-
Benson-Bassham (CBB) cycle (RuBisCO) along with elemental sulfur and enzymes
involved in sulfur oxidation have been detected (29–31); reduced sulfur compounds
(sulfide, thiosulfate) have been shown to be taken up from the environment by the
ectosymbionts, to be used as energy source, and to be responsible for the white
appearance of the symbiotic nematodes (11, 15, 31); and the animals often occur in
the sulfidic zone of marine shallow-water sands (10). More recently, the phylogenetic
placement and genetic repertoire of “Ca. Thiosymbion” species have equally been sup-
porting the chemosynthetic nature of the symbiosis (6, 25).

In this study, we incubated nematodes associated with “Ca. T. oneisti” under condi-
tions resembling those encountered in their natural environment and subsequently
examined the ectosymbiont transcriptional responses via RNA sequencing (RNA-Seq).
In combination with complementary methods such as stable isotope labeling, proteo-
mics, Raman microspectroscopy and lipidomics, we show that the ectosymbiont exhib-
its specific metabolic responses to oxygen. Most strikingly, sulfur oxidation but not car-
bon fixation was upregulated in anoxia. Such a response in their natural environment
would challenge the current opinion that sulfur oxidation requires oxygen and drives
carbon fixation in chemosynthetic symbioses. We finally present a metabolic scheme
of a thiotrophic ectosymbiont experiencing ever-changing oxygen concentrations, in
which anaerobic sulfur oxidation coupled to denitrification may represent the pre-
ferred metabolism for growth.

RESULTS
Hypoxic and oxic conditions induce similar expression profiles. To understand

how the movement of the animal host across the chemocline affects symbiont physiology,
we exposed symbiotic worms to sulfide (thereafter used for

P
H2S) and oxygen concentra-

tions resembling the ones encountered by “Ca. T. oneisti” in its natural habitat. Previous stud-
ies showed that Stilbonematinae live predominantly in highly reduced sediment zones with
sulfide concentrations below 50mM or up to 250mM (10). To assess the sulfide concentra-
tion preferred by Laxus oneistus (i.e., the host of “Ca. T. oneisti”) at our collection site
(Carrie Bow Cay Marine Field Station, Belize), we determined the nematode abundance
relative to the sampling depth and sulfide concentration. We found the nematode abun-
dance to be the highest between 12 and 24 cm below the seabed. Moreover, we found
all L. oneistus individuals in pore water containing#25mM sulfide. Only 1.3% of them
inhabited nonsulfidic (0mM sulfide) surface layers (Fig. 1A; see also Table S1 in the supple-
mental material). Therefore, we chose anoxic seawater supplemented with#25mM sul-
fide as the incubation medium (AS condition) most resembling the natural habitat of
“Ca. T. oneisti.” To assess the effect of oxygen on symbiont physiology, we additionally
incubated the nematodes in hypoxic (H;,60mM oxygen after 24 h) and oxic (Ox;.100mM
after 24 h) seawater (Fig. 1B). Nitrate, nitrite, ammonium, and dissolved organic carbon
(DOC) could be detected throughout the sediment core including the surface layer
(Table S1).

Differential gene expression analysis comparing H and Ox incubations revealed that
only 2.9% of all expressed protein-coding genes differed significantly in their expres-
sion (Fig. 1C and D). Crucially, this gene set comprised several hypothetical proteins
but did not show any significantly enriched metabolic pathways, processes, or protein
families (Table S3B and Data Set S1). Because the presence of oxygen, irrespective of
its concentration, resulted in a similar gene expression profile, we treated the samples
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sulfide (RH2S) concentrations (mM, gray line). Error bars represent the standard error of the mean (Table S1). (B)
Experimental setup of incubations for RNA-Seq, EA-IRMS, and Raman microspectroscopy. Batches of 50 L. oneistus
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derived from H and Ox incubations as biological replicates, and we will hereafter refer
to them as the O condition.

Gene expression analysis between the AS and O conditions revealed that 20.7% of
all expressed protein-coding genes exhibited significantly different expression
(Fig. 1D), as we will present in detail below.

Sulfur oxidation genes are upregulated in anoxia. “Ca. T. oneisti” genes encoding
a sulfur oxidation pathway similar to that of the related but free-living purple sulfur
bacterium Allochromatium vinosum (Fig. 2) (32) were highly expressed under both AS
and O conditions compared with other central metabolic processes, albeit median
gene expression was significantly higher under the AS condition (Fig. 3). Consistently,
24 out of the 26 differentially expressed genes involved in sulfur oxidation were upreg-
ulated under AS (Fig. 4A). These mostly included genes involved in the cytoplasmic
branch of sulfur oxidation, i.e., genes associated with sulfur transfer from sulfur storage
globules (rhd, tusA, dsrE2), genes encoding the reverse-acting dsr (dissimilatory sulfite
reductase) system involved in the oxidation of stored elemental sulfur (S0) to sulfite,
and finally, also the genes required for further oxidation of sulfite to sulfate in the cyto-
plasm by two sets of adenylylsulfate (APS) reductase (aprAB) along with their mem-
brane anchor (aprM) and sulfate adenylyltransferase (sat) (33, 34). Genes encoding a
quinone-interacting membrane-bound oxidoreductase (qmoABC) exhibited the same
expression pattern. This is noteworthy, as AprM and QmoABC are hypothesized

FIG 2 Schematic representation of central metabolic pathways present in the “Ca. T. oneisti” genome. All gene names (or locus tags for unidentified gene
names) can be found in Data Set S1. The aerobic respiratory chain (O2 resp, blue) includes NADH dehydrogenase (nuo genes, complex I), succinate
dehydrogenase (sdh genes, complex II), the cytochrome bc1 complex (pet genes, complex III), and an aa3-type cytochrome c oxidase (cta genes, complex
IV). The electron transfer reactions in the S oxidation pathways are based on the work of Dahl et al. (32). Electron transfers in the denitrification pathway
(N metabolism) are not illustrated but involve complexes I and III and cytochrome c (35). Pathways for glycogen, trehalose, and PHA degradation, as well
as overall reaction stoichiometry, are not depicted. Organic carbon compounds (Corg) such as acetate, lactate, propionate, and glycerol 3-phosphate
(glycerol-3P) could be host derived. Enzymes are shown in gray, transporters are brown, storage compounds are orange, and pilus and secretion system
are depicted in green. AA, L-amino acids; Anchor, putative membrane anchor for the Qmo complex (TONNANOP_v1_730022); Asp, aspartate; Biotin carrier-
protein, a [biotin carboxyl-carrier-protein dimer]-N6-biotinyl-L-lysine; C, carbon; CBB, Calvin-Benson-Bassham cycle; Co, cobalt; CoA, coenzyme A; DAG,
diacylglycerol; FA, fatty acids; Fe, iron; Glu, glutamate; GSH, glutathione; Mo, molybdate; N, nitrogen; OXA, oxaloacetate; PE, phosphatidylethanolamine; PEP,
phosphoenolpyruvate; PG, phosphatidylglycerol; PHA, polyhydroxyalkanoate; Poly-P, polyphosphate; PS, phosphatidylserine; Red, reduced; RQ,
rhodoquinone; S, sulfur; Ser, serine; TCA, tricarboxylic acid cycle; TONNANOP_v1_890019, Alvin_2107 homolog (32); T6SS, type VI secretion system; Zn, zinc;
3-HPBmod, modified 3-hydroxypropionate cycle according to the work of Kleiner et al. (50); 3-PDG, 3-phospho-D-glycerate; a-KG, 2-oxoglutarate.
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to have an analogous function, and their cooccurrence is rare among sulfur-oxidizing
bacteria (33).

Concerning genes involved in the periplasmic branch of sulfur oxidation, such as
the two types of sulfide-quinone reductases (sqrA, sqrF; oxidation of sulfide) and the
Sox system (soxKAXB, soxYZ) and the thiosulfate dehydrogenase (tsdA) both involved in
the oxidation of thiosulfate, transcript levels were unchanged between the two condi-
tions (Data Set S1). Only the flavoprotein subunit of the periplasmic flavocytochrome c
sulfide dehydrogenase (fccB), as well as a cytochrome c family protein (tsdB) thought
to cooperate with TsdA, was downregulated in the absence of oxygen (Fig. 4A).

To assess whether the upregulation of sulfur oxidation genes under anoxia was due
to the absence of oxygen (and not to the presence of supplemented sulfide in the me-
dium), we performed an additional anoxic incubation where sulfide was not provided
(A condition). Differential expression analysis between the anoxic conditions with and
without sulfide revealed that transcript levels of 6.3% of all expressed protein-coding
genes differed significantly between the two anoxic treatments (Fig. 1D). Among them,
we found eight genes involved in sulfur oxidation to be upregulated in the presence of
sulfide (Data Set S1). Importantly, however, irrespective of sulfide supplementation, most
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correspond to standard deviations. The categories 12C-live and 13C-dead refer to the natural isotope abundance control and the dead
control, respectively. H/Ox, controls for both hypoxic and oxic conditions. Different lowercase letters indicate significant differences
among conditions (one-way ANOVA, Tukey’s post hoc test, P, 0.05).
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sulfur oxidation genes were similarly upregulated in the anoxic (AS or A) relative to the O
incubation (Fig. S1A, Table S3B, and Data Set S1). In addition, proteome data derived from
incubations with and without oxygen, but no added sulfide, showed that one copy of
AprA and one of AprM were among the top expressed proteins under anoxia (Data Set S1,
column “mean %cOrgNSAF,” and Text S1). Raman microspectroscopy revealed that levels
of elemental stored sulfur (S0) were highest under AS and H conditions and low or below
detection limit under Ox conditions and A conditions at the end of the incubations
(Fig. S1B and Text S1).

Collectively, sulfur oxidation genes were upregulated under both anoxic conditions
(A and AS) irrespective of sulfur storage content and, conversely, were downregulated
under hypoxic conditions even though elemental sulfur was detected in most of these
symbiont cells.

Upregulation of anaerobic respiratory enzymes under AS conditions. Given that
sulfur oxidation was upregulated under AS conditions, we expected this process to be
coupled to the reduction of anaerobic electron acceptors, and nitrate respiration has
been shown for symbiotic L. oneistus (15). Consistently, genes encoding components
of the four specific enzyme complexes active in denitrification (nap, nir, nor, nos), as
well as two subunits of the respiratory chain complex III (petA and petB of the cyto-
chrome bc1 complex, which is known for being involved in denitrification and in the
aerobic respiratory chain [35]) were upregulated under AS conditions (Fig. 4A, Fig. S1A,
and Data Set S1).

Besides nitrate respiration, “Ca. T. oneisti” may also utilize polysulfide or thiosulfate
as a terminal electron acceptor under AS conditions, since we observed an upregula-
tion of all genes encoding either a respiratory polysulfide reductase or a thiosulfate re-
ductase (psrA/phsA, psrB/phsB, prsC/phsC; dimethyl sulfoxide [DMSO] reductase family,
classification based on reference 36). Concerning other anaerobic electron acceptors,
the symbiont has the genetic potential to carry out fumarate reduction (frdABCD
genes; Fig. 2 and Data Set S1), and the fumarate reductase flavoprotein subunit (frdA)
was indeed upregulated under AS conditions (Data Set S1). We also identified a gene
potentially responsible for the biosynthesis of rhodoquinone (rquA; Fig. 2 and Data Set
S1), which acts as an electron carrier in anaerobic respiration in a few other prokaryotic
and eukaryotic organisms (37, 38) and could thus replace the missing menaquinone
during anaerobic respiration in “Ca. T. oneisti.”

Intriguingly, lipid profiles of the symbiont revealed a change in lipid composition,
as well as significantly higher relative abundances of several lysophospholipids under
anoxia (Fig. S2A and Text S1), possibly resulting in altered uptake behavior and higher
membrane permeability for electron donors and acceptors (39–42). Notably, we also
detected lysophosphatidylcholine to be significantly more abundant in anoxia
(Fig. S2B). As the symbiont does not possess any known genes for biosynthesis of this
lipid, it may be host derived. Incorporation of host lipids into symbiont membranes
was indeed reported previously (43, 44).

Furthermore, upregulation of the respiratory enzyme glycerol 3-phosphate (G3P)
dehydrogenase gene (glpD; Data Set S1), as well as the substrate-binding subunit of a
putative G3P transporter gene (ugpABCD genes; Data Set S1), suggests that host lipid-
derived G3P may serve as carbon and energy source for the symbiont under anoxia.

Taken together, our data indicate that under AS conditions, the ectosymbiont gains
energy by coupling sulfur oxidation to the complete reduction of nitrate to dinitrogen
gas. Moreover, the symbiont appears to exploit oxygen-depleted environments for
energy generation by utilizing G3P as an additional electron donor and nitrate, polysul-
fide or thiosulfate, and fumarate as electron acceptors.

Upregulation of sulfur oxidation genes is not accompanied by increased
expression of carbon fixation genes. Several thioautotrophic symbionts have been
shown to use the energy generated by sulfur oxidation for the fixation of inorganic car-
bon (7, 19, 20, 45–47). Previous studies strongly support that “Ca. T. oneisti” is capable
of fixing carbon via an energy-efficient Calvin-Benson-Bassham (CBB) cycle (6, 11, 12,
30, 48) (Fig. 2). In this study, bulk isotope ratio mass spectrometry (IRMS) conducted
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with symbiotic nematodes confirmed that they incorporate isotopically labeled inor-
ganic carbon, and we detected no significant difference in incorporation between any
two incubations in the course of 24 h (Fig. 4B). To localize the sites of carbon incorpo-
ration, we subjected symbiotic nematodes incubated with [13C]bicarbonate to nano-
scale secondary ion mass spectrometry (NanoSIMS) and detected 13C enrichment pre-
dominantly within the ectosymbiont (Fig. S3 and Text S1).

Consistent with the evidence for carbon fixation by the ectosymbiont, all genes
related to the CBB cycle were detected, on both the transcriptome and the proteome
level, with high transcript levels under both AS and O conditions (Fig. 3 and Data Set
S1). However, the upregulation of sulfur oxidation genes observed under AS did not
coincide with an upregulation of carbon fixation genes. On the contrary, the median
expression level of all CBB cycle genes was significantly higher in the presence of
oxygen (Fig. 3). In particular, the transcripts encoding the small subunit of the key
autotrophic carbon fixation enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) (cbbS) together with the transcripts encoding its activases (cbbQ and cbbO)
(49), the PPi-dependent 6-phosphofructokinase (PPi-PFK) (50, 51), and the neighboring
PPi-energized proton pump (hppA) thought to be involved in energy conservation dur-
ing autotrophic carbon fixation (50, 51) were upregulated under O conditions (Fig. 4A).
The large subunit of the RuBisCO protein (CbbL; type I-A group according to Fig. S4)
was among the top expressed proteins irrespective of the presence of oxygen (Data
Set S1, column “mean %cOrgNSAF”).

In conclusion, (i) upregulation of carbon fixation genes occurred in the presence of oxy-
gen when sulfur oxidation genes were downregulated, while (ii) incorporation of inorganic
carbon was detected to a similar extent in the presence and absence of oxygen.

Genes involved in the utilization of organic carbon and polyhydroxyalkanoate
(PHA) storage buildup are upregulated in the presence of oxygen. As anticipated,
the nematode ectosymbiont may exploit additional reduced compounds besides sul-
fide for energy generation. Indeed, “Ca. T. oneisti” possesses the genomic potential to
assimilate glyoxylate, acetate, and propionate via the partial 3-hydroxypropionate
cycle (like the closely related Olavius algarvensis g1-symbiont [50]) and furthermore
contains genes for utilizing additional small organic carbon compounds such as G3P,
glycolate, ethanol, and lactate (Fig. 2 and Data Set S1). With the exception of G3P utili-
zation genes (see above), the expression of genes involved in the assimilation of or-
ganic carbon including their putative transporters was significantly higher under O
conditions (Fig. 3). Among the upregulated genes were lutB (involved in the oxidation
of lactate to pyruvate [52]), propionyl coenzyme A (CoA) synthetase (prpE, propionate
assimilation [53]), and two components of a TRAP transporter which most commonly
transports carboxylates (54) (Data Set S1).

These gene expression data imply that the nematode ectosymbiont uses organic
carbon compounds in addition to CO2 under O conditions, thereby increasing the sup-
ply of carbon. Consistent with high carbon availability, genes necessary to synthesize
storage compounds such as polyhydroxyalkanoates (PHAs), glycogen, and trehalose
showed an overall higher median transcript level under O conditions (Fig. 3). In particular,
two key genes involved in the biosynthesis of the PHA compound polyhydroxybutyrate
(PHB)—acetyl-CoA acetyltransferase (phaA) and a class III PHA synthase subunit (phaC-2)—
were upregulated in the presence of oxygen. Conversely, we observed upregulation of both
PHB depolymerases involved in PHB degradation under AS, and Raman microspectroscopy
showed that the median PHA content was slightly lower in symbiont cells under AS than
under both oxic conditions after the incubation period (Fig. S5).

We propose that in the presence of oxygen, enhanced mixotrophy (i.e., simultaneous
assimilation of inorganic and organic carbon) would result in higher carbon availability
reflected by PHA storage buildup and facilitating facultative chemolithoautotrophic synthe-
sis of ATP via the aerobic respiratory chain.

Upregulation of nitrogen assimilation in the presence of oxygen. It has been
shown that high carbon availability is accompanied by high nitrogen assimilation (55–57).
Indeed, despite the sensitivity of nitrogenase toward oxygen (58), its key catalytic MoFe
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enzymes (nifD, nifK) (59) and several other genes involved in nitrogen fixation were drasti-
cally upregulated in the presence of oxygen (Fig. 3 and 5A). Moreover, in accordance with a
recent study showing the importance of sulfur assimilation for nitrogen fixation (60), genes
involved in the assimilation of sulfate, i.e., the sulfate transporters sulP and cysZ, as well as
genes encoding two enzymes responsible for cysteine biosynthesis (cysM, cysE) were also
upregulated in the presence of oxygen (Data Set S1).

Besides nitrogen fixation, genes involved in urea uptake (transporters, urtCBDE) and
utilization (urease, ureF and ureG) were also transcribed significantly more highly under
O conditions (Fig. 3 and 5A).
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FIG 5 Nitrogen fixation and urea utilization genes as well as stress response and vitamin biosynthesis genes are
upregulated, and fewer symbiont cells divide in the presence of oxygen. (A) Heatmap showing transcript levels of
differentially expressed genes involved in nitrogen assimilation. Cofactor synt., cofactor biosynthesis; Urease acc. proteins,
urease accessory proteins. (B) Heatmaps displaying transcript levels of differentially expressed genes involved in stress
response as well as in the biosynthesis of vitamins and cofactors. Heavy metal resist., heavy metal resistance. Both panel A
and panel B show genes that were differentially expressed between anoxic sulfidic (AS) and oxygenated (O) conditions
after 24 h of incubation (2-fold change, FDR# 0.05). Expression levels are visualized by displaying mean-centered
log2TPMs (transcripts per kilobase million). Upregulation is indicated in red, and downregulation is in blue. Genes are
ordered by function in the respective metabolic pathways. (C) Bars show the percentage of dividing “Ca. T. oneisti” cells
upon 24-h incubations under anoxic sulfidic (AS), hypoxic (H), and oxic (Ox) conditions. A total of 658, 1,009, and 1,923
cells was counted for the AS, H, and Ox condition, respectively. Error bars indicate 95% confidence intervals of the
proportions. A chi-square hypothesis test of independence determined that the observed differences between all
proportions were highly likely dependent on the incubation condition (P, 0.00001).
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In conclusion, genes involved in nitrogen assimilation (from N2 or urea) were consis-
tently upregulated in the presence of oxygen, when (i) carbon assimilation was likely
higher and when (ii) higher demand for nitrogen is expected due to stress-induced
synthesis of vitamins (see section below).

Upregulation of biosynthesis of cofactors and vitamins and global stress
response in the presence of oxygen. Multiple transcripts and proteins associated
with diverse bacterial stress responses were among the most highly expressed in the
presence of oxygen (Fig. 3 and Data Set S1). More specifically, heat shock proteins
Hsp70 and Hsp90 were highly abundant (Data Set S1, column “mean %cOrgNSAF”),
and transcripts of heat shock proteins (Hsp15, Hsp20, Hsp40, and Hsp90) were upregu-
lated (Fig. 5B). Besides chaperones, we also detected upregulation of a transcription
factor which induces synthesis of Fe-S clusters under oxidative stress (iscR) (61) along
with several other genes involved in Fe-S cluster formation (Fig. 5B) (62) and regulators
for redox homeostasis, like thioredoxins, glutaredoxins, and peroxiredoxins (63).
Furthermore, we observed upregulation of protease genes (lon, ftsH, rseP, htpX, hspQ)
(64–68), genes required for repair of double-strand DNA breaks (such as radA, recB,
mutSY, and mfd) (69–71), and relA, known to initiate the stringent response when cells
are starved for amino acids (72) (Fig. 5B). Amino acid starvation could be caused by a
high demand for stress-related proteins under O conditions and could also explain the
upregulation of amino acid biosynthesis pathways under O conditions (73) (Fig. 3).

SspA, shown to be important for survival under various stress conditions (74–76),
was the only stress-related gene upregulated under AS (Fig. 5B).

We hypothesized that the drastic upregulation of stress-related genes observed
under O conditions would require an increase in the biosynthesis of vitamins (77–79).
Indeed, genes involved in biosynthesis of vitamins such as vitamins B2, B6, B9, and B12

were upregulated in the presence of oxygen (Fig. 3 and 5B). Notably, the proposed up-
regulation of nitrogen fixation and urea utilization (see above section) would support
the synthesis of these nitrogen-rich molecules.

The upregulation of stress-related genes under O conditions was accompanied by
significantly fewer dividing symbiont cells, i.e., 18.1% and 21.4% (under H and Ox conditions,
respectively) versus 30.1% (under AS conditions) (Fig. 5C), and downregulation of both early
(ftsE, ftsX) and late (damX, ftsN) cell division genes (80) (Fig. 3 and Data Set S1). Oxygen may
therefore elicit a stress response that hampers symbiont proliferation.

DISCUSSION

This is the first study reporting on the global transcriptional response to oxygen of
a thiotrophic animal ectosymbiont, “Ca. T. oneisti.” Here, we detected a strong tran-
scriptional response of “Ca. T. oneisti” key metabolic processes to oxygen, as well as
shifts in protein abundance and lipid composition. Although ongoing comparative
host transcriptomics suggests that also the nematode host responds to oxygen (L.
König and G. F. Paredes, unpublished data), and although the host response likely
affects that of “Ca. T. oneisti,” this study exclusively focused on the effect of oxygen on
symbiont physiology.

Experimental design. The concentrations of oxygen and sulfide to which symbiotic
nematodes were exposed in our study were chosen based on the distribution of L.
oneistus and measured sulfide concentrations in their natural environment, that is,
shallow-water marine sediment containing up to 25mM sulfide (Fig. 1A), with oxidized
layers rapidly transitioning to reduced, anoxic sediments (10). Given that in low-sulfide
sediments, oxygen and sulfide rarely cooccur (81, 82), nematodes were not supple-
mented with sulfide when incubated in the presence of oxygen. Moreover, we omitted
pre-experimental acclimation to study the symbiont in its close-to-natural state, i.e.,
replete with intracellular sulfur stores as indicated by the nematode whiteness (15, 31).
Indeed, the similar gene expression observed between AS and A, and between H and O,
conditions is consistent with the assumption that during the incubations, “Ca. T. oneisti”
relied on stored sulfur, and its metabolism responded to the presence or absence of oxygen,
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irrespective of sulfide supplementation (Fig. 1D and Fig. 4A and see Fig. S1 in the supple-
mental material).

Although at the beginning of all the incubations “Ca. T. oneisti” was likely not
depleted of stored sulfur, after 24 h of incubation, the lack of sulfide supplementation
resulted in depleted sulfur stores under both the A and Ox conditions. Curiously, sulfur
stores were higher following H than following Ox incubations (Fig. S1B). This cannot be
explained by transcriptomics, as only a single gene involved in sulfur oxidation (a puta-
tive sulfur globule gene, spgD [Data Set S1]) was differentially expressed between H
and Ox conditions.

Ideally, all the worms should have been subjected to the four different conditions
at the same time. Although we did randomly split the worms into replicates, we were
able to test a maximum of two conditions (150 nematodes per condition) per day, due
to the time needed to manually extract each single nematode from the sand (see
Materials and Methods). In spite of this technical limitation, replicates from the same
treatment on different dates (e.g., three Ox replicates in July 2017 and three Ox repli-
cates in March 2019) clustered with each other in their gene expression profiles
(Fig. 1C).

Another potential source of variability under the conditions experienced by differ-
ent nematode batches could be the fact that the A and AS conditions were tested in
closed vials whereas the H and Ox ones were tested in open vials. Although in this
study we measured only oxygen, sulfide, and nitrate, and we cannot, therefore, rule
out whether the concentrations of other substrates differed between closed and open
vials, the fact that transcriptomes of symbionts incubated in H (on the bench) and Ox
(in an aquarium) samples clustered together suggests that differences in unmeasured
substrates were negligible (Fig. 1C).

Overall, distinct (treatment-specific) and coherent transcriptional profiles irrespec-
tive of sampling date and experimental setup (Fig. 1C) suggest that oxygen is the main
factor affecting the symbiont transcriptomes.

Anaerobic sulfur oxidation. Genes involved in sulfur oxidation showed high over-
all expression compared to other central metabolic processes, indicating that thiotro-
phy is the predominant energy-generating process for “Ca. T. oneisti” under both Ox
and anoxic conditions (Fig. 6). Thus, our data strongly support previous observations of
Stilbonematinae ectosymbionts performing aerobic and anaerobic sulfur oxidation (11,
15). As the majority of genes involved in denitrification were upregulated under AS
conditions (Fig. 4A), nitrate likely serves as terminal electron acceptor for anaerobic sul-
fur oxidation. Importantly, we detected nitrate in the incubation medium, as well as in
all sediment layers (Table S1), at concentrations typical of oligotrophic sediment, in
which also the O. algarvensis g3-symbiont is predicted to couple sulfur oxidation to
denitrification (50).

Sulfur oxidation in chemosynthetic symbioses is commonly described as an aerobic
process required for host survival (3). However, many of these symbiotic organisms
likely experience periods of oxygen depletion as would be expected from life at the
interface of oxidized and reduced marine environments. Together with previous
reports demonstrating nitrate reduction (13, 14, 16) and studies showing the genomic
potential for using nitrate as terminal electron acceptor (6, 50, 83–85), this study sub-
stantiates that nitrate respiration during temporary anoxia could represent an impor-
tant strategy for energy conservation among thiotrophic symbionts.

While upregulation of sulfur oxidation and denitrification genes in anoxia repre-
sents no proof for preferential anaerobic sulfur oxidation, we hypothesize that oxida-
tion of reduced sulfur compounds to sulfate is more pronounced when oxygen is
absent. Among the upregulated sulfur oxidation genes, we identified aprM and the
qmoABC complex, both of which are thought to act as electron-accepting units for APS
reductase and therefore rarely cooccur in thiotrophic bacteria (33). The presence and
expression of the QmoABC complex could provide a substantial energetic advantage
to the ectosymbiont by mediating electron bifurcation (33), in which the additional

Paredes et al.

May/June 2021 Volume 6 Issue 3 e01186-20 msystems.asm.org 12

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 2

4 
N

ov
em

be
r 

20
21

 b
y 

13
1.

13
0.

57
.7

.

29

https://msystems.asm.org


reduction of a low-potential electron acceptor (e.g., ferredoxin, NAD1) could result in
optimized energy conservation under anoxic conditions. The maximization of sulfur ox-
idation under anoxia might even represent a temporary advantage for the host.
Indeed, this would be shielded from sulfide poisoning while crawling in a sediment
which is free of predators but rich in decomposed organic matter (detritus) (15, 86–88).
Due to the dispensability of oxygen for sulfur oxidation, the ectosymbiont may not
need to be shuttled to superficial sand by its nematode hosts to oxidize sulfur. Host
migration into upper zones of the sediment may therefore primarily reflect the oxygen
dependence of the animal host.

In addition to anaerobic sulfur oxidation, the nematode ectosymbiont’s phyloge-
netic affiliation with facultative anaerobic, anoxygenic phototrophic sulfur oxidizers
such as Allochromatium vinosum (6, 32) and the presence and expression of yet other
anaerobic respiratory complexes (DMSO reductase family enzyme and fumarate reduc-
tase) collectively suggest that “Ca. T. oneisti” might be well adapted to anoxic sulfidic
sediment zones.

Symbiont proliferation in anoxia. Although a few studies shed light on the molec-
ular cell biology of “Ca. T. oneisti” reproduction (26, 28, 89), up to this study, we did
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not know how this is influenced by environmental changes. Here, we observed signifi-
cantly higher numbers of dividing cells under AS conditions (Fig. 5C), and therefore,
sulfur oxidation coupled to denitrification might represent the ectosymbiont’s pre-
ferred strategy to generate energy for growth. We hypothesize that aside from sulfur
oxidation, the mobilization of PHA could represent an additional source of ATP (and
carbon) supporting symbiont proliferation under AS (Fig. S5 and Fig. 6). Of note, PHA
mobilization in anoxia was also shown for Beggiatoa spp. (90). On the other hand, sev-
eral lines of research have shown that stress—experienced by “Ca. T. oneisti” in the
presence of oxygen (Fig. 5B)—can inhibit bacterial growth (91–97). Importantly,
increased proliferation of a thiotroph which uses an anaerobic electron acceptor (such
as nitrate) instead of oxygen has not been reported yet (98–101).

Loose coupling of sulfur oxidation and carbon fixation. Reduced sulfur com-
pounds stimulate carbon fixation in thioautotrophic symbionts (7, 11, 19, 20, 45–47,
102, 103). Our bulk isotope ratio mass spectrometry (EA-IRMS) analysis indicates that,
even though expression of the sulfur oxidation pathway was stimulated, fixation of
[13C]bicarbonate-derived carbon was not the highest under AS conditions (Fig. 3 and
4). Instead, carbon fixation appeared unaffected by oxygen.

Even though, based on EA-IRMS, oxygen did not affect carbon fixation, CBB cycle
transcripts in general, and RuBisCO-associated transcripts in particular, were signifi-
cantly more abundant when oxygen was present (Fig. 3 and 4). Upregulation of these
genes could be a mechanism to counteract an increased oxygenase activity of
RuBisCO in the presence of oxygen, as competition between its two substrates (CO2

and O2) has been reported to constrain the carbon fixation efficiency of the enzyme
(104, 105). Phylogenetic analysis of the ectosymbiont RuBisCO large subunit protein
(CbbL) placed it within the type I-A group (Fig. S4), whose characterized representa-
tives are adapted to oxic environments (105, 106). The discrepancy between carbon
incorporation and transcriptome data could thus reflect a tradeoff between the carbox-
ylase and oxygenase activity of RuBisCO. Of note, fixation of CO2 by other carboxylat-
ing enzymes may not significantly contribute to inorganic carbon incorporation.
Indeed, acetyl-CoA carboxylase (acc genes) is predicted to act only as a biosynthetic
carboxylase, whereas the constitutively expressed propionyl-CoA carboxylase (pccB)
takes part in the partial 3-hydroxypropionate cycle thought to mainly function in
assimilation of organic substrates in some thiotrophic symbionts (48, 50, 107). No other
known carboxylases are found in the symbiont genome.

Altogether, both lines of evidence point toward a loose coupling between sulfur ox-
idation and autotrophic carbon fixation. Notably, sulfide oxidation without matching
CO2 fixation has been described before for the symbiont of Riftia pachyptila (108, 109),
and an example of extreme decoupling of sulfur oxidation and carbon fixation was
recently reported for Kentrophoros ectosymbionts. Strikingly, these lack genes for auto-
trophic carbon fixation altogether and thus represent the first heterotrophic sulfur-oxi-
dizing symbionts (48).

Oxic mixotrophy. Several chemosynthetic symbionts may engage in mixotrophy
(6, 20, 50, 51, 110), and also the nematode ectosymbiont possesses genes for transport
of small organic carbon compounds, their assimilation, and further metabolization (tri-
carboxylic acid [TCA] cycle, glyoxylate shunt). Some of the organic carbon compounds
represent typical host waste products (acetate, lactate, propionate) and could there-
fore be host-derived (50).

The expression of genes involved in transport and assimilation pathways was signif-
icantly more pronounced under O than under AS conditions (Fig. 3). In addition to
assimilating inorganic carbon autotrophically, the ectosymbiont may thus assimilate
more organic carbon in the presence of oxygen and, consequently, may experience
higher carbon availability (Fig. 6).

While repression of RuBisCO biosynthesis by organic carbon has been demonstrated
(111, 112), simultaneous incorporation of organic and inorganic carbon has been described
for several facultative autotrophic bacteria (113–119). Concomitant mixotrophy is thought to
be an advantage in oligotrophic environments where nutrients are limiting (116, 120), and
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CO2 derived from the breakdown of organic carbon through decarboxylation can subse-
quently be reutilized via the CBB cycle (117).

The metabolization of these organic carbon compounds ultimately yields acetyl-
CoA, which, in turn, can be further oxidized in the TCA cycle and/or utilized for fatty
acid and PHA biosynthesis (Fig. 2 and 6). Our transcriptome and Raman microspectro-
scopy data suggest that “Ca. T. oneisti” favors PHA buildup over its degradation under
O conditions (Fig. S5). Higher carbon availability in the presence of oxygen resulting in
a surplus of acetyl-CoA may cause a nutrient imbalance that could facilitate PHA accu-
mulation as previously shown (121–123). Moreover, it might play a role in resilience
against cellular stress, as there is increasing evidence that PHA biosynthesis is
enhanced under unfavorable growth conditions such as extreme temperatures, UV
radiation, osmotic shock, and oxidative stress (124–132). Similar findings have been
obtained for pathogenic (133) and symbiotic (134) bacteria of the genus Burkholderia,
with the latter study reporting upregulation of stress response genes and PHA biosyn-
thesis in the presence of oxygen. Finally, oxic biosynthesis of PHA might also prevent
excessive accumulation and breakdown of sugars by glycolysis and oxidative phospho-
rylation, which, in turn, would exacerbate oxidative stress (135).

Oxic nitrogen assimilation. Despite the oxygen-sensitive nature of nitrogenase
(58), we observed a drastic upregulation of nitrogen fixation genes under O conditions
(Fig. 3 and 5A). Besides ammonia production, nitrogen fixation can act as an electron
sink under heterotrophic conditions (136, 137). The ectosymbiont may therefore use
the nitrogenase to maintain redox balance in the cell when organic carbon is metabo-
lized under oxic conditions.

Urea utilization and uptake genes were also upregulated. Although the nematode
host likely lacks the urea biosynthetic pathway (L. König, unpublished data), this com-
pound is one of the most abundant organic nitrogen substrates in marine ecosystems,
as well as in animal-inhabited (oxygenated) sand (138, 139). The apparent increase in
nitrogen assimilation in the presence of oxygen could thus be a result of an increased
demand for nitrogen driven by the biosynthesis of nitrogen-rich compounds such as
vitamins and cofactors potentially required to survive oxidative stress (Fig. 3, 5, and 6).
Indeed, the upregulation of the urea uptake system and urease accessory proteins, as
well as the aforementioned stress-related relA gene, has been shown to be a response
to nitrogen limitation in other systems (140, 141); nitrogen imbalance may have also
induced PHA accumulation under oxic conditions (121–123). The role of vitamins in
protecting cells against the deleterious effects of oxygen has been shown for animals
(142, 143), and the importance of riboflavin for bacterial survival under oxidative stress
has previously been reported (77, 79). Along this line of thought, oxygen-exposed “Ca.
T. oneisti” upregulated glutathione and thioredoxin, which are known to play a pivotal
role in scavenging reactive oxygen species (ROS) (144). Their function directly (or indi-
rectly) requires vitamin B2, B6, and B12 as cofactors. More specifically, thioredoxin reduc-
tase (trxB) requires riboflavin (vitamin B2) in the form of flavin adenine dinucleotide
(FAD) (145); cysteine synthase (cysM) and glutamate synthases (two-subunit gltB/gltD,
one-subunit gltS) involved in the biosynthesis of the glutathione precursors L-cysteine
and L-glutamate depend on vitamin B6, FAD, and riboflavin in the form of flavin mono-
nucleotide (FMN) (146, 147). As for cobalamin, it was thought that this vitamin played
only an indirect role in oxidative stress resistance (148), by being a precursor of S-aden-
osylmethionine (SAM), a substrate involved in the synthesis of glutathione via the me-
thionine metabolism (and the transsulfuration pathway), and in preventing the Fenton
reaction (149, 150). However, its direct involvement in the protection of chemolithoau-
totrophic bacteria against oxidative stress has also been illustrated (78).

In summary, in the presence of oxygen, the upregulation of genes involved in biosynthe-
sis of vitamins B2, B6, and B12 along with antioxidant systems and their key precursor genes
cysM and B12-dependent-methionine synthase metH suggests that the ectosymbiont
requires increased levels of these vitamins to cope with oxidative stress (Fig. 6).

Evolutionary considerations. Anaerobic sulfur oxidation, increased symbiont prolifera-
tion, and downregulation of stress-related genes lead us to hypothesize that “Ca. T. oneisti”
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evolved from a free-living bacterium that mostly, if not exclusively, inhabited anoxic sand
zones. In support of this, the closest relatives of the nematode ectosymbionts are free-living
sulfur oxidizers thriving under anoxic conditions (i.e., Allochromatium vinosum, Thioflavicoccus
mobilis, and Marichromatium purpuratum) (6, 151). Eventually, advantages such as protection
from predators or utilization of host waste products (e.g., fermentation products, ammonia)
may have been driving forces that led to the “Ca. Thiosymbion”-Stilbonematinae symbioses.
As the association became more and more stable, the symbiont optimized (or acquired)
mechanisms to resist oxidative stress, as well as metabolic pathways to most efficiently exploit
the metabolic potential of oxygenated sand zones (mixotrophy, nitrogen assimilation, and
vitamin and cofactor biosynthesis). From the L. oneistus nematode perspective, the acquired
“symbiotic skin” enabled it to tolerate the otherwise poisonous sulfide and to inhabit sands vir-
tually devoid of predators but rich in decomposed organic matter.

MATERIALS ANDMETHODS
Sample collection. Laxus oneistus individuals were collected on multiple field trips (2017 to 2019)

at approximately 1-m depth from a sandbar off the Smithsonian Field Station, Carrie Bow Cay, in Belize
(16°48911.010N, 88°4954.420W). All the nematodes were extracted at the same location by gently stirring
the sand and pouring the supernatant seawater through a 212-mm mesh sieve. The retained meiofauna
was collected in a petri dish, and single worms of similar size (10 mm length, representing adult L. oneis-
tus) were handpicked by using forceps (Dumont 3; Fine Science Tools, Canada) under a dissecting micro-
scope. L. oneistus nematodes were identified based on morphological characteristics (152). Notably, all
collected L. oneistus nematodes had a white appearance. Upon extraction from the sand, which required
approximately 1 h per batch (50 nematodes) and 4 h for the up to 4 batches necessary to test one exper-
imental condition (200 nematodes), the nematodes were subjected to various incubation conditions as
described below.

The spatial distribution of L. oneistus as well as concentrations of sulfide (
P

H2S, i.e., the sum of H2S,
HS2, and S22), dissolved inorganic nitrogen (DIN; nitrate, nitrite, and ammonia), and dissolved organic
carbon (DOC) was determined in sediment cores at various depths (Fig. 1A; see also Table S1 and Text
S1 in the supplemental material).

Incubations for RNA sequencing (RNA-Seq). Batches of 50 L. oneistus individuals were collected
and incubated in triplicates or more under different oxygen concentrations during two field trips
(Fig. 1B and C). Namely, they were incubated for 24 h in the dark, in either the presence or absence of
oxygen, in 13-ml exetainers (Labco, Lampeter, Wales, UK) fully filled with 0.2-mm filtered seawater col-
lected from seawater overlying the sandbar inhabited by the nematodes. The oxic incubations consisted
of two separate experiments of low (hypoxic; three replicates in July 2017) and high (oxic; three repli-
cates in July 2017, three replicates in March 2019) oxygen concentrations. Here, all exetainers were kept
open, but only the samples with high oxygen concentrations were submerged in an aquarium con-
stantly bubbled with air (Air Pump Plus; Sera, Heinsberg, Germany). Oxic incubations started with around
195 mM O2 and reached an average of 188mM after 24 h. Hypoxic incubations started with around
115mM O2 but reached less than 60mM O2 after 24 h. This likely occurred due to nematode oxygen con-
sumption. The anoxic treatments comprised incubations to which either 11 mM sodium sulfide
(Na2S·9H2O; Sigma-Aldrich, St. Louis, MO, USA) was added (anoxic-sulfidic; three replicates in July 2017)
or no sulfide was supplied (anoxic; three replicates in July 2017, two replicates in March 2019), and
P

H2S concentrations were checked at the beginning and at the end (24 h) of each incubation by spec-
trophotometric determination following the protocol of Cline (Text S1). Anoxic incubations were
achieved with the aid of a polyethylene glove bag (AtmosBag; Sigma-Aldrich) that was flushed with N2

gas (Fabrigas, Belize City, Belize), together with incubation media and all vials, for at least 1 h before
closing. Dissolved oxygen inside the bag was monitored throughout the 24 h of each incubation using a
PreSens Fibox 3 trace fiber-optic oxygen meter and noninvasive trace oxygen sensor spots attached to
the exetainers (PSt6 and PSt3; PreSens, Regensburg, Germany). For exact measurements of

P
H2S and

oxygen, see Table S2A. The seawater used for all incubations had an initial concentration of nitrate and
nitrite of 4.2mM and 0.31mM, respectively (Text S1). Temperature and salinity remained constant
throughout all incubations, measuring 27 to 28°C and 33 to 34%, respectively. All worms were moving
after the 24-h incubations, indicating that they were alive. Each set of 50 worms was quickly transferred
into 2ml RNA storage solution (13.3mM EDTA disodium dihydrate [pH 8.0], 16.6mM sodium citrate
dihydrate, 3.5 M ammonium sulfate [pH 5.2]), kept at 4°C overnight, and finally stored in liquid nitrogen
until RNA extraction.

RNA extraction, library preparation, and RNA-Seq. RNA from symbiotic L. oneistus was extracted
using the NucleoSpin RNA XS kit (Macherey-Nagel, Düren, Germany). Briefly, batches of 50 worms in
RNA storage solution were thawed and the worms were transferred into 90ml lysis buffer RA1 contain-
ing Tris (2-carboxyethyl) phosphine (TCEP) according to the manufacturer’s instructions. The remaining
RNA storage solution was centrifuged to collect any detached bacterial cells (10min, 4°C, 16,100� g),
and pellets were resuspended in 10ml lysis buffer RA1 (plus TCEP) and then added to the worms in lysis
buffer. To further disrupt cells, suspensions were vortexed for 2 min followed by three cycles of freeze
(280°C) and thaw (37°C) and homogenization using a pellet pestle (Sigma-Aldrich) for 60 s with a 15-s
break after 30 s. Any remaining biological material on the pestle tips was collected by rinsing the tip
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with 100ml lysis buffer RA1 (plus TCEP). Lysates were applied to NucleoSpin filters, and samples were
processed according to the manufacturer’s instructions, including an on-filter DNA digest. RNA was
eluted in 20ml RNase-free water. To remove any residual DNA, a second DNase treatment was per-
formed using the Turbo DNA-free kit (Thermo Fisher Scientific, Waltham, MA, USA), RNA was then dis-
solved in 17ml RNase-free water, and the RNA quality was assessed using a Bioanalyzer (Agilent, Santa
Clara, CA, USA). To check whether all DNA was digested, real-time quantitative PCR using the GoTaq
qPCR master mix (Promega, Madison, WI, USA) was performed targeting a 158-bp stretch of the
sodB gene using primers specific for the symbiont (sodB-F, GTGAAGGGTAAGGACGGTTC; sodB-R,
AATCCCAGTTGACGATCTCC; 10mM per primer). Different concentrations of genomic “Ca. T. oneisti” DNA
were used as positive controls. The program was as follows: 1� 95°C for 2min, 40� 95°C for 15 s and 60°C
for 1min, 1� 95°C for 15 s, and 55°C to 95°C for 20min. Next, bacterial and eukaryotic rRNA was removed
using the Ribo-Zero Gold rRNA removal kit (Epidemiology) (Illumina, San Diego, CA, USA) following the man-
ufacturer’s instructions, but volumes were adjusted for low input RNA (153). In short, 125ml magnetic beads
solution, 32.5ml magnetic bead resuspension solution, 2ml Ribo-Zero reaction buffer, and 4ml Ribo-Zero re-
moval solution were used per sample. RNA was cleaned up via ethanol precipitation and dissolved in 9ml
RNase-free water, and rRNA removal was evaluated using the Bioanalyzer RNA Pico kit (Agilent, Santa Clara,
CA, USA). Strand-specific, indexed cDNA libraries were prepared using the SMARTer stranded RNA-Seq kit
(TaKaRa Bio USA, Mountain View, CA, USA). Library preparation was performed according to the instructions,
with 8ml of RNA per sample as input, 3-min fragmentation time, two rounds of AMPure XP Beads (Beckman
Coulter, Brea, CA, USA) cleanup before amplification, and 18 PCR cycles for library amplification. The quality
of the libraries was assessed via the Bioanalyzer DNA high-sensitivity kit (Agilent). Libraries were sequenced
on an Illumina HiSeq 2500 instrument (single-read, 100nucleotides [nt]) at the next-generation sequencing
facility of the Vienna BioCenter Core Facilities (VBCF; https://www.viennabiocenter.org/facilities/).

Genome sequencing, assembly, and functional annotation. The genome draft of “Ca. T. oneisti”
was obtained by performing a hybrid assembly using reads from Oxford Nanopore Technologies (ONT)
sequencing and Illumina sequencing. To extract DNA for ONT sequencing and dissociate the ectosym-
bionts from the host, approximately 800 Laxus oneistus individuals were incubated three times for 5min
each in TE buffer (10mM Tris-HCl [pH 8.0], 1mM disodium EDTA [pH 8.0]). Dissociated symbionts were
collected by 10-min centrifugation at 7,000� g and subsequent removal of the supernatant. DNA was
extracted from this pellet using the blood and tissue kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The eluant was further purified using the DNA Clean & Concentrator-5 kit
(Zymo Research, Irvine, CA, USA), and the DNA was eluted twice with 10ml nuclease-free water.

The library for ONT sequencing was prepared using the ONT rapid sequencing kit (SQK-RAD002) and
sequenced on an R9.4 flow cell (FLO-MIN106) on a MinION for 48 h. Basecalling was performed locally with
ONT’s Metrichor Agent v1.4.2, and resulting fastq files were trimmed using Porechop v0.2.1 (https://github
.com/rrwick/Porechop). Illumina sequencing reads from a previous study (6) were made available by Harald
Gruber-Vodicka (MPI Bremen). Raw reads were filtered: adapters were removed and trimmed using BBDuk
(BBMap v37.22, https://sourceforge.net/projects/bbmap/), with a minimum length of 36 and a minimum Phred
score of 2. To keep only reads derived from the symbiont, trimmed reads were mapped onto the available ge-
nome draft (NCBI accession FLUZ00000000.1) using BWA-mem v0.7.16a-r1181 (154). Reads that did not map
were discarded. The hybrid assembly was performed using SPAdes v3.11 (155) with flags –careful and the ONT
reads supplied as –nanopore. Contigs smaller than 200bp and a coverage lower than 5� were filtered out
with a custom Python script. The genome completeness was assessed using CheckM v1.0.18 (156) with the
gammaproteobacterial marker gene set using the taxonomy workflow. The genome was estimated to be
96.63% complete and to contain 1.12% contamination and was 4.35Mb in length on 401 contigs with a GC
content of 58.7% and N50 value of 27,060bp.

The genome of “Ca. T. oneisti” was annotated using the MicroScope platform (157), which predicted
5,169 protein-coding genes. To expand the functional annotation provided by MicroScope, predicted
proteins were assigned to KEGG pathway maps using BlastKOALA and KEGG Mapper-Reconstruct
Pathway (158) and gene ontology (GO) terms using Blast2GO v5 (159) and searched for Pfam domains
using the hmmscan algorithm of HMMER 3.0 (160, 161). All functional annotations can be found in Data
Set S1. Furthermore, all genes, proteins, and pathways mentioned in the paper were manually curated
and can be searched by name in Data Set S1.

Gene expression analyses. Based on quality assessment of raw sequencing reads using FastQC
v0.11.8 (162) and prinseq-lite v0.20.4 (163), reads were trimmed and filtered using Trimmomatic v0.39
(164) and prinseq-lite as follows: 18 nucleotides were removed from the 59 end (HEADCROP), Illumina
adapters were removed (ILLUMINACLIP:TruSeq3-SE.fa:2:30:10), reads were trimmed when the average
quality of a five-base sliding window dropped below a Phred score of 20 (SLIDINGWINDOW:5:20), 39 poly(A)
tails were trimmed (-trim_tail_right 1), and only reads longer than 24 nucleotides were kept (MINLEN:25).
Mapping and expression analysis were done as previously described (165). Briefly, reads were mapped to the
“Ca. T. oneisti” genome draft using BWA-backtrack (154) with default settings, only uniquely mapped reads
were kept using SAMtools (166), and the number of strand-specific reads per gene was counted using HTSeq
in the union mode of counting overlaps (167). On average, 1.4� 106 (4.4%) reads uniquely mapped to the “Ca.
T. oneisti” genome. For detailed read and mapping statistics, see Table S3A.

Gene and differential expression analyses were conducted using the R software environment and
the Bioconductor package edgeR v3.28.1 (168–170). Genes were considered expressed if at least two
reads in at least two replicates of one of the four conditions could be assigned. Including all four conditions,
we found 92.8% of all predicted symbiont protein-encoding genes to be expressed (4,797 genes out of 5,169,
Data Set S1). Log2TPM (transcripts per kilobase million) values were calculated by log-transforming TPMs to
which library size-adjusted positive prior counts were added in order to avoid zero TPMs (edgeR function
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addPriorCount, prior.count=4). Log2TPM values were used to assess sample similarities via multidimensional
scaling based on Euclidean distances (R Stats package) (170) (Fig. 1C), and the average of replicate log2TPM val-
ues per expressed gene and condition was used to estimate expression strength. Median gene expression of
entire metabolic processes and pathways per condition was determined from average log2TPMs. A Wilcoxon
signed-rank test was applied to test for significantly different median gene expression between metabolic
processes and pathways (R Stats package).

For differential expression analysis, raw data were normalized by the trimmed mean of M-values
(TMM) normalization method (edgeR function calcNormFactors) (171), and gene-specific biological varia-
tion was estimated (edgeR function estimateDisp). Differential expression was determined using the
quasilikelihood F-test (edgeR functions glmQLFit and glmQLFTest) for pairwise comparisons (between
all four conditions) and comparing both anoxic conditions individually against the average for both oxic
conditions. Expression of genes was considered significantly different if their expression changed 2-fold
between two treatments with a false-discovery rate (FDR) of #0.05 (172). Throughout the paper, all
genes meeting these thresholds are either termed differentially expressed or up- or downregulated.
However, most follow-up analyses were conducted considering only differentially expressed genes
between the anoxic-sulfidic (AS) condition and the two oxygenated conditions combined (O [Results
and Fig. 1C]). For the differential expression analyses between all four conditions, see Data Set S1.
Heatmaps show mean-centered expression values to highlight gene expression change.

Bulk d13C isotopic analysis by Isoprime isotope ratio mass spectrometry (EA-IRMS). To analyze
the assimilation of carbon dioxide (CO2) by the symbionts in the presence or absence of oxygen, batches
of 50 freshly collected, live worms were incubated for 24 h in 150ml of 0.2-mm-filtered seawater, supple-
mented with 2mM (final concentration) either 12C-labeled (natural isotope abundance control) or 13C-la-
beled sodium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA). In a second control experiment, 50 freshly
collected worms were killed by incubating them in a 2% paraformaldehyde/water solution for 12 h prior
to 24 h of incubation with 13C-labeled sodium bicarbonate (dead control).

All three incubations were performed in biological triplicates or quadruplets and set up under anoxic-
sulfidic and oxic conditions. Like the RNA-Seq experiment, the oxic incubations consisted of two separate
experiments of low (hypoxic) and high (oxic) oxygen concentrations. To prevent isotope dilution through
exchange with the atmosphere, both the oxic and anoxic incubations remained closed throughout the 24
h. The procedure was as follows: 0.2-mm-filtered anoxic seawater was prepared as described above and was
subsequently used for both oxic and anoxic incubations. Then, compressed air (DAN oxygen kit; Divers
Alert Network, USA) and 25mM sodium sulfide (Na2S·9H2O; Sigma-Aldrich, St. Louis, MO, USA) were injected
into the oxic and anoxic incubations, respectively, to obtain concentrations resembling the conditions
applied in incubations for the RNA-Seq experiment (see Table S2B for details about the number of repli-
cates, incubation conditions, and a compilation of the measurement data).

At the end of each incubation (24 h), the nematodes were weighed (0.3 to 0.7mg [dry weight]) into
tin capsules (Elemental Microanalysis, Devon, United Kingdom) and dried at 70°C for at least 24 h.
Samples were analyzed using a Costech (Valencia, CA, USA) elemental analyzer interfaced with a contin-
uous flow Micromass (Manchester, United Kingdom) Isoprime isotope ratio mass spectrometer (EA-
IRMS) for determination of 13C/12C isotope ratios. Measurement values are displayed in d notation (per
mille [%]). A protein hydrolysate, calibrated against NIST reference materials, was used as a standard in
sample runs. The achieved precision for d 13C was60.2 % (1 standard deviation of 10 replicate measure-
ments on the standard). Statistically significant differences were determined by applying one-way analy-
sis of variance (ANOVA), followed by Tukey’s pairwise comparisons.

Assessment of the percentage of dividing cells. Three individual nematodes per EA-IRMS incuba-
tion (see Table S2B for O2 and H2S measurements at the beginning and at the end of the incubations)
were fixed, and ectosymbionts were dissociated from their hosts as described for Raman microspectro-
scopy (Text S1). A 1.5-ml amount of each bacterial suspension per condition was applied to a 1% aga-
rose-covered slide (173), and cells were imaged using a Nikon Eclipse NI-U microscope equipped with
an MFCool camera (Jenoptik). Images were obtained using the ProgRes Capture Pro 2.8.8 software
(Jenoptik) and processed with ImageJ (174). Bacterial cells were manually counted (.600 per sample)
and grouped into constricted (dividing) and nonconstricted (nondividing) cells based on visual inspec-
tion (28). The percentage of dividing cells was calculated by counting the total number of dividing cells
and the total amount of cells per condition. The chi-square hypothesis test of independence was applied
to test for a significant relationship between percentage of dividing cells and incubation condition.

Data availability. The assembled and annotated genome of “Ca. T. oneisti” has been deposited at
DDBJ/ENA/GenBank under the accession no. JAAEFD000000000. RNA-Seq data are available at the Gene
Expression Omnibus (GEO) database and are accessible through accession number GSE146081.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, DOCX file, 0.1 MB.
FIG S1, PDF file, 0.2 MB.
FIG S2, PDF file, 0.1 MB.
FIG S3, PDF file, 1.3 MB.
FIG S4, PDF file, 0.3 MB.
FIG S5, PDF file, 0.5 MB.
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Anaerobic sulfur oxidation underlies adaptation of a chemosynthetic symbiont to oxic-1 

anoxic interfaces 2 

Supplemental Materials and Methods 3 

Paredes et al. 4 

Sediment cores analysis. To determine the habitat and spatial distribution of L. oneistus, we 5 

used cores of 60 cm length and 60 mm diameter (UWITEC, Mondsee, Austria) connected to rhizon 6 

samplers of a diameter of 2.5 mm and mean pore size of 0.15 μm (Rhizosphere Research Products, 7 

Wageningen, Netherlands). This set up allowed the collection of sand and interstitial pore water 8 

(the nematode habitat) down to a depth of 30 cm. In total, nine sediment cores were collected in 9 

July 2017 at ∼1 m depth from a sand bar off Carrie Bow Cay, Belize (16°48′11.01″N, 10 

88°4′54.42″W). 11 

Immediately after collection, the pore-water sulfide content (∑H2S, i.e. the sum of H2S, 12 

HS− and S2−) was determined by the methylene-blue method [1]. In short, 670 μl of a 2% zinc 13 

acetate solution was mixed with 335 μl sample and subsequently 335 μl 0.5% N,N-dimethyl-p-14 

phenylenediamine and 17 μl of 10% ferrous ammonium sulfate were added and incubated for 30 15 

min in the dark. Surface seawater was used as a blank. Absorbance was measured at 670 nm and 16 

concentrations were quantified via calibration (measurement of ∑H2S standard solutions in the 17 

concentration range from 0 to 0.5 mM ∑H2S). Samples for dissolved inorganic nitrogen (DIN: 18 

nitrate, nitrite, and ammonia) and dissolved organic carbon measurements (DOC) were stored and 19 

transported deep-frozen, and analyzed at the University of Vienna, Austria. Nitrate (NO3
-) and 20 

nitrite (NO2
-) concentrations were determined according to the Griess method [2] using VCl3 [3], 21 

whereas the concentration of ammonium (NH4
+) was measured according to Solórzano [4]. For 22 

the quantification of nitrate, nitrite, and ammonia, freshly prepared KNO3, NaNO2 and NH4Cl 23 

solutions ranging from 0 to 100 µM were used to create standard curves, respectively. Artificial 24 

seawater served as a blank (prepared according to [5]) and all measurements were performed in 25 

technical triplicates. DOC was measured using a Shimadzu TOC-LCPH analyzer equipped with 26 

an ASI-L autosampler. After first acidifying the sample (pH 2 to 3) with hydrochloric acid, 27 

synthetic air (carbon dioxide free gas) was bubbled for 90 seconds through the sample to eliminate 28 

the inorganic carbon component. Next, the remaining total organic carbon was determined. 29 

Thereupon, 100 µL sample were injected into the combustion tube, which was filled with an 30 

oxidation platinum standard catalyst and heated to 720°C. The resulting combustion products were 31 

subsequently dehydrated, cooled and cleaned from chlorine and other halogens. Carbon dioxide 32 

was finally detected on a non-dispersive infrared (NDIR) gas analyzer. Each measurement 33 

constituted the mean from three 100 µL sample injections. 34 
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To determine the abundance of L. oneistus, the sand core was subdivided into 6 cm-thick 35 

layers and nematode were extracted from each sand layer by stirring the sand in seawater and 36 

pouring the supernatant through a 212 µm-mesh sieve. The retained material was transferred into 37 

a Petri dish, and single nematodes were handpicked using pipettes under a dissecting microscope. 38 

The number of L. oneistus nematodes and average ∑H2S, nitrate and nitrite concentrations are 39 

shown in Figure 1A and Table S1. All measurement data are listed in Table S1. 40 

Raman microspectroscopy. Three individual nematodes per EA-IRMS incubation (see Table 41 

S2B for O2 and H2S measurements at the beginning and at the end of the incubations), and an 42 

additional incubation under anoxic conditions without supplemented sulfide (0 µM of O2 and H2S 43 

at T0 h and T24 h), were fixed and stored in 0.1 M Trump’s fixative solution (0.1 M sodium 44 

cacodylate buffer, 2.5% GA, 2% PFA, pH 7.2, 1 000 mOsm L-1) [6]), and washed three times for 45 

10 min in 1x PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) 46 

before their ectosymbionts were dissociated by sonication for 40 s in 10 µl 1x PBS. 1 µl of each 47 

bacterial suspension was spotted on an aluminum-coated glass slide and measured with a 48 

LabRAM HR Evolution Raman microspectroscope (Horiba, Kyoto, Japan). 50 individual single-49 

cell spectra were measured from each sample. All spectra were aligned by the phenylalanine peak, 50 

baselined using the Sensitive Nonlinear Iterative Peak (SNIP) algorithm of the R package “Peaks” 51 

(https://www.rdocumentation.org/packages/Peaks/versions/0.2), and normalized by total 52 

spectrum intensity. For calculating the relative sulfur content, the average intensity value for 212-53 

229 wavenumbers (S8 peak) was divided by the average intensity of the adjacent flat region of 54 

231-248 wavenumbers. For calculating the relative polyhydroxyalkanoate (PHA) content, the 55 

average intensity value for 1 723-1 758 wavenumbers (PHA peak) was divided by the average 56 

intensity of the adjacent flat region of 1 759-1 793 wavenumbers [7]. Median relative sulfur and 57 

PHA content (shown as relative Raman intensities) were calculated treating all individual 58 

symbiont cells per condition as replicates (Figure S1B). Statistically significant differences were 59 

determined by applying the non-parametric Kruskal-Wallis test, followed by Dunn post-hoc test 60 

for multiple pairwise comparisons.  61 

Nanometer scale secondary ion mass spectrometry (NanoSIMS). NanoSIMS analysis 62 

was performed to visualize and quantify the distribution and incorporation of the 13C label into 63 

ectosymbiont and host biomass incubated in anoxic conditions without supplemented sulfide. The 64 

experimental set up of the incubations was identical with the incubations for EA-IRMS bulk 65 

analysis (see main Material and Methods), with the difference that here, we utilized batches of 30 66 

worms in duplicates, and one replicate of 50 worms per incubation was used for EA-IRMS to 67 

verify the incorporation of the 13C isotope prior to TEM/NanoSIMS sample preparation. EA-IRMS 68 

measurement values (δ13C) for the 13C-live, 13C-dead and 12C-live incubations were 403.9, -3.71, 69 
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and -15.2 ‰, respectively. At the end of each incubation (24 h), the symbiotic nematodes were 70 

fixed and stored in 0.1 M Trump’s fixative solution [6], at 4°C until further processing.  71 

To obtain simultaneous information on the isotopic distribution and the site of 72 

incorporation, consecutive resin sections for TEM/NanoSIMS analysis were prepared as follows: 73 

the fixed samples were washed three times with sodium cacodylate buffer (0.1 M, pH 7.2, 1 000 74 

mOsm L-1), each for 10 min at room temperature (RT). Subsequently, the washing buffer was 75 

removed, and the samples were incubated in a solution of 1% osmium tetroxide for 1.5 h at RT in 76 

a shaker of low speed. Afterwards, the samples were rinsed two times with milli-Q water, each for 77 

10 min at RT, and dehydrated stepwise by application of a concentration series of ethanol. The 78 

series consisted of 10 min incubations in 30%, 50%, 70% and 90% ethanol completed by three 79 

times 5 min incubations in 100% ethanol. Subsequently, ethanol was substituted by acetone via 80 

three times 10 min incubations in 100% acetone. Simultaneously, a fresh mixture of low viscosity 81 

resin was prepared (for 100 ml: 48 g LV resin, 8 g VH1 hardener, 44 g VH2 hardener, 2.5 g 82 

accelerator; Electron Microscopy Science). The dehydrated samples were then infiltrated stepwise 83 

by application of a resin/acetone concentration series: (i) 1:2 resin:acetone mixture for 15 min, (ii) 84 

1:1 resin:acetone mixture for 30 min, (iii) 2:1 resin:acetone mixture for 2 h 30 min, and (iv) 100% 85 

resin for 1 h. The final step was conducted inside a vacuum desiccator. Samples were then 86 

polymerized in a laboratory oven at 60°C for 48 h. From the obtained resin blocks, thick sections 87 

(1-2 μm) were cut by a Leica Ultracut UCT microtome to assess the quality of the embedded 88 

samples and to identify appropriate regions for TEM/NanoSIMS analysis. Subsequently, 89 

consecutive sections of 70 nm (ultra-thin) and 120 nm (semi-thin) thickness were prepared using 90 

a Leica Ultracut UCT microtome and equipped with a diamond knife (Diatome, Bern, 91 

Switzerland). The ultra-thin sections (for TEM) were deposited onto previously coated (0.5% 92 

formvar solution) slot grids, and stained with 2.5% gadolinium acetate for 25 min, followed by 93 

staining with 3% lead citrate for 8 min. After each staining step, the samples were cleaned by 94 

gently dipping into milli-Q water for ten times. TEM imaging was conducted on a Zeiss Libra 120 95 

transmission electron microscope (Carl Zeiss AG, Oberkochen, Germany). The semi-thin sections 96 

(for NanoSIMS) were deposited onto antimony-doped silicon wafer platelets (7.1 x 7.1 x 0.7 mm; 97 

Active Business Company, Brunnthal, Germany) and analyzed on a NS 50L instrument (Cameca, 98 

Gennevilliers, France). 99 

NanoSIMS data were recorded as multilayer image stacks by sequential scanning of a 100 

finely focused Cs+ primary ion beam (approx. 80 nm probe size at 2 pA beam current) and 101 

simultaneous detection of negative secondary ions and secondary electrons. Recorded images had 102 

a 512 × 512 pixel resolution and a field-of-view ranging from 30 × 30 to 60 × 60 μm2. The mass 103 

spectrometer was tuned for a achieving a mass resolving power of > 10 000 at mass 26 to separate 104 
12C14N- secondary ions from the isobaric species 13C2

-. Prior to data acquisition, anaysis areas were 105 

pre-conditioned in situ by rastering of a high intensity, defocused Cs+ ion beam in the following 106 
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sequence of high and extreme low ion impact energies (HE / 16 keV and EXLIE / 50 eV, 107 

respectively): HE at 100 pA beam current to a fluence of 5.0E14 ions/cm2; EXLIE at 400 pA beam 108 

current to a fluence of 5.0E16 ions/cm2; HE at 100 pA to a fluence of 2.5E14 ions/cm2. All images 109 

were recorded at a dwell time of 7.5 – 15 ms/pixel/cycle. Secondary ion signal intensities were 110 

corrected for detector dead time and quasi-simultaneous arrival (QSA) of secondary ions, using 111 

QSA sensitivity factors (“beta” values) of 1.10 for C− and 1.05 for CN− ions. Image data were 112 

evaluated using the WinImage software package v2.0.8 provided by Cameca. The carbon isotope 113 

composition is displayed as 13C/(12C + 13C) isotope fraction, given in at%, calculated from C2
- 114 

secondary ion signal intensities via 13C/(12C + 13C) = 12C13C-/(2*12C12C- +12C13C-). Numerical data 115 

evaluation was performed on manually defined regions of interest (ROI). Individual ROI values 116 

from samples of the 13C-live incubations were considered significantly enriched in 13C if (i) the 117 
13C isotope fraction was above the 95th percent confidence interval of the corresponding ROI 118 

values determined on the negative control samples (i.e. 12C-live and 13C-dead: natural isotope 119 

abundance control and dead control, respectively) and (ii) the statistical counting error (5σ, 120 

Poisson) was smaller than the difference between the considered ROI and the mean value 121 

measured on each control. 122 

Preparation of Ca. T. oneisti pellets for proteomics. 500 symbiotic Laxus oneistus were 123 

extracted from the sand as described in the main Materials & Methods, and incubated for 24 h in 124 

13 ml of 0.2 µm filtered seawater in exetainers either in the presence of oxygen (mean 125 

concentration of dissolved oxygen at incubation start was 195.9 µM, and 183 µM after 24 h) or in 126 

anoxic conditions (O2 was detected neither at incubation start, nor after 24 h; no sulfide was 127 

added). After the incubations, Ca. T. oneisti was dissociated from the nematodes by incubating 128 

each batch of 500 nematodes in 2 ml ddH2O for 1 min, then transferring them to 2 ml 0.2 µM-129 

filtered seawater for 5 min. This osmotic shock causes Ca. T. oneisti to detach from the nematodes 130 

and move into the seawater, which was collected with a pipette under the dissecting microscope 131 

to exclude involuntary aspiration of nematode tissue (or fragments thereof). The 2 ml nematode-132 

free, ectosymbiont suspension was then centrifuged for 1 min at 14 000 x g to obtain Ca. T. oneisti 133 

pellets. Ectosymbiont pellets and aposymbiotic nematodes were flash-frozen in liquid nitrogen 134 

and stored at -80°C until further processing. Only Ca. T. oneisti proteomic data are shown in this 135 

study. L. oneistus proteomics will be published separately. 136 

Protein extraction and 1D PAGE. Ca. T. oneisti proteins were extracted as described 137 

previously [8]. Briefly, both samples, i.e. frozen ectosymbiont cell pellets from oxic and anoxic 138 

incubations, were resuspended in 1% (w/v) sodium deoxycholate (SDC), 4% (w/v) sodium 139 

dodecyl sulfate (SDS) in 50 mM triethylammonium bicarbonate buffer (lysis buffer). After boiling 140 

the samples for 5 min under agitation (600 rpm), they were incubated in an ultrasonic bath for 5 141 

min at RT. After removal of cell debris by a 10 min centrifugation at RT (14 000 x g), protein 142 
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concentrations in the supernatants were determined using the Pierce BCA (bicinchoninic acid) 143 

assay (Thermo Scientific Pierce, Waltham, MA, USA) according to the manufacturer’s 144 

instructions in a Tecan microtiter plate reader. For gel-based proteomic analysis (as previously 145 

described by [9]), 25 µg of protein per sample were mixed with loading buffer (2 % (w/v) SDS, 146 

10 % glycerol, 12.5 mM dithiothreitol, 0.001 % (w/v) bromophenol blue in 0.06 M Tris-HCl) and 147 

separated in precast 4 – 20 % SDS mini gels (BioRad TGX). Per sample, three replicates (3 x 25 148 

µg protein) were separated (giving a total of 6 samples). After staining with Coomassie Brilliant 149 

Blue, protein-containing gel lanes were excised and subdivided into 10 equal-sized pieces each, 150 

which were destained at 37 °C in 200 mM NH4HCO3 30 % acetonitrile under agitation at 600 rpm 151 

and digested overnight at 37 °C with trypsin (sequencing grade; Promega, Madison, WI, USA). 152 

Finally, peptides were eluted in an ultrasonic bath and subjected to LC-MS/MS analysis. 153 

LC-MS/MS analysis. Peptides were analyzed by reversed phase liquid chromatography (LC) 154 

electrospray ionization (ESI) MS/MS using an LTQ Orbitrap Velos (Thermo Fisher Scientific, 155 

Waltham, MA, USA) according to [10]. Briefly, in-house self-packed nano-LC columns (100 µm 156 

x 20 cm) containing reverse-phase C18 material (3 µm, ReproSil-Pur 120-AQ; Dr. Maisch GmbH, 157 

Ammerbuch-Entringen, Germany) were used to perform LC with an Easy-nLC1000 system 158 

(Thermo Fisher Scientific). The peptides were loaded with solvent A (0.1% acetic acid (v/v)). 159 

Subsequently, the peptides were eluted by a non-linear binary gradient of 80 minutes from 5% to 160 

99% solvent B (0.1% acetic acid (v/v), 99.9% acetonitrile (v/v)) in solvent A at a constant flow 161 

rate of 300 nl/min. MS data were acquired in data-dependent MS/MS mode for the 20 most 162 

abundant precursor ions. After a full scan in the Orbitrap (m/z 300 – 1 700) with a resolution of 163 

30 000 at m/z 400, ions were fragmented via collision-induced dissociation (CID) and recorded in 164 

the linear trap quadrupole LTQ analyzer.  165 

Protein identification and quantification. For protein identification, a database was 166 

constructed, containing 18 364 Laxus oneistus host protein sequences (derived from a de novo 167 

assembled transcriptome; will be published separately), 5 169 Ca. T. oneisti protein sequences 168 

(JAAEFD000000000, see main Materials and Methods) and a set of 42 common laboratory 169 

contaminants. All sequences were reversed and appended to the database as decoys to allow for 170 

false-discovery rate (FDR) assessment. Mass spectra were searched against this target-decoy 171 

database using the Sorcerer SEQUEST algorithm (Sage-N Research) and filtered using Scaffold 172 

(version 4.8.4, http://www.proteomesoftware.com) applying the following thresholds: i) protein 173 

FDR and peptide FDR were set to 1% and ii) at least two unique peptides were required for a 174 

protein or protein group to be identified. Proteins were expressed if they were detected in at least 175 

two out of the three replicates in at least one condition. This way, 1 137 ectosymbiont proteins 176 

(22.0% of all predicted proteins in the database) were identified in total. Data S1 indicates all 177 

detected proteins in the column “Proteome detection” (Column AB). Relative abundance of 178 
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identified proteins was calculated from total spectrum counts as normalized spectral abundance 179 

factor (%NSAF) values – giving the percentage of each protein relative to all proteins in the 180 

respective sample [11], and as %OrgNSAF, giving a protein’s percentage relative to all 181 

ectosymbiont proteins in the respective sample [12]. As ectosymbiont protein identification rates 182 

varied substantially between oxic and anoxic samples, which may negatively affect comparability 183 

of relative abundances between samples, we included only such proteins in the final quantitation, 184 

which were detected under both conditions (824 proteins). This additional normalization step 185 

provided corrected %OrgNSAF values (%cOrgNSAF), which give a protein’s percentage relative 186 

to all symbiont proteins that were expressed under both conditions. %cOrgNSAF values are listed 187 

in Data S1 (columns AC and AD), and values are highlighted in yellow when the respective 188 

proteins were among the top 30 most abundant proteins. 189 

 Intact polar lipid extraction and analysis. Five batches of 100 freshly collected Laxus 190 

oneistus were incubated for 24 h in oxic or anoxic (no sulfide added) conditions as described in 191 

the main Materials and Methods (RNA-Seq incubations). At the beginning of the incubations, 192 

mean concentrations of dissolved oxygen in the 0.2 µm filtered seawater were 180.9 µM (oxic) 193 

and 0.47 µM (anoxic). After 24 h, we measured on average 86 µM (oxic) and 0 µM (anoxic) 194 

oxygen, respectively. Sulfide (∑H2S) could not be detected in any of the incubations. At the end 195 

of the incubations, Ca. T. oneisti (from either the oxic or anoxic conditions) were dissociated from 196 

500 nematodes, as described above (Proteomics). Symbiont pellets were flash-frozen in liquid 197 

nitrogen and stored at -80°C until further processing.  198 

Lipids of the ectosymbionts were extracted using a modified Folch extraction [13] 199 

previously applied for lipid extraction from bacteria [14]. Briefly, pelleted bacteria were taken up 200 

in 1.6 ml 0.2 µm filtered seawater and 0.5 ml were transferred to 2 ml glass vials obtaining three 201 

analytical replicates. Bacteria were then pelleted by centrifugation, resuspended in 0.5 ml 202 

methanol and extracted using chloroform-methanol (all solvents LC-MS grade, Sigma-Aldrich, 203 

St. Louis, MS, USA). Extracted lipids were dried under nitrogen gas on a Techne Sample 204 

Concentrator and re-suspended in 1 ml of acetonitrile: 10 mM ammonium acetate at a 95:5 (v:v) 205 

ratio. Samples were analyzed by liquid chromatography mass spectrometry (LC-MS) as follows: 206 

lipids were separated on a Dionex UltiMate 3000RS UHPLC (Thermo Fisher Scientific) equipped 207 

with a XBridge BEH amide XP column (Waters, Milford, MA, USA) and coupled to an amaZon 208 

SL quadrupole ion trap MS (Bruker, Billerica, MA, USA) for detection. The column was 209 

maintained at 30°C with a flow rate of 150 µl min-1. Samples were separated by a 15 min gradient 210 

from 95% (v:v) acetonitrile (Solvent A) to 30% (w:v) 10 mM ammonium acetate (pH 9.2, Solvent 211 

B) with 10 min equilibration between samples. Sample analysis was carried out in both positive 212 

and negative ion mode and fragmentation performed by the autoMSn function in Compass HyStar 213 

(Bruker, Bremen, Germany). We used the Bruker Compass software package for lipid data 214 
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analysis: DataAnalysis for peak detection and lipid identification, and QuantAnalysis for 215 

quantification of the relative abundances of lipids. Peak integration was manually corrected where 216 

necessary. Consecutively, for data normalization the peak area of each lipid was divided by the 217 

sum of the peak areas of all detected lipids in each sample. Statistical analysis of significant 218 

differences in ectosymbiont lipids between the anoxic and oxic condition was carried out using a 219 

Student’s t-test. 220 

RuBisCO phylogenetic tree. Amino acid sequences of the RuBisCO forms I-IV were 221 

obtained from GenBank and SwissProt databases, and aligned using mafft v7.397 [15]. Please 222 

note that the accession numbers are provided next to the names of the organisms (Figure S4). 223 

Misaligned sequences were manually inspected. Gaps in more than 70% of the sequences were 224 

removed using TrimAl 1.4.rev15 [16]. The maximum-likelihood tree with SH-aLRT support 225 

values (10 000 replicates) was inferred using IQ-TREE v1.6.2  with automatic model selection 226 

[17, 18]. 227 

Data availability. The proteomics raw data and the combined L. oneistus host and 228 

ectosymbiont database used for proteomic analyses have been deposited to the ProteomeXchange 229 

Consortium via the PRIDE [19] partner repository with the data set identifier PXD017709.  230 

Data Set S1 is available online https://doi.org/10.1128/mSystems.01186-20 231 

232 
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Anaerobic sulfur oxidation underlies adaptation of a chemosynthetic symbiont to oxic-anoxic 

interfaces 

 

Supplemental Legends 

 

Paredes et al. 

 

FIG S1  

Gene expression heatmaps for sulfur oxidation and denitrification including the anoxic condition without 

sulfide. (A) Centered expression values (log2TPM) of all genes that were differentially expressed between 

at least two conditions are shown, with genes that were differentially expressed between the AS and O 

conditions, as well as the A and O conditions, in bold (twofold change, FDR ≤ 0.05). Genes are ordered by 

function in the respective metabolic pathways. Note that the expression of many of the genes follows a 

clear pattern depending on whether oxygen is present or not. (B) Relative elemental sulfur (S0) content in 

ectosymbionts as determined by Raman microspectroscopy after 24-h incubations under anoxic-sulfidic 

(AS, red dots), hypoxic (H, light blue dots), oxic (Ox, dark blue dots), and anoxic without added sulfide (A, 

orange dots) conditions. Each dot refers to the value obtained from measuring an individual ectosymbiont 

cell. Fifty cells were measured per condition. Horizontal lines display medians, boxes show the interquartile 

ranges (25 to 75%), whiskers indicate minimum and maximum values, and different lowercase letters 

indicate significant differences among conditions (Kruskal-Wallis test and Dunn post hoc test for multiple 

pairwise comparisons; P [AS versus A]] = 3.5E−17, P [AS versus hypoxic] = 0.011, P [AS versus oxic] = 

7.4E−13, P [A versus hypoxic] = 3.2E−09, P [A versus oxic] = 0.188, P [hypoxic versus oxic] = 3.6E−06). 

Relative intensities below 1 (gray dashed line) indicate that elemental sulfur could not be detected. 

Percentage of cells with sulfur detected: 92% (AS), 16% (A), 76% (hypoxic), and 28% (oxic). For details 

on methodology, see Text S1.  

 

FIG S2  

ipid composition of ectosymbionts after incubation of symbiotic nematodes under anoxic and oxic 

conditions. (A) Major lipid classes and their abundance relative to all lipids detected. (B) Relative 

abundance of significantly changed glycerophospholipids. Lipid class, fatty acid chain length, and 

saturation are depicted on the x axis. Note that PG is composed of two fatty acids, while lysophospholipids 

(LPG, LPE, and LPC) contain only one fatty acid. Bars show mean abundances relative to total lipids (%) 

and their standard deviations derived from three analytical replicates. The number of asterisks refers to the 
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significance level (Student’s t test; *, P < 0.05; **, P < 0.01; ***, P < 0.001). Note that “Ca. T. oneisti” 

does not encode any known phosphatidylcholine biosynthesis genes. PG, phosphatidylglycerol; LPG, 

lysophosphatidylglycerol; LPE, lysophosphatidylethanolamine; LPC, lysophosphatidylcholine. For details 

on methodology see Text S1.  

FIG S3 

anoSIMS analysis of 13C isotope incorporation in L. oneistus and its ectosymbiont after incubation in 13C-

labeled bicarbonate for 24 h under anoxic conditions without sulfide. The 13C content is displayed as 

13C/(12C + 13C) isotope fraction, given in atom%. (A) NanoSIMS images showing cellular ultrastructure, 

as displayed by the 12C14N- secondary ion signal intensity (left) and isotope label distribution (right) in 

cross sections of L. oneistus after incubation of living worms in isotopically labeled (13C-live, top row) 

and unlabeled (12C-live, bottom row) bicarbonate. Incubation of 2% PFA-fixed worms under identical 

conditions in isotopically labeled bicarbonate (13C-dead, central row) served as a control for exclusion of 

unspecific (nonmetabolic) label uptake. Bars, 5 μm. (B) Region of interest (ROI)-specific evaluation of the 

isotopic label content, revealing significant 13C enrichment both in the ectosymbiont cells and, within 

particular regions, also in the host tissue. For details on methodology, see Text S1.  

FIG S4 

hylogenetic tree of the large subunit protein of the ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO). Unrooted phylogenetic tree illustrating the four forms of RuBisCO from diverse organisms, 

such as plants and free-living and symbiotic bacteria. The CbbL protein of “Ca. T. oneisti” is highlighted 

in red. Type I (IA, IB, IC, ID), CbbL; type II, CbbM, type III; type IV, RuBisCO-like. The analysis is based 

on a MAFFT alignment of full-length amino acid sequences (accession numbers are provided next to the 

names of the organisms) and was estimated under the LG+I+G4 model using maximum likelihood 

phylogeny (IQ-TREE) with node support calculated by SH-aLRT. The scale bar represents 0.5% estimated 

sequence divergence. SH-aLRT values at the nodes are based on 10,000 replicates. For details on 

methodology, see Text S1.  

FIG S5 

Differentially expressed genes involved in biosynthesis and utilization of storage compounds and detection 

of PHA via Raman spectroscopy. (A) Only differentially expressed genes involved in PHA and trehalose 

metabolism are shown (2-fold change, FDR ≤ 0.05). (B) Relative PHA content measurement of 50 

ectosymbiont cells per condition after 24 h of incubation analyzed by Raman spectroscopy. Horizontal lines 

indicate medians, boxes show interquartile ranges (25 to 75%), and whiskers denote minimum and 
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maximum measurements. Each dot represents a single ectosymbiont cell. PHA was detected in all cells and 

conditions, although more PHA was detected in cells incubated in hypoxic incubations (P < 0.05; Kruskal 

Wallis test, followed by Dunn’s multiple-pairwise-comparison test; P [AS versus hypoxic] = 0.022, P [AS 

versus oxic] = 0.057, P [hypoxic versus oxic] = 0.054). Different lowercase letters indicate significant 

differences among conditions. For details on methodology, see Text S1. AS, anoxic-sulfidic incubation; H, 

hypoxic incubation; Ox, oxic incubation.  

 

TABLE S1  

Sediment core nematode counts and chemical measurements.  

 

TABLE S2  

(A) RNA-Seq and (B) EA-IRMS incubation measurements. Replicates in bold were specifically used for 

Raman microspectroscopy (for further details, see Text S1) and for the assessment of the percentage of 

dividing cells, and thus, they were not used for EA-IRMS analysis. Each replicate consisted of a 50-worm 

batch. Note that RNA-Seq and EA-IRMS incubations were performed separately. Samples 1 to 3 were 

collected in July 2017, whereas samples 4 to 6 were collected in March 2019. T0, start of the incubation; 

T24, after 24 h of incubation; δ13C, per mille (‰)  

 

TABLE S3  

A) RNA sequencing and mapping statistics. Sequencing reads were mapped to the symbiont genome 

assembly consisting of 401 contigs and 5,169 protein-coding genes. The total number of reads refers to the 

number of reads after quality filtering and trimming, and the number of reads mapped to the genome (i.e., 

genes, intergenic regions, and antisense regions) includes only uniquely mapped reads. (B) Functional 

enrichments of selected gene sets. Statistical enrichment of functional categories was tested for GO terms 

(GO), Pfam domains (PF), KEGG metabolic maps (map), COG category (COG), and COG general category 

(uppercase letter) using the Bioconductor software package GOseq (M. D. Young, M. J. Wakefield, G. K. 

Smyth, and A. Oshlack, Genome Biol 11(2):R14, 2010, https://doi.org/10.1186/gb-2010-11-2-r14). 

Functional categories among sets of protein-coding genes were significantly enriched if the adjusted P value 

(false-discovery rate [FDR]) was ≤ 0.1. Only FDR values below that threshold are shown; nonsignificant 

FDR values are indicated (NS). AS, anoxic-sulfidic; O, hypoxic + oxic. 
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Sediment core 
L. oneistus counts
Depth (cmbsf) A B C D E F G H I Total 
0 to 6 0 3 1 4 1 0 1 0 0 10 
6 to 12 0 4 2 22 9 1 1 3 0 42 
12 to 18 15 8 6 13 31 6 3 20 5 107 
18 to 24 27 26 2 10 9 21 4 67 50 216 
24 to 31 ND ND 12 ND 10 0 ND ND ND 22 
Relative L. oneistus abundance (%) 
Depth (cmbsf) A B C D E F G H I Mean SE 
0 to 6 0.00 7.32 4.35 8.16 1.67 0.00 11.11 0.00 0.00 3.62 1.35 
6 to 12 0.00 9.76 8.70 44.90 15.00 3.57 11.11 3.33 0.00 10.71 4.34 
12 to 18 35.71 19.51 26.09 26.53 51.67 21.43 33.33 22.22 9.09 27.29 3.78 
18 to 24 64.29 63.41 8.70 20.41 15.00 75.00 44.44 74.44 90.91 50.73 9.37 
24 to 31 ND ND 52.17 ND 16.67 0.00 ND ND ND 22.95 12.56 
∑H2S (µM) 
Depth (cmbsf) A B C D E F G H I Mean SE 
0 0.63 0.00 0.00 0.85 0.00 0.00 ND ND ND 0.25 0.14 
6 0.84 0.42 0.63 1.48 1.90 0.00 0.00 0.11 0.95 0.70 0.21 
12 1.69 0.63 2.95 1.48 6.55 3.70 6.34 0.32 1.58 2.80 0.73 
18 2.11 1.90 2.11 1.69 13.10 0.95 6.34 2.22 4.33 3.86 1.20 
24 5.30 1.90 ND 1.90 22.82 1.80 14.58 15.11 6.23 8.70 2.60 
31 ND ND 4.75 ND 16.90 6.44 31.38 ND ND 14.87 5.30 
Ammonium (µM) 
Depth (cmbsf) A B C D E F G H I Mean SE 
0 ND 7.75 ND ND 2.7 18.74 ND ND ND 9.73 3.87 
6 ND 5.47 ND ND 12.84 3.64 ND ND ND 7.32 2.30 
12 ND 11.56 ND ND 22.54 8.69 ND ND ND 14.26 3.45 
18 ND 10.56 ND ND 21.31 5.69 23.45 ND ND 15.25 4.26 
24 ND 29.73 ND ND 20.44 13.95 20.28 ND ND 21.11 2.81 
31 ND ND ND ND 5.33 11.7 37.34 ND ND 18.12 7.99 

Table S1

57



Nitrate (µM) 

Depth (cmbsf) A B C D E F G H I Mean SE 

0 ND ND ND ND 1.41 1.13 0.79 ND ND 1.11 0.25 

6 ND 0.00 ND ND 0.29 ND 1.08 ND ND 0.46 0.46 

12 ND ND ND ND 0.15 ND 0.33 ND ND 0.24* 0.06* 

18 ND ND ND ND 0.00 ND 0.42 ND ND 0.21* 0.14* 

24 ND ND ND ND 0.38 0.48 0.34 ND ND 0.38 0.48 

31 ND ND ND ND ND ND 0.47 ND ND 0.47* NA 

Nitrite (µM) 

Depth (cmbsf) A B C D E F G H I Mean SE 

0 ND ND ND ND 0.08 0.09 0.07 ND ND 0.08 0.01 

6 ND 0.14 ND ND 0.07 ND 0.07 ND ND 0.09 0.02 

12 ND ND ND ND 0.03 ND 0.03 ND ND 0.03* 0.0* 

18 ND ND ND ND 0.01 ND 0.02 ND ND 0.015* 0.004* 

24 ND ND ND ND 0.04 0.18 0.00 ND ND 0.07 0.05 

31 ND ND ND ND ND ND 0.07 ND ND 0.07* NA 

DOC (mg/L) 

Depth (cmbsf) A B C D E F G H I Mean SE 

0 ND ND 2.77 2.86 4.29 1.24 ND 6.52 2.38 3.34 0.75 

6 ND 1.4 5.34 1.91 11.15 2.50 ND ND 1.70 4.00 1.54 

12 ND ND 1.39 4.41 2.10 6.10 ND 1.99 16.44 5.41 2.32 

18 ND 3.10 3.48 3.28 4.14 ND ND 4.63 2.60 3.54 0.30 

24 ND 5.56 4.75 4.53 1.42 9.51 ND 22.66 9.08 8.22 2.63 

31 ND ND 3.47 ND 1.78 20.40 ND ND ND 8.55 5.95 

*: Measurements that were taken in fewer than 3 sediment cores due to technical problems and thus, means and SE were formed only 

to visualize the profile trends. Abbreviations: cmbsf, centimeter below seafloor; ND: not determined due to technical difficulties, SE: 

standard error of the mean, NA: not applicable due to just a single measurement. 
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(A) RNA-Seq incubations

Sample 
O2 (µM) H2S (µM) 

T0 h T24 h T0 h T24 h 
anoxic-sulfidic-1 0.0 0.0 11.0 7.0 
anoxic-sulfidic-2 0.0 0.0 11.0 7.0 
anoxic-sulfidic-3 0.0 0.0 11.0 7.0 
anoxic-1 0.0 0.0 0.0 0.0 
anoxic-2 0.0 0.0 0.0 0.0 
anoxic-3 0.0 0.0 0.0 0.0 
anoxic-4 0.0 0.0 0.0 0.0 
anoxic-5 0.0 0.0 0.0 0.0 
hypoxic-1 111.6 31.4 0.0 0.0 
hypoxic-2 118.9 0.2 0.0 0.0 
hypoxic-3 114.8 17.4 0.0 0.0 
oxic-1 192.0 184.8 0.0 0.0 
oxic-2 196.0 185.0 0.0 0.0 
oxic-3 195.0 188.3 0.0 0.0 
oxic-4 198.3 192.4 0.0 0.0 
oxic-5 196.7 190.5 0.0 0.0 
oxic-6 196.9 189.7 0.0 0.0     
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(B) EA-IRMS incubations

Sample EA-IRMS Incubation Replicates Weight (mg) δ13C 
O2 (µM) H2S (µM) 

T0 h T24 h T0 h T24 h 

anoxic-sulfidic 

13C live nematodes 

1 1.4 314.4 0 0 25 1.5 

2 1.1 345 0 0 25 0.8 

3 0.9 355.4 0 0 25 1.5 

4 1.2 286.7 0 0 25 1.2 

5 n.a. n.a. 0 0 25 1.3 

13C dead nematodes 

1 1.1 -18.8 0 0 25 0.7 

2 0.8 -22.3 0 0 25 0.5 

3 0.9 -21.5 0 0 25 1.5 

12C live nematodes 

1 1.1 -23.8 0 0 25 1.3 

2 1.2 -24 0 0 25 1 

3 1.2 -24.5 0 0 25 0.7 

4 1 -25.8 0 0 25 0.9 

hypoxic 

13C live nematodes 

1 1.3 281.7 60 45 0 0 

2 1.2 414.2 60 45 0 0 

3 1 458.7 59 45 0 0 

4 n.a. n.a. 60 45 0 0 

13C dead nematodes 

1 1.2 -22.2 59 42 0 0 

2 0.3 -21.9 54 45 0 0 

3 1.8 -21.5 61 44 0 0 

12C live nematodes 

1 1 -25 57 50 0 0 

2 1.7 -24.1 55 49 0 0 

3 
4 

1.4 
1.4 

-24.4
-24.4

59 
59 

52 
52 

0 
0 

0 
0 

oxic 13C live nematodes 

1 1 232.9 197 119 0 0 

2 1.1 277.7 196 109 0 0 

3 1.4 238.3 196 111 0 0 

4 n.a. n.a. 197 113 0 0 

n.a.: not applicable

60



(A) RNA sequencing and mapping statistics

Samples Total number 
of reads 

Number of reads 
mapped to symbiont 

genome 

Number of reads 
mapped to symbiont 

genes 

% reads mapped 
to symbiont 

genome 

% reads mapped 
to symbiont genes 

% mapped to 
rRNA genes 

oxic-1 39,788,652 935,582 571770 1.4 61.1 2.1 
oxic-2 35,270,773 1,308,826 795913 2.3 60.8 1.6 
oxic-3 40,645,573 1,140,752 680586 1.7 59.7 1.5 
oxic-4 25,823,639 1,422,342 786363 3.0 55.3 1.9 
oxic-5 36,002,778 1,401,873 757557 2.1 54.0 1.9 
oxic-6 61,503,518 2,065,340 1178912 1.9 57.1 2.5 
hypoxic-1 37,528,019 2,064,723 1328297 3.5 64.3 1.8 
hypoxic-2 36,704,147 2,246,543 1430114 3.9 63.7 0.5 
hypoxic-3 39,087,262 868,032 555176 1.4 64.0 1.0 
anoxic-1 36,848,477 1,755,816 1180245 3.2 67.2 0.7 
anoxic-2 36,720,206 1,767,472 1219640 3.3 69.0 0.8 
anoxic-3 37,438,972 1,757,143 1153214 3.1 65.6 1.2 
anoxic-4 57,013,563 1,816,539 971290 1.7 53.5 2.8 
anoxic-5 41,002,474 1,738,244 1133192 2.8 65.2 2.7 
anoxic-sulfidic-1 55,241,503 508,069 341801 0.6 67.3 2.8 
anoxic-sulfidic-2 36,482,028 418,210 281620 0.8 67.3 2.1 
anoxic-sulfidic-3 39,792,029 349,853 234535 0.6 67.0 2.5 
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(B) Functional enrichments of selected gene sets

FDR (threshold 0.1) 

anoxic vs AS1 hypoxic vs 
oxic1 

anoxic vs O1 AS vs O1 unchanged over 4 
conditions2 

Category 
ID 

Description 
AS up 

n = 
124 

anoxic 
up 
n = 
179 

oxic 
up 
n = 
111 

hypoxi
c up 
n = 
30 

O up 
n = 
433 

anoxic 
up 

n = 366 

O 
up 
n = 
548 

AS 
up 
n = 
448 

high 
n = 
163 

low 
n = 

2184 

medium 
n = 

1128 

C Energy production and 
conversion 

NS NS NS NS NS 2.9E-05 NS 2.4E
-04

NS NS NS 

O Post-translational modification, 
protein turnover, and 
chaperones 

NS NS NS NS 0.009 NS 0.02
2 

NS 0.08
5 

NS NS 

J Translation, ribosomal structure 
and biogenesis 

NS NS NS NS NS NS NS NS 0.01
8 

NS 3.4E-05 

P Inorganic ion transport and 
metabolism 

NS NS NS NS NS 0.015 NS NS NS NS NS 

K Transcription NS NS NS NS NS 0.044 NS NS NS NS NS 

M Cell wall/membrane/envelope 
biogenesis 

NS NS NS NS NS NS NS NS NS NS 0.001 

T Signal transduction mechanisms NS NS NS NS NS NS NS NS 0.07
8 

NS NS 

E Amino acid transport and 
metabolism 

NS NS NS NS NS NS 0.08
7 

NS NS NS NS 

H Coenzyme transport and 
metabolism 

NS NS NS NS NS NS 0.08
7 

NS NS NS NS 

map03010 Ribosome NS NS NS NS NS NS NS NS 0.01
9 

NS 1.3E-05 

map00710 Carbon fixation in photosynthetic 
organisms 

NS NS NS NS NS NS NS NS NS NS 0.021 

map00920 Sulfur metabolism NS NS NS NS NS 0.017 NS 0.06
6 

NS NS NS 

map00550 Peptidoglycan biosynthesis NS NS NS NS NS NS NS NS NS NS 0.044 

map01230 Biosynthesis of amino acids NS NS NS NS NS NS NS NS NS NS 0.096 

COG1053 Succinate 
dehydrogenase/fumarate 
reductase, flavoprotein subunit 

NS NS NS NS NS 0.023 NS 0.05
1 

NS NS NS 
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COG2010 Cytochrome C, mono- and 
diheme variants 

NS NS NS NS NS 0.017 NS 0.04
6 

NS NS NS 

COG1708 Predicted nucleotidyltransferase NS NS NS NS NS 0.045 NS NS NS NS NS 

GO:005191
2 

CoB—CoM heterodisulfide 
reductase activity 

0.041 NS NS NS NS 0.021 NS 0.04
6 

NS NS NS 

GO:002003
7 

Heme binding NS NS NS NS NS 0.001 NS 0.04
6 

NS NS NS 

GO:001593
4 

Large ribosomal subunit NS NS NS NS NS NS NS NS NS NS 0.007 

GO:000584
0 

Ribosome NS NS NS NS NS NS NS NS 0.05
3 

NS 0.047 

GO:001984
3 

rRNA binding NS NS NS NS NS NS NS NS NS NS 9.0E-05 

GO:000373
5 

Structural constituent of 
ribosome 

NS NS NS NS NS NS NS NS 0.01
8 

NS 9.0E-05 

GO:000641
2 

Translation NS NS NS NS NS NS NS NS 0.03
0 

NS 9.0E-05 

GO:000650
8 

Proteolysis NS NS NS NS NS NS NS NS NS NS 0.015 

GO:000905
5 

Electron transfer activity NS NS NS NS NS 0.081 NS NS NS NS NS 

PF13442 Cytochrome C oxidase, cbb3-
type, subunit III  

NS NS NS NS NS 0.024 NS 0.08
7 

NS NS NS 

PF05168 HEPN domain NS NS NS NS NS 0.023 NS 0.07
3 

NS NS NS 

PF13609 Gram-negative porin NS 0.100 NS NS NS NS NS NS NS NS NS 

1 These gene sets only comprise genes that were differentially expressed between indicated conditions (FDR ≤ 0.05, fold-

change of 2). 

 2 These gene sets comprise genes that were not significantly different between any of the four conditions (oxic, hypoxic, 

anoxic, and anoxic-sulfidic), and were furthermore, classified based on expression level (low, medium, high) over all four 

conditions based on hierarchical clustering with Euclidean distances. 
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ABSTRACT 21 

Eukaryotes may experience oxygen deprivation under both physiological and 22 

pathological conditions. Because oxygen shortage leads to a reduction in cellular energy 23 

production, all eukaryotes studied so far conserve energy by suppressing their metabolism. 24 

However, the molecular physiology of animals that naturally and repeatedly experience anoxia 25 

is underexplored. One such animal is the marine nematode Laxus oneistus. It thrives, invariably 26 

coated by its sulfur-oxidizing symbiont Candidatus Thiosymbion oneisti, in anoxic sulfidic or 27 

hypoxic sand. Here, transcriptomics and proteomics showed that, whether in anoxia or not, L. 28 

oneistus mostly expressed genes involved in ubiquitination, energy generation, oxidative stress 29 

response, immune response, development, and translation. Importantly, ubiquitination genes 30 

were also upregulated when the nematode was subjected to anoxic sulfidic conditions, together 31 

with genes involved in autophagy, detoxification and ribosome biogenesis. We hypothesize that 32 

these degradation pathways were induced to recycle damaged cellular components 33 

(mitochondria) and misfolded proteins into nutrients. Remarkably, when L. oneistus was 34 

subjected to anoxic sulfidic conditions, lectin and mucin genes were also upregulated, potentially 35 

to promote the attachment of its thiotrophic symbiont. Furthermore, the nematode appeared to 36 

survive oxygen deprivation by using an alternative electron carrier (rhodoquinone) and acceptor 37 

(fumarate), to rewire the electron transfer chain. On the other hand, under hypoxia, genes 38 

involved in costly processes (e.g., amino acid biosynthesis, development, feeding, mating) were 39 

upregulated, together with the worm’s Toll-like innate immunity pathway and several immune 40 

effectors (e.g., Bacterial Permeability Increasing proteins, fungicides). 41 

In conclusion, we hypothesize that, in anoxic sulfidic sand, L. oneistus upregulates 42 

degradation processes, rewires oxidative phosphorylation and by reinforces its coat of bacterial 43 

sulfur-oxidizers. In upper sand layers, instead, it appears to produce broad-range antimicrobials 44 

and to exploit oxygen for biosynthesis and development. 45 

46 

INTRODUCTION 47 

Fluctuations that lead to a decrease in oxygen availability are common in nature 48 

(Hermes-Lima and Zenteno-Savin, 2002). The physiological and behavioral response to oxygen 49 

deprivation has been studied in animals that naturally experience oxygen deprivation, such as 50 

frogs, goldfish, and turtles (Hochachka et al., 1996; 1997, 2001; Hermes-Lima and Zenteno-51 

Savin, 2002), as well as in invertebrate genetic models (Clegg 1997; Nystul et al., 2003; Teodoro 52 

and O’Farrell, 2003; Haddad 2006). When oxygen deprived, these organisms must face the 53 

challenge of a drastic drop in ATP (the energy-storing metabolite adenosine triphosphate) 54 

production, which leads to the failure of energy-demanding processes that are crucial for 55 

maintaining cellular homeostasis. Anoxia-tolerant organisms, however, are capable to save 56 
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energy by stopping energy-costly cellular functions (e.g., protein synthesis, ion pumping, cell 57 

cycle progression), maintain stable and low permeability of membranes, and produce ATP by 58 

anaerobic glycolysis (Hochachka et al., 1996; Teodoro and O’Farrell, 2003; Liu & Simon, 2004; 59 

Liu et al., 2006; Galli et al., 2014). 60 

When parasitic and free-living nematodes, including the model organism Caenorhabditis 61 

elegans, are experimentally exposed to anoxia (<0.001 kPa O2), the intracellular ATP/ADP ratio 62 

drops dramatically and, within 10 h, they enter a state of reversible metabolic arrest called 63 

suspended animation. Namely, they stop to eat, move, develop or lay eggs, implying that oxygen 64 

deprivation affects their growth and behavior (Van Voorhies et al., 2000; Padilla et al., 2002; 65 

Nystul and Roth, 2004; Powell-Coffmann 2010; Fawcett et al., 2015; Kitazume et al., 2018). If 66 

these effects can be reversed upon oxygen reestablishment, the latter can also provoke a 67 

massive and sudden production of reactive oxygen species (ROS) that may overwhelm the 68 

organism’s antioxidant defense, and cause its death (reviewed in Hermes-Lima and Zenteno-69 

Savin, 2002). Of note, an increase of mitochondrial ROS production was also observed in worms 70 

under hypoxia, because of the inefficient transfer of electrons to molecular oxygen (Nystul and 71 

Roth, 2004; Kim and Jin, 2015). 72 

Because oxygen diffuses slowly through aqueous solutions, sharp concentration 73 

gradients of this electron acceptor may occur in marine environments and wet soil (Denny et al., 74 

1993; Fawcett et al., 2015). It is at oxic-anoxic interfaces of marine sands that free-living 75 

nematodes coated with sulfur-oxidizing Gammaproteobacteria (Stilbonematinae) abound (Ott et 76 

al., 1989, 1991; Schiemer et al., 1990; Paredes et al., 2021). However, up to this study, the 77 

molecular mechanisms allowing symbiotic nematodes to withstand anoxia, and the inherent 78 

stress it is known to inflict upon metazoans, were unknown. Here, we incubated Laxus oneistus 79 

(Ott et al., 1995) in conditions resembling those it encounters in its natural environment (i.e. 80 

anoxic sulfidic or hypoxic), and applied comparative transcriptomics, proteomics and lipidomics, 81 

to understand how it copes with oxygen deprivation. Contrarily to our expectations, in anoxic 82 

sulfidic water Laxus oneistus did not appear to enter suspended animation. However, it 83 

upregulated genes required for ribosome biogenesis and energy generation, and for degradation 84 

pathways (e.g., ubiquitination-proteasome systems, autophagy) likely involved in recycling 85 

damaged cellular components and misfolded proteins into nutrients. Notably, under anoxic 86 

sulfidic conditions, it also upregulated putative symbiont-binding molecules such as lectins. In 87 

the presence of oxygen, on the other hand, the worm appeared to overexpress genes involved 88 

in energy-demanding processes (e.g., amino acid synthesis, development, feeding, and mating) 89 

and upregulated the synthesis of broad-range antimicrobials, likely via triggering the Toll/NF-kB 90 

pathway. 91 

92 

93 
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RESULTS AND DISCUSSION 94 

The nematode Laxus oneistus did not enter suspended animation upon 24 h anoxia 95 

To survive anoxia, nematodes enter suspended animation to suppress metabolism and 96 

conserve energy. The most notorious sign of suspended animation is the arrest of motility (Nystul 97 

et al., 2003; Chan et al., 2010; Kitazume et al., 2018). 98 

Surprisingly, although the whole population of four tested nematode species, including 99 

C. elegans, was reported to be in suspended animation upon 10 h in anoxia (Kitazume et al.,100 

2018), L. oneistus kept moving not only after 24-h-long incubations, but also upon 6-day-long 101 

incubations in anoxic seawater (three batches of 50 worms were incubated under each 102 

condition). Additionally, the symbiotic nematodes appeared morphologically normal 103 

(Supplemental movies 1-4). 104 

The fact that we could not observed suspended animation, led us to hypothesize that L. 105 

oneistus evolved different strategies to survive oxygen deprivation. 106 

107 

Stable transcriptional profile under hypoxic or anoxic sulfidic conditions 108 

To understand the molecular mechanisms underlying L. oneistus response to oxygen, 109 

we subjected it to various oxygen concentrations. Namely, nematode batches were incubated 110 

under either normoxic (100% air saturation; O), hypoxic (30% air saturation; H) or anoxic (0% 111 

air saturation; A) conditions for 24 h. Additionally, given that L. oneistus thrives in reduced sand 112 

containing up to 25 µM sulfide (Ott and Novak., 1989; Paredes et al., 2021), we also incubated 113 

it in anoxic seawater supplemented with < 25 µM sulfide (anoxic sulfidic condition; AS). 114 

While transcriptional differences of its symbiont (Candidatus Thiosymbion oneisti), 115 

incubated under normoxic (O) and hypoxic (H) conditions were negligible (Paredes et al., 2021), 116 

the expression profiles of nematode batches incubated under O conditions varied so much that 117 

they did not cluster (Figure S1). Consequently, there was no detectable differential expression 118 

between the transcriptomes of O nematodes and any of the other transcriptomes (H, A or AS; 119 

Figure S1B, C). We attribute the erratic transcriptional response of L. oneistus to normoxia to 120 

the fact that this concentration is not typically experienced by L. oneistus (Ott et al., 1989; 121 

Paredes et al., 2021). 122 

As for the expression profiles of nematodes subjected to the H, A or AS conditions, 123 

replicates of each condition behaved more congruently (Figure S1B). While we did not find any 124 

significant difference between the A and AS nematodes, only 0.05% of the genes (8 genes; Data 125 

S1) were differentially expressed between the H and A nematodes and there was no significant 126 

difference between the H and A proteomes (t-test, FDR, Benjamini-Hochberg correction, p < 127 

0.05; Figure S2A, Data S1). However, 4.8% of the expressed genes (787 out of 16,526) were 128 

differentially expressed between H and AS nematodes, with 434 upregulated under AS and 353 129 

genes upregulated under H conditions (Figure S1C, Data S1). 130 
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Collectively, our data suggests that L. oneistus may be ill-equipped to handle normoxic 131 

sediment, but it maintains a largely stable physiological profile under both hypoxic and anoxic 132 

sulfidic conditions. Before discussing the subset of biological processes differentially 133 

upregulated in AS versus H nematodes and vice versa, we will present the physiological 134 

processes the worm appears to mostly engage with, irrespectively of the environmental 135 

conditions we experimentally subjected it to. 136 

137 

 Top-expressed transcripts under all tested conditions 138 

To gain insights on L. oneistus basal physiology, we treated all the 16 transcriptomes as 139 

biological replicates (i.e., O, H, A and AS transcriptomes were pooled) and identified the 100 140 

most abundant transcripts out of 16,526 based on functional categories extracted from the 141 

UniProt database (2021) and comprehensive literature search (Figure 1, Data S2). Our manual 142 

classification was supported by automatic eggNOG classification (Data S2). Similarly, the H and 143 

A proteomes were pooled, and the 100 most abundant proteins out of 2,626 were detected 144 

(Figure S2). 145 

Based on median gene expression values of the top 100 expressed genes, we found that 146 

some of the processes L. oneistus mostly engages with were ubiquitination (ubq-1, Stringham 147 

et al., 1992), energy generation (globin glb-1-like (Geuens et al., 2010), cytochrome c oxidase I 148 

subunit ctc-1 (UniProtKB P24893), nduo-4-like (UniProtKB P24892), stress response and 149 

detoxification (e.g., hsp-1, hsp-90, hsp12.2, and catalases ctl-1 and ctl-2; Birnby et al., 2000; 150 

Chávez et al., 2007), and immune defense (lysozyme-like proteins and lec-3) (Figure 1, Data 151 

S2). 152 

Lastly, 48 out of the top 100 most expressed genes, were also detected among the top 153 

100 proteins (Figure 1, Figure S2, and Data S2, Supplemental material). Despite the modest 154 

correlation between transcript and protein expression levels (r = 0.4) (Figure S3), there was an 155 

overlap in the detected biological processes (e.g., energy generation, stress response or 156 

detoxification categories, carbohydrate metabolism, cytoskeleton, locomotion, nervous system) 157 

(Figure S2). 158 

All in all, except for those encoding for immune effectors, top-transcribed L. oneistus 159 

genes could not be ascribed to its symbiotic lifestyle. This differs to what observed for other 160 

chemosynthetic hosts, such as giant tubeworms and clams. Indeed, it is perhaps because these 161 

animals acquire their symbionts horizontally and feed on them as they are housed in their cells 162 

(and not on their surface) that they were found to abundantly express genes involved in symbiont 163 

acquisition, proliferation control and digestion (Sun et al., 2017, Hinzke et al., 2019; Yuen et al., 164 

2019). Notably, we did observe a partial overlap of the most expressed gene categories (e.g., 165 

oxidative stress, energy generation, immune response), when L. oneistus was compared to the 166 

marine gutless annelid Olavius algarvensis. We ascribe the overlap to the fact that, albeit 167 
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endosymbiotic, O. algarvensis also inhabits shallow water sand (Figure S4, Supplemental 168 

material) and, as hypothesized for L. oneistus, it may also acquire its symbionts vertically (Woyke 169 

et al., 2006; Dubilier et al., 2008; Wippler et al., 2016; Zimmermann et al., 2016). 170 

To conclude, although both symbiont- (Paredes et al., 2021) and host-transcriptomics do 171 

not suggest a high degree of inter-partner metabolic dependence in the L. oneistus 172 

ectosymbiosis, the nematode seems well-adapted to both anoxic sulfidic (AS) and hypoxic (H) 173 

sand (Figure 2, Data S1). The transcriptional response of the worm to these two conditions is, 174 

however, significant (Figure 2, Data S1), and it will be reported next. 175 

176 

Genes upregulated in anoxic sulfidic (AS) nematodes 177 

Chaperones and detoxification. The expression of chaperone-encoding (e.g., hsp12.2, 178 

grpE, dnaJ/dnj-2, pfd-1, pfd-6; Naylor et al., 1996; Lundin et al., 2008; Bar-Lavan et al., 2016), 179 

and ROS-detoxifying-related genes (e.g., superoxide dismutase sod-2 and a putative glutathione 180 

peroxidase, involved in the detoxification of superoxide dismutase and hydrogen peroxide, 181 

respectively; Suzuki et al., 1996; Margis et al., 2008) were higher in AS nematodes (Figures 2 182 

and 3). Notably, transcripts encoding for the heme-binding cytochrome P450 cyp-13B1 were 183 

also more abundant in AS (Figure 3), perhaps to increase the worm’s capacity to cope with 184 

putative ROS formation (Oliveira et al., 2009). Indeed, as cells start being oxygen-depleted, 185 

mitochondrial ROS accumulate because of the inefficient transfer of electrons to molecular 186 

oxygen (Semenza, 1999; Nystul and Roth, 2004; Selivanov et al., 2009; Kim and Jin, 2015). 187 

Alternatively, the upregulation of antioxidant-related genes in AS worms could represent an 188 

anticipation response to an imminent reoxygenation. In animals alternating between anoxic and 189 

oxygenated habitats, the re-exposure to oxygen can be very dangerous, as it creates a sudden 190 

ROS overproduction that may overwhelm the organism’s oxidative defense mechanisms 191 

(Hermes-Lima and Zenteno-Savin, 2002; Hashimoto et al., 2004). Although it has not been 192 

reported for nematodes, overexpression of ROS-counteracting genes is consistent with what 193 

has been reported for vertebrates and marine gastropods which, just like L. oneistus, alternate 194 

between oxygen-depletion and reoxygenation (Hermes-Lima and Zenteno-Savin, 2002). 195 

Mitochondrial and cytoplasmic ribosome biogenesis. In the cellular stress imposed 196 

by oxygen deprivation, mitochondria are central to both death and survival (Borutaite et al., 1995; 197 

Brookes et al., 2004; Brenner et al., 2012; Hawrysh et al., 2013; Galli et al., 2014). In this 198 

scenario, calcium regulation, the scavenging of ROS or the suppression of their production, 199 

and/or inhibition of the mitochondrial permeability transition pore (MPTP) opening, might help to 200 

preserve mitochondrial function and integrity (Horwitz et al., 1994; Murphy et al., 2008; Galli et 201 

al., 2014; Fanter et al., 2020). In addition, removal of specific mitochondrial components 202 

(mitochondrial-associated protein degradation, MAD), might also arise to maintain the overall 203 

mitochondrial homeostasis (Chatenay-Lapointe and Shadel, 2010; Heo et al., 2010). Perhaps 204 
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as a response to anoxia-induced stress (reviewed in Galli et al., 2014), a gene involved in MAD 205 

(vms-1) (Chatenay-Lapointe and Shadel, 2010; Heo et al., 2010), was upregulated in AS worms 206 

(Figure 4). More abundant in this condition were also transcripts encoding for mitochondrial 207 

transmembrane transporters tin-44, slc-25A26 and C16C10.1 (UniProtKB O02161, Q18934, 208 

Q09461), putatively transporting, peptide-containing proteins from the inner membrane into the 209 

mitochondrial matrix, such as S-Adenosyl Methionine (Figure 6). Surprisingly, although the 210 

translation elongation factor eef-1A.2 (Tullet, 2015) was downregulated in AS worms, not only 211 

various mitochondrial ribosome structural components (28S: mrps, 39S: mrpl; Kaushal et al., 212 

2014), and mitochondrial translation-related genes (e.g., C24D10.6 and W03F8.3; Sharika et al., 213 

2018) were upregulated in AS nematodes, but also several cytoplasmic ribosome biogenesis 214 

(40S: rps, 60S: rpl; Melnikov et al., 2012) and subunit assembly genes (e.g., RRP7A−like, You 215 

et al., 2015) (Figure 4). 216 

Taken together, the maintenance of mitochondrial homeostasis, an anticipatory response 217 

to a potential upcoming ROS insult (see Chaperones and detoxification section) and/or their 218 

involvement in extra-ribosomal functions (Chen et al., 2010; Savada et al., 2014; Xu et al., 2016) 219 

might explain the upregulation of ribosomal biogenesis-related genes in AS nematodes. 220 

Although upregulation of ribosomal proteins has also been observed in anoxic gastropods 221 

(Larade et al., 2001), increased ribosomal biogenesis (which oftentimes directly correlates with 222 

an increase of protein synthesis) is not expected in animals that must repress their metabolism 223 

to cope with oxygen deprivation (Thomas et al., 2000; Hochachka and Lutz 2001; Shukla et al., 224 

2012). 225 

Energy generation. Equally surprising was the upregulation of all differentially 226 

expressed genes related to energy generation in AS nematodes (Figure 4). Namely, besides 227 

putative oxygen-binding globulin-like genes (e.g., glb-1, glb-14, Geuens et al., 2010), the 228 

following were upregulated in AS nematodes: key structural genes (e.g., atp-3, atp-5, Xu et al., 229 

2018), assembly-related genes (H+-transport ATP synthase, Maglioni et al., 2016) of the 230 

mitochondrial ATP synthase (complex V), genes related to complex I (lpd-5, nuo-2, McKay et 231 

al., 2003; Rea et al., 2007), a subunit of the succinate dehydrogenase involved in complex II 232 

(mev-1, Hartman et al., 2001), a mitochondrial cytochrome C oxidase subunit II assembly gene 233 

related to complex IV (sco-1, Williams et al., 2005), and a mitochondrial gene (coq-5), involved 234 

in the synthesis of either ubiquinone (Q, aerobic) or rhodoquinone (RQ, anaerobic) electron 235 

carriers (Buceta et al., 2019) (Figure 4). This suggests that, under anoxia, the electron transfer 236 

chain (ETC) is rewired in such way that electrons still enter the ETC at complex I, but instead of 237 

reaching complex III and IV they are transferred to RQ. This, in turn, shuttles the electrons to 238 

succinate dehydrogenase. The latter enzyme uses fumarate as an alternative electron acceptor, 239 

reducing it to succinate. This mechanism would maintain the flow of electrons through the ETC, 240 
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and, it would prevent mitochondrial ATP generation (complex V) from shutting down (Buceta et 241 

al., 2019; Del Borrello et al., 2019). 242 

In short, under AS, similarly to what has been observed in other free-living and parasitic 243 

nematodes, complex I appears to be the sole proton pump in this truncated form of ETC (Buceta 244 

et al., 2019; Del Borrello et al., 2019). In accordance with this hypothesis, tryptophan (Trp) 245 

degradation-related genes (acsd-1, acsd-2) and the Trp RNA ligase (wars-1; Tsai et al., 2017) 246 

that might be required to synthesize RQ (Buceta et al., 2019; Del Borrello et al., 2017; Tan et al., 247 

2020) were upregulated under AS. Intriguingly, upregulated was also an isocitrate 248 

dehydrogenase gene (idh-1). This produces reducing equivalent (NADPH) carrying electrons 249 

that may fuel complex I (Smolková et al., 2012; Martínez-Reyes et al., 2020), but it might also 250 

add to the stimulation of the antioxidant capacity or to the maintenance of redox homeostasis by 251 

regenerating reduced glutathione (Hermes-Lima and Zenteno-Savin, 2002; Penkov et al., 2015; 252 

Yang et al., 2019). 253 

If glycolysis is a key process for ATP generation in anoxia (Lutz et al., 1997; Semenza et 254 

al., 2001; Hochachka et al., 2001; Huang et al., 2008; Larade et al., 2009) and if, consistently, 255 

hxk-2 was upregulated under this condition (Figure 6), based on the expression levels of 256 

transcripts encoding for alpha-amylases (see Carbohydrate metabolism in Figure 6), starch 257 

and/or glycogen (Jackson and McLaughlin, 2009) may be the prominent carbon sources under 258 

anoxic sulfidic conditions. 259 

Ubiquitin-proteasome system and proteases. Proteolysis supplies amino acids or 260 

polypeptides to the cells, while impeding the accumulation of damaged or misfolded proteins. 261 

The two main mechanisms of cellular proteolysis are the lysosome-mediated intracellular protein 262 

degradation (autophagy) and the proteasome-mediated protein degradation (ubiquitin-263 

proteasome system, UPS). In the latter, ubiquitin-protein ligases covalently attach ubiquitin to 264 

proteins, allowing their recognition and further degradation by the proteasome (Lodish et al., 265 

2008; Papaevgeniou and Chondrogianni, 2014). 266 

As shown in Figure 1, transcripts encoding for polyubiquitin (ubq-1), had the highest 267 

median gene expression across all transcriptomes. However, all ubiquitination-related genes 268 

detected in the differential gene expression analysis between the AS and H conditions, were 269 

upregulated in AS worms (Figure 2 and 3, Data S1). For example, aos-1, encoding for a subunit 270 

of the ubiquitin-activating enzyme (E1) (Jones et al., 2001), two ubiquitin-protein ligases (E3s 271 

without detected cullin domains; Papaevgeniou and Chondrogianni, 2014), and kelch-like genes 272 

(e.g., kel-8-like and kel-20). The former are BTB-domain containing proteins known to interact 273 

with E3 enzymes, with kel-8 being involved in the degradation of glutamate neuroreceptors 274 

(Schaefer and Rongo 2006; Stogios et al., 2005; Kim et al., 2018). Additional ubiquitination-275 

related genes upregulated in AS were csn-2, encoding for a component of the COP9 276 
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signalosome complex (Pintard et al., 2003; Brockway et al., 2014), and proteasome genes (pas-277 

2 and pas-3; Fraser et al., 2000; Blumenthal et al., 2002). 278 

Among the proteases that were upregulated in AS worms, aspartyl proteases have been 279 

involved in neurodegeneration (Syntichaki et al., 2002), whereas plasminogen and the zinc 280 

matrix metalloproteinase ZMP-2 were both reported to mediate degradation of extracellular 281 

matrix (ECM) (Vassalli et al., 1991; Altincicek et al., 2010; Fischer, et al., 2014) (Figure 3). C. 282 

elegans ZMP-2 was also shown to prevent the accumulation of oxidized lipoproteins (Fischer et 283 

al., 2014), and, therefore it may contribute to the enhanced antioxidant response observed in 284 

this condition. 285 

Autophagy and amino acid degradation. Besides acting coordinately to withstand 286 

stress, autophagy cooperates with apoptotic UPS for the recovery and supply of nutrients when 287 

these are scarce (Vabulas et al., 2005; Scott et al., 2004; Huber and Teis, 2016; reviewed in 288 

Wang RC et al., 2010 and Russel et al., 2014). Transcripts of two autophagy-related genes, bec-289 

1 (Liang et al., 1999) and the Ragulator complex protein LAMTOR4 (C7orf59-like) (Bar-Peled et 290 

al., 2012) were more abundant in AS nematodes (Figure 3). While the former positively regulates 291 

autophagy (Liang et al., 1999; Meléndez et al., 2003), the latter interacts with the mTOR 292 

Complex I (mTORC1), and tethers small GTPases (Rags and Rheb) to the lysosomal surface 293 

(Bar-Peled et al., 2012). When amino acid levels are low, mTORC1 is not translocated to the 294 

lysosomal surface (Wang et al., 2009; Bar-Peled et al., 2012), thereby favoring catabolic 295 

processes such as autophagy (Thompson et al., 2005). We propose that amino acid scarcity 296 

might result from the upregulation of genes involved in the degradation of lysin, glycin, tyrosin, 297 

cystein, leucin, isoleucin, valin or tryptophan (Figure 3, Data S1). This would decrease mTORC1 298 

activity and, in turn, stimulates nutrient recycling via autophagy in AS worms. 299 

Conversely, we hypothesize that in H worms, active mTORC1 interacts with the 300 

ribosomal protein S6 kinase (S6K), encoded by the rsks-1 gene which is also up in H worms 301 

(Ladevaia et al., 2014) (Figure 3). This direct interaction, upon a cascade of phosphorylation 302 

events, would stimulate translation, and ultimately cell growth and proliferation (Ma et al., 2009, 303 

Howell et al., 2011, and Ladevaia et al., 2014). 304 

All in all, although it is currently unclear whether increased autophagy is beneficial or 305 

detrimental, under AS conditions, the upregulation of genes involved in self-digestion might play 306 

a protective role and foster recovery from starvation (Thompson et al., 2005), pathogens (Huber 307 

and Teis, 2016) or from neuronal and muscular degeneration induced by oxygen deprivation 308 

(Murphy and Steenbergen 2008). 309 

Lectins and mucins. Given that symbiont attachment may be mediated by Ca2+-310 

dependent lectins (Nussbaumer et al. 2004, Bulgheresi et al., 2006, 2011) and given that, under 311 

anoxia, the symbiont appeared to proliferate more (Paredes et al., 2021), we expected nematode 312 

lectins to be upregulated under this condition. Indeed, nine C-type lectin domain (CTLD)-313 
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containing proteins were upregulated in AS L. oneistus adults and only two (clec-78 and clec-314 

78-like-2) were upregulated in the presence of oxygen (Figure 4). In addition to CTLD-containing315 

proteins, mucins, a class of glycoproteins with more than 50% of its mass attributable to O-316 

glycans, were also upregulated in AS nematodes. Considering that mucin glycans are used by 317 

vertebrate gut commensals for attachment, as well as a source of nutrients (Koropatkin et al., 318 

2012), it is conceivable that their upregulation in anoxia (Figure 4), together with that of CTLD-319 

containing proteins, would foster symbiont attachment. 320 

We hypothesize that overexpression of two classes of putative symbiont-binding 321 

molecules, lectins and mucins, under conditions favoring symbiont proliferation (i.e., AS 322 

condition, Paredes et al., 2021) may mediate bacterial coat reinforcement. 323 

Apoptosis. Mitochondria play an important role in apoptosis induction (Simon et al., 324 

2000; Martínez-Reyes et al., 2020). Indeed, MPTP opening due to ROS (or the severe ATP 325 

decline imposed by the absence of oxygen) may cause cytochrome C release from mitochondria 326 

and this, in turn, triggers caspase activation (Martinou et al., 2000; Simon et al., 2000; Gogvadze 327 

et al., 2006; Galli et al., 2014). We observed that transcripts encoding for sco-1, a gene needed 328 

for the synthesis and assembly of mitochondrial cytochrome C (Williams et al., 2005) were more 329 

abundant in AS worms (Figure 4). Further, we observed upregulation of Caspase-3 (ced-3) 330 

which belongs to a family of cysteine proteases involved in apoptosis (Mangahas et al., 2005; 331 

Kaufmann et al., 2008) and which is activated upon mitochondrial cytochrome C release into the 332 

cytosol (Liu et al., 1996; Tafani et al., 2000; Kaufmann et al., 2008; Martínez-Reyes et al., 2020). 333 

Additional apoptosis-related genes that appeared to be upregulated in AS worms were: bec-1 334 

(Figure 3), a gene that promotes autophagy and fine-tunes the Ced-3-mediated apoptosis (Liang 335 

et al., 1999; Takacs-Vellai et al., 2005); ttr-52, which mediates apoptotic cell recognition prior to 336 

engulfment (Wang, X. et al., 2010; Chen et al., 2013); a BAG family molecular chaperone 337 

regulator 1 (BAG1-regulator); a cell-death-related nuclease crn−2 (Parrish et al., 2003; 338 

Samejima et al., 2005) and phagolysosome forming arl-8 (Sasaki et al., 2013), and a tyrosine 339 

kinase Abl-1, (abl-1) that modulates apoptotic engulfment pathways (Hurwitz et al., 2009). 340 

Lipid catabolism. Genes involved in lipid metabolism were similarly expressed between 341 

the AS and H conditions (Figure 2, Data S1). In accordance, lipidomes of nematodes incubated 342 

in the presence or absence of oxygen were not significantly different (Figure S5, Supplemental 343 

material). However, in line with the overall upregulation of degradation pathways, we observed 344 

upregulation of genes involved in FA beta-oxidation (kat-1; Berdichevsky et al., 2010), in lipid 345 

digestion (the lipase lipl-6; UniProtKB E2S7J2), and lipid degradation (a peripilin-2-like protein; 346 

Chughtai et al., 2015). Moreover, a gene that might be involved in oxidative-stress tolerance (a 347 

stearic acid desaturase fat-7 regulating the first step of the fatty acid desaturation pathway 348 

(Horikawa et al., 2009) was also upregulated in AS worms. Lipid degradation under anoxia might 349 

be a strategy to overcome starvation (Krivoruchko and Storey, 2015). 350 
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Notably, we also observed an upregulation of two genes involved in phosphatidylcholine 351 

(PC) synthesis (pmt-1, pmt-2, Brendza et al., 2007) (Figure 5). Intriguingly, PC was more 352 

abundant in the anoxic symbiont (Paredes et al., 2021), although the latter cannot synthetize it. 353 

Thus, their upregulation in AS worms suggests worm-symbiont lipid transfer. 354 

GABA- and glutamate-mediated neurotransmission. Upregulated genes related to 355 

GABA synthesis were, unc-25, unc-104 and pdxk-1 (pyridoxal phosphate hexokinase) (Thomas 356 

et al., 1990; Mclntire et al., 1993; Jin et al., 1999; Gally et al., 2003; Nordquist et al., 2018; Risley 357 

et al., 2016) (Figure 5, Data S1). Consistent with an expected increase in glutamate requirement 358 

as a direct GABA precursor (Martin et al., 1993), we observed downregulation of two glutamine 359 

synthetases and a delta-1-pyrroline-5-carboxylate synthase (gln-3 and alh-13 respectively; van 360 

der Vos et al., 2012; Yen et al., 2021; Figure 6), known to convert glutamate to glutamine or to 361 

proline, respectively. Furthermore, an mgl-2 like gene encoding for a glutamate receptor, which 362 

is activated in the presence of glutamate (Tharmalingam et al., 2012), was up in AS worms. Note 363 

that, when oxygen is limited, glutamate may act as a neurotoxic amino acid (Baker et al., 1991; 364 

Lutz et al., 2003a). Therefore, increased GABA biosynthesis might, beneficially, prevent its 365 

accumulation (Milton et al., 2002; Mathews et al., 2003). 366 

GABA-mediated neurotransmission has been documented for facultative anaerobic 367 

animals thriving in anoxic conditions (Lutz et al., 1997; Milton et al., 1998; Lutz et al., 2003a, b). 368 

Due to its inhibitory nature, it contributes to avoid membrane depolymerization (Nilsson et al., 369 

1990; Milton et al., 1998). Moreover, given that it relaxes muscles, the increment of GABA may 370 

impact the movement of the animal (Mclntire et al., 1993; Schuske et al., 2004). Therefore, 371 

upregulation of GABA-mediated neuronal activity might explain why anoxic L. oneistus did not 372 

form tight worm clusters after 24h (Supplemental movie 3). 373 

Dopamine-mediated neurotransmission. A gene encoding for the tyrosine 374 

hydroxylase Cat-2 (cat-2), which is needed for dopamine biosynthesis (Sawin et al., 2000) and 375 

two putative dopamine receptors (protein-D2-like and a G_PROTEIN_RECEP_F1_2 domain-376 

containing protein (dop-5); Sanyal et al., 2004) were upregulated in AS worms. Moreover, a dat-377 

1-like gene mediating dopamine reuptake into the presynaptic terminals was downregulated378 

(Gainetdinov et al., 2002; McDonald et al., 2006) in AS worms (Figure 5). 379 

Calcium-binding and -sensing proteins. Finally, in AS worms several calcium-binding 380 

or -sensing proteins (e.g., ncs-2, cex-2, and a calbindin-like (CALB1 homologue); 381 

Soontornniyomkij et al., 2012; Hobert et al., 2018; Figure 5), as well as calcium transporters 382 

(cca-1, Steger et al., 2005; Transport category, Figure 6) were upregulated. On the one hand, 383 

we hypothesize their involvement in the inhibitory neural signaling described above (for example, 384 

Ncs-2 mediates the cholinergic and GABAergic expression of C. elegans (Zhou et al., 2017). On 385 

the other, they may protect cells against the stress inflicted by anoxia, which involves calcium 386 
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overload and consequent cellular acidification (Bickler et al., 1992; Dell'Anna et al., 1996; Galli 387 

et al., 2014). 388 

389 

Genes upregulated in hypoxic (H) nematodes 390 

Innate immune pathways and effectors. Animals recognize and respond to microbes 391 

by means of immunoreceptors including Toll-like receptors, conserved from sponges to humans 392 

(Akira et al., 2006). We identified almost all genes belonging to this pathway, including the one 393 

encoding for the NF-kB transcription factor. This came as a surprise given that, up to now, the 394 

has not been identified in any other nematode NF-kB (Pujol and Ewbank, submitted). As 395 

surprising, was the fact that not only two Toll-like receptors (tol-1 and tol-1-like), but also genes 396 

encoding for antimicrobial proteins such as a peroxisome assembly factor involved in defense 397 

against Gram- (prx-11-like, Wang, D. (2019), a putatively antifungal endochitinase (Dravid et al., 398 

2015) and Bactericidal Permeability Increasing proteins (BPIs) were also more abundant in H 399 

worms. BPIs may bind LPS and perforate Gram- membranes and have shown to play a 400 

symbiostatic role in other invertebrates (Bruno et al., 2019; Krasity et al., 2015; Chen et al., 401 

2017). However, it is unclear whether activation of the L. oneistus Toll pathway leads to the 402 

nuclear NF-kB switching on the expression of antimicrobial genes or whether, as shown in C. 403 

elegans, the Toll pathway mediates behavioral avoidance of pathogens (Pradel et al., 2007; 404 

Brandt et al., 2015). 405 

Overall, the apparent oxygen stimulation of a central innate immunity pathway and, 406 

directly or indirectly, of broad range anti-defense mechanisms could be adaptations to the fact 407 

that in oxygenated environments (when crawling in superficial sand layers), L. oneistus is 408 

exposed to predation from bigger animals, but also to pathogenic members of the 409 

bacterioplankton. Overexpression of broad-range antimicrobials in response to oxygen might 410 

therefore help L. oneistus to avoid colonization by potentially deleterious, fouling bacteria (e.g., 411 

Vibrios, Roseobacters and Pseudoaltermonas/Alteromonadales) when crawling close to the 412 

water column (Dang and Lovell, 2016; M. Mussmann, personal communication). 413 

Development. Although development-related genes were some of the most expressed 414 

under all conditions (Figure 1), many were upregulated in H nematodes (Figure 2 and 5). Among 415 

the development-related genes upregulated in H nematodes were those related to molting (e.g., 416 

nas-36, nas-38, chs-2, ptr-5, ptr-18, apl-1, myrf-1; Suzuki et al., 2004; Zhang et al., 2005; Zugasti 417 

et al., 2005; Hornsten et al., 2007; Russel et al., 2011), germ line establishment (e.g., ccm-3, 418 

rsks-1; Pan et al., 2007; Pal et al., 2017), oogenesis/spermatogenesis (crt-1, Park et al., 2001), 419 

embryonic development and yolk production (smp-1, cpna-1, plt-1, vit-6, crt-1, arrd-17, mlc-5; 420 

Clark et al., 1997; Goedert et al., 1996; Gatewood et al., 1997; Fuji et al., 2002; Gally et al., 421 

2009; Zahreddine et al., 2010; Jee et al., 2012; Warner et al., 2013; Fisher et al., 2014; Perez 422 

and Lehner, 2019), and/or larval development (nmy-1, ifb-1; Ding et al., 2004; Osório et al., 423 
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2019), as well as male tip (Cdt1, plx-1, ver-3, ; Nelson et al., 2011; Dalpé et al., 2004; Dalpe et 424 

al., 2013), vulva morphogenesis (hda-1, unc-62), and a hermaphrodite-related gene (hda-1; 425 

Dufourcq et al., 2002; Choy et al., 2007) (Figure 5).  Morever, transcripts encoding for a number 426 

of proteases shown to be involved in C. elegans molting (e.g., nas-38, nas-6-like; Park et al., 427 

2010), development (e.g., teneurin-a-like; Topf and Drabikoswki, 2019), neuronal regrowth or 428 

locomotion (tep-1; Kim et al., 2018) and pharingeal pumping (e.g., neprilysin nep-1; Spanier et 429 

al., 2005) were also more abundant in H worms. Remarkably, vav-1, which, besides being 430 

involved in male tip and vulva morphogenesis (Nelson et al., 2011), may also regulate the 431 

concentration of intracellular calcium (Norman et al., 2005), was one of the few development-432 

related genes to be downregulated in H nematodes (see previous section on Ca-binding 433 

proteins). 434 

To sum up, and as expected, the host appears to exploit oxygen availability to undertake 435 

energetically costly processes, such as development and molting (De Cuyper and Vanfleteren 436 

1982; Uppaluri and Brangwynne 2015). 437 

Carbohydrate metabolism. If in AS nematodes, glycogen or starch appeared prominent 438 

carbon sources, H worms seemed to exploit trehalose and cellulose instead. Indeed, genes that 439 

degrade trehalose (tre-1, Pellerone et al., 2003) and cellulose (Ppa-cel-2, Schuster et al., 2012) 440 

were upregulated in H worms, as well as a putative ADP-dependent glucokinase (C50D2.7) 441 

involved in glycolysis (Yuan et al., 2012). The use of this pathway was supported by the 442 

overexpression of four genes encoding for sugar transporters (Slc2-A1, C35A11, K08F9.1, 443 

F53H8.3; Kitaoka et al., 2013; Bertoli et al., 2015), perhaps switched on by active mTOR (see 444 

above) (Figure 6) (Howell et al., 2011). 445 

Additionally, L. oneistus appeared to exploit oxygen to synthesize complex 446 

polysaccharides, such as heparan sulfate (hst-1-like; Miyagawa et al. 1988; Bhattacharya et al., 447 

2009) and glycan (Gcnt3-like) (Figure 6), as an ortholog of the N-deactetylase/N-448 

sulfotransferase hst-1, related to heparin biosynthesis was also upregulated (Bhattacharya et 449 

al., 2009). 450 

Although glycolysis seems to generate ATP in both AS and H worms, it is not clear why 451 

the latter would prefer to respire cellulose or trehalose instead of starch. Given its role as a 452 

membrane stabilizer, we speculate that AS worms might prioritize the storage of trehalose over 453 

its degradation to preserve membrane integrity (Figure 6) (Crowe et al 1987; Carpenter et al., 454 

1988; Clegg et al., 1997; Chen et al., 2002; Haddad 2006). Of note, based on its genome draft, 455 

the symbiont may synthetize and transport trehalose, but it may not use it (Paredes et al., 2021). 456 

Therefore, we hypothesize symbiont-to-host transfer of trehalose under hypoxia. Consistently, 457 

the symbiont’s trehalose synthesis-related gene (otsB; Paredes et al., 2021), and the host 458 

trehalase (tre-1; Figure 6) were both upregulated under hypoxia and metabolomics could detect 459 

trehalose in both partners (Table S1). Metabolomics also detected sucrose in both the holobiont 460 
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and the symbiont fraction (Table S1). Given that, based on transcriptomics and proteomics, the 461 

nematode can utilize sucrose but cannot synthesize it (Data S1), whereas the symbiont can 462 

(Paredes et al., 2021), as in the case for trehalose, we hypothesize symbiont-to-host sucrose 463 

transfer. 464 

Acetylcholine-mediated neurotransmission. Instead of upregulating genes involved 465 

in inhibitory (GABA and dopamine-mediated) neurotransmission, hypoxic worms appeared to 466 

use excitatory acetylcholine-mediated neurotransmission as indicated by the upregulation of 467 

molo-1, acr-20, cup-4, lev-9, and sphingosine kinase sphk-1 that promotes its release (Mongan 468 

et al., 2002; Patton et al., 2005; Gendrel et al., 2009; Boulin et al., 2012; Chan et al., 2012) 469 

(Figure 5). On the one hand, acetylcholine-mediated neurotransmission might promote ROS 470 

detoxification in H worms (Sun et al., 2014). On the other hand, its downregulation in AS worms 471 

may beneficially decrease calcium influx (Hochachka and Lutz, 2001). 472 

Feeding, mating, mechanosensory behavior and axon guidance and fasciculation. 473 

Transcripts related to the neuronal regulation of energy-demanding activities such as feeding, 474 

mating, motion, as well as nervous system development were more abundant in H nematodes 475 

(Figure 5, and Data S1). More precisely, upregulated genes were involved in pharyngeal 476 

pumping (nep-1, lat-2; Spanier et al., 2005; Guest et al., 2007), male mating behavior and touch 477 

(pdfr-1, tbb-4, ebax-1, Hurd et al., 2010; Wang, Z. et al., 2013), axon guidance and fasciculation 478 

(spon-1, igcm-1, ebax-1, tep-1; Kim et al., 2018; Woo et al., 2008; Schwarz et al., 2009; Wang, 479 

Z et al., 2013), mechanosensory behavior (e.g., mec-12, delm-2; Gu et al., 1996; Han et al., 480 

2013). Additionally, we also observed the upregulation of a gene encoding for a glutamate 481 

receptor (glr-7) possibly involved in feeding facilitation (Li et al., 2012). 482 

Amino acid biosynthesis. Transcripts of genes involved in the synthesis of glutamine 483 

and proline (gln-3 and alh-13, respectively), aspartate (L-asparaginases; Tsuji et al., 1999) and 484 

S-adenosyl-L-methionine (SAM) (sams-4; Chen et al., 2020) were all upregulated in H worms485 

(Figure 6), as well as one encoding for the ornithine decarboxylase odc-1 which is involved in 486 

biosynthesis of the polyamine putrescin, and is essential for cell proliferation and tissue growth 487 

(Russell et al., 1968; Heby, 1981). Moreover, polyamines, with their high charge-to-mass ratio 488 

may protect against superoxide radicals, which, as mentioned, harm cell membranes and 489 

organelles, oxidize proteins, and damage DNA (Gilad et al., 1991; Longo et al., 1993). 490 

Lipid biosynthesis. Genes upregulated in H worms mediate the biosynthesis of long 491 

chain fatty acids (acs-3, acs-14, elo-3 but not acs-5; Yuan et al., 2012; Ward et al., 2014; Wang 492 

et al., 2021), sphingolipids (a sphingosine kinase-1 (sphk-1) and egl-8, which controls egg laying 493 

and pharyngeal pumping in C. elegans (Bastiani et al., 2003). Notably, sphingolipids may be 494 

anti-apoptotic (Taha et al., 2006) or result in acetylcholine release (Chan et al., 2012). 495 

On the other hand, ceramides, which have antiproliferative properties and who may 496 

mediate resistance to severe oxygen deprivation (Deng et al., 2008; Menuz, et al. 2009), 497 
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appeared to be mainly synthesized in AS worms, as indicated by the upregulation of genes 498 

involved in ceramide biosynthesis (asm-3, ttm-5; Watts et al., 2017) (Figure 6). 499 

Transport. As anticipated in the introduction, anoxia-tolerant animals switch off ATP-500 

demanding processes such as ion pumping (Lutz et al., 1996; Galli et al., 2014). Indeed, 501 

transcripts  encoding for proteins involved in cation channel activity (gtl-2, voltage gated H 502 

channel 1; Teramoto et al., 2010), sodium transport (delm-2-like; Han et al., 2013), chloride 503 

transport (anoh-1, best-13, best-14; Tsunenari et al., 2013; Wang, Y. et al., 2013; Goh et al., 504 

2018), ABC transport (wht-2, pgp-2, slcr-46.3, F23F12.3, hmit-1.3; Currie et al., 2007; Schroeder 505 

et al., 2007; Kage-Nakadai et al., 2011) and organic transport (F47E1.2, oct-2; Pao et al., 1998) 506 

were all more abundant in H than AS worms (Figure 6). 507 

Sulfur metabolism. The mpst-7 gene which is involved in organismal response to 508 

selenium and it is switched on in hypoxic C. elegans (Romanelli-Credrez et al., 2020) was 509 

upregulated in H nematodes (Figure 6). Given that the latter is thought to catalyze the conversion 510 

of sulfite and glutathione persulfide (GSSH) to thiosulfate and glutathione (GSH) (Filipovic et al., 511 

2018), hypoxia-experiencing L. oneistus might express this enzyme to recharge the cells with 512 

GSH and hence, help to cope with oxidative stress (Hayes and McLellan, 1999; Mytilineou et al., 513 

2002; Diaz-Vivancos et al., 2015). Also more abundant in H worms were transcripts encoding 514 

for the sulfatases 2 (sul-2) (Morimoto-Tomita et al., 2002) and a PAPS-producing pps-1 (3′-515 

phospho-adenosine-5′-phosphosulfate (PAPS) considered the universal sulfur donor; 516 

Bhattacharya et al., 2009), as well as for the chaperones pdi-6 and protein-disulfide-isomerase-517 

A5-like which require oxygen to mediate correct disulfide bond formation in protein folding 518 

(Teodoro and O’Farrell, 2003; Rose et al., 2017; Livshits et al., 2017) (Figure 6). 519 

Conversely, a putative sulfide-producing enzyme (mpst-1) who protects C. elegans from 520 

mitochondrial damage (Qabazard et al., 2014; Ng et al., 2019; Kimura, 2020) was upregulated 521 

in AS nematodes. Notably, under AS, L. oneistus might detoxify sulfide by producing glutathione 522 

and taurine (Rose et al., 2017), as a persulfide dioxygenase (ethe-1) and a cysteine dioxygenase 523 

(cdo-1) which catalyzes taurine synthesis via cysteine degradation were upregulated. Sulfide 524 

detoxification via taurine accumulation is a common strategy in chemosynthetic animals 525 

(reviewed in Cavanaugh et al., 2006). 526 

All in all, L. oneistus appeared to limit excess accumulation of free sulfide in anoxia and 527 

to free sulfate when oxygen was available. 528 

529 

Conclusions 530 

Overall and irrespectively of the conditions it was subjected to, L. oneistus mostly 531 

expressed genes involved in degradation, energy generation, stress response and immune 532 

defense. Astonishingly, L. oneistus did not enter suspended animation when subjected to anoxic 533 

sulfidic conditions for days. We hypothesize that in the absence of oxygen, ATP production is 534 
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supported by trehalose and cellulose catabolism, and by rewiring the ETC in such way as to use 535 

rhodoquinone (RQ) as electron carrier, and fumarate as electron acceptor. Moreover, the 536 

nematode activates several degradation pathways (e.g., ubiquitin-proteasome system (UPS), 537 

autophagy, and apoptosis) to gain nutrients from anoxia- or ROS-damaged proteins and 538 

mitochondria. Further, AS worms also upregulated genes encoding for ribosomal proteins and 539 

putative symbiont-binding proteins (lectins). Finally, as proposed for other anoxic-tolerant 540 

animals, the worm seems to upregulate its antioxidant capacity in anticipation of reoxygenation. 541 

When in hypoxic conditions (Figure 7, left), instead, we speculate that the worm uses starch for 542 

energy generation to engage in costly developmental processes such as molting, feeding, and 543 

mating, likely relying on excitatory neurotransmitters (e.g., acetylcholine), and it upregulates the 544 

Toll immune pathway and, directly or indirectly, the synthesis of broad range antimicrobials (e.g., 545 

fungicides, bactericidal permeability increasing proteins). 546 

When looking at the Laxus-Thiosymbion symbiosis in light of what was recently published 547 

(Paredes et al., 2021), we could identify two signs of inter-partner metabolic dependence: in 548 

anoxia worms might transfer lipids to their symbionts, and in hypoxia the symbionts might 549 

transfer trehalose to their hosts. 550 

Furthermore, we may conclude that, wherever in the sand the consortium is, one of the 551 

two partners is bound to be stressed: in anoxia, the symbiont appear to proliferate more, while 552 

its animal host engages in degradation of damaged proteins and mitochondria and in 553 

detoxification. In the presence of oxygen, the situation is inverted: the symbiont seems massively 554 

stressed, while the host can afford energy costly biosynthetic processes to develop and 555 

reproduce (Figure 7). It is therefore fascinating that, in spite of the dramatically different needs 556 

a bacterium and animal must have, the Laxus-Thiosymbion symbiosis evolved. 557 

558 
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MATERIALS AND METHODS 572 

Sample collection 573 

Laxus oneistus individuals were collected on multiple field trips (2016-2019) at approximately 1 574 

m depth from sand bars off the Smithsonian Field Station, Carrie Bow Cay in Belize 575 

(16°48′11.01″N, 88°4′54.42″W). The collection of the nematodes, the incubations set up for RNA 576 

sequencing, lipidomics, proteomics and metabolomics, as well as the RNA extraction, and library 577 

preparation are described in Paredes et al., 2021. Importantly, the nematodes had a bright white 578 

appearance and replicate incubations were started simultaneously. Note that the Supplemental 579 

material describes changes in the lipidomics and proteomics pipelines, as well as the 580 

metabolomics, and sequencing data of Olavius algarvensis. 581 

Host transcriptome de novo assembly 582 

In preparation for the assembly, reads from each sample were first mapped to the symbiont as 583 

described before (Paredes et al., 2021), and remaining rRNA reads from all domains of life were 584 

removed from unmapped reads using sortmerna v2.1 in combination with the 585 

SSURef_NR99_119_SILVA_14_07_14 and LSURef_119_SILVA_15_07_14 databases. 586 

Further, exact duplicate reads were removed using PRINSEQ lite’s derep option. Read files free 587 

of symbiont reads, rRNA reads and exact duplicates were used as input for transcriptome sub-588 

assemblies via Trinity v2.6.6 with the strand-specific option (--SS_lib_type F) (Grabherr et al., 589 

2011). Two sub-assemblies differing in the number and type of input read files were performed: 590 

(1) 9 input read files including biological triplicates from 3 incubation conditions (O, H, A) and (2)591 

4 input read files including a single replicate from 4 incubation conditions (O, H, A and hyper-O). 592 

Hyper-O refers to an incubation in which air was pumped directly into the exetainers for the entire 593 

incubation period to supersaturate the seawater (300 %O2). However, as this incubation 594 

condition yielded an incongruous transcriptional response by the symbiont (data not shown), 595 

these read data were only used to extend the host transcriptome’s coding repertoire. The 596 

qualities of both sub-assemblies were assessed as described below. 597 

We then performed an intra-assembly clustering step as described in (Cerveau and 598 

Jackson, 2016), during which identical transcripts were removed from the sub-assemblies using 599 

CD-HIT-EST (Fu et al., 2012). To further reduce redundant transcripts, only the longest isoform600 

for each ‘gene’ identified by Trinity was kept using Trinity’s 601 

get_longest_isoform_seq_per_trinity_gene.pl utility. The remaining transcripts of each sub-602 

assembly were then concatenated to produce a merged transcriptome assembly. The final 603 

assembly was created by applying another sequence clustering using CD-HIT-EST to avoid 604 

inter-assembly redundancy. Here, the identity parameter of 80% (-c 0.8) combined with a 605 

minimal coverage ratio of the shorter sequence of 80% (-aS 0.8) and minimal coverage ratio of 606 

the longest sequence of 0.005% (-aL 0.005) yielded the best-performing assembly in terms of 607 

number of transcripts (162,455) and contiguity (N50 value of 770) (data not shown). 608 
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Assembly completeness was assessed by estimating completeness via BUSCO nematode 609 

single-copy orthologs (Simão et al., 2015). Importantly, the merged assembly yielded a higher 610 

BUSCO-based completeness compared with the two sub-assemblies; 79.2% of the BUSCO 611 

nematode single-copy orthologs were found to be present and complete in the final assembly 612 

(636 single-copy/142 duplicated), whereas assembly (1) scored 77.8% (233 single-copy/531 613 

duplicated) and assembly (2) was 76.2% complete (314 single-copy/434 duplicated). Further, 614 

assembled transcripts were filtered based on taxonomic classification. Transcripts were matched 615 

against the RefSeq protein database using blastx (E value 1E-3), and the output was then used 616 

as input for taxonomic assignment via MEGAN v5 (Huson et al., 2007). Only transcripts classified 617 

as belonging to ‘Eukarya’ were kept (MEGAN parameters: Min Score: 50, Max Expected: 1E-2, 618 

Top Percent: 2), which reduced the number of putative L. oneistus transcripts to 30,562. 619 

Assembled transcripts were also functionally annotated using Trinotate (Bryant et al., 2017). 620 

Briefly, predicted protein coding regions were extracted using TransDecoder 621 

(https://github.com/TransDecoder), both transcripts and predicted protein sequences were 622 

searched for protein homology via blastx and blastp, respectively, and predicted protein 623 

sequences were annotated for protein domains (hmmscan), signal peptides (signalP) and 624 

transmembrane domains (THMMM). 85,859 transcripts exhibited at least one functional 625 

annotation. Finally, only taxonomy-filtered transcripts with at least one functional annotation 626 

were kept, thereby further reducing the number of putative host transcripts to 27,984, with 22,072 627 

thereof predicted to contain protein coding regions. BUSCO-based completeness for this filtered 628 

host transcriptome assembly was 78.8% (635 single-copy/139 duplicated). 629 

Gene expression analysis 630 

Raw sequencing reads quality assessment and preprocessing of data was followed as described 631 

in Paredes et al., 2021. Trimmed reads were mapped to the de novo transcriptome assembly 632 

and transcript abundance was estimated using RSEM v1.3.1 (Li and Dewey 2011) in 633 

combination with bowtie with default settings except for the application of strandedness (--634 

strandedness forward). Read counts per transcript were used for differential expression analysis, 635 

and TPM (transcripts per kilobase million) values were transformed to log2TPMs as described 636 

in Paredes et al. 2021. 637 

Gene and differential expression analyses were conducted using the R software 638 

environment and the Bioconductor package edgeR v3.28.1 (Gentleman et al., 2004; Robinson 639 

et al., 2010; R core Team, 2013), and as shown in Paredes et al., 2021. Here, we only describe 640 

the modifications that were made to the pipeline. Genes were considered expressed if at least 641 

ten reads in at least three replicates of one of the four conditions could be assigned. Excluding 642 

the replicates of the oxic condition, we found that 74.9% of all predicted nematode protein-643 

encoding genes to be expressed (16,526 genes out of 22,072). Log2TPM were used to assess 644 

sample similarities via multidimensional scaling based on Euclidean distances (R Stats package) 645 
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(R core Team, 2013) (Figure  S1B), and the average of replicate log2TPM  values per expressed 646 

gene and condition was used to estimate expression strength. Median gene expression of entire 647 

metabolic processes and pathways per condition was determined from average log2TPM values. 648 

Expression of genes was considered significantly different if their expression changed 649 

1.5-fold between two treatments with a false-discovery rate (FDR) ≤ 0.05 (Rapaport et al., 2013). 650 

Throughout the paper, all genes meeting these thresholds are either termed differentially 651 

expressed or up- or downregulated. For the differential expression analyses between the AS, H 652 

and A conditions see Data S1. Heatmaps show mean-centered log2TPM expression values to 653 

highlight gene expression change. 654 

All predicted L. oneistus proteins were automatically annotated using eggNOG-mapper 655 

v2 (Cantalapiedra et al., 2021) against eggNOG 5.0 (Huerta-Cepas et al., 2019) using diamond 656 

v2.0.4 (Buchfink et al., 2021). All genes that are shown and involved in a particular process were 657 

manually curated by blasting them against both the NCBI BLASTP nr database (Altschul et al., 658 

1990) and the WormBase (Harris et al., 2020; https://wormbase.org/tools/blast_blat). 659 

660 

Data availability. This Transcriptome Shotgun Assembly project has been deposited at 661 

DDBJ/EMBL/GenBank under the accession GJNO00000000. The version described in this 662 

paper is the first version, GJNO01000000. RNA-Seq data are available at the Gene Expression 663 

Omnibus (GEO) database and are accessible through accession number GSE188619. 664 

665 
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Figure legends 1458 

1459 

Figure 1. Relative transcript abundance and expression levels of the top 100 expressed 1460 

genes of L. oneistus across all conditions. (A) Relative transcript abundance (%) of the top 1461 

100 expressed genes with a manually curated functional category. The top 100 expressed genes 1462 

were collected by averaging the expression values (log2TPM) across all replicates of all 1463 

incubations (Figure S1A, Data S1, and S2). Functional classifications were extracted from the 1464 

curated database UniProt and from comprehensive literature search focused mainly on C. 1465 

elegans, and confirmed with the automatic annotated eggNOG classification (Data S1). (B) 1466 

Median gene expression levels of selected L. oneistus manually annotated functional categories 1467 

of the top 100 expressed genes. Metabolic processes include both differentially and 1468 

constitutively expressed genes. Each dot represents the average log2TPM value per gene 1469 

across all replicates of all incubations. All gene names (or locus tags for unidentified gene 1470 

names) are listed in Data S2. 1471 

Figure 2. Median gene expression levels of selected L. oneistus metabolic processes 1472 

among the differentially expressed genes between the hypoxic (H) and anoxic sulfidic 1473 

(AS) conditions after 24 h. Individual processes among the differentially expressed genes are 1474 

ordered according to their difference in median expression between the AS and H incubations. 1475 

Namely, detoxification (far left) had the largest difference in median expression in the AS 1476 

condition, whereas immune response (far right) had the largest median expression difference in 1477 

the H condition. The absolute number of genes are indicated at the top of each process. 1478 

Metabolic processes were manually assigned and confirmed with the automatic annotated 1479 

eggNOG classification. For specific gene assignments see Data S1. Some genes are present in 1480 

more than one functional category and processes comprising only one gene are not displayed 1481 

in the figure but listed in Data S1. 1482 

Figure 3. Genes involved in detoxification, ubiquitin-proteasome, autophagy, apoptosis, 1483 

and amino acids degradation were predominantly expressed in AS worms. Heatmap 1484 

displaying genes upregulated in AS (anoxic sulfidic) relative to H (hypoxic) worms after 24 h-1485 

long incubations under one of the two conditions (1.5-fold change, FDR ≤ 0.05). Expression 1486 

levels are displayed as mean-centered log2TPM value (transcripts per kilobase million). Genes 1487 

are ordered by function in their respective metabolic pathways. For each process, the minority 1488 

of genes that were upregulated in H worms is shown in Data S1. Red denotes upregulation, and 1489 

blue downregulation. Prot. protein, COP9: Constitutive photomorphogenesis 9. Dcp: domain-1490 

containing proteins. Put. glut. peroxid.: putative glutamate peroxidase. Put. sarc. oxid.: putative 1491 

sarcosine oxidase. 1492 

Figure 4. Genes involved in translation and energy generation and genes encoding for C-1493 

type lectins and mucins were predominantly expressed in AS worms. Heatmap displaying 1494 
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genes upregulated in AS (anoxic sulfidic) relative to H (hypoxic) worms, upon 24 h-long 1495 

incubations under one of the two conditions (1.5-fold change, FDR ≤ 0.05). Expression levels 1496 

are displayed as mean-centered log2TPM values (transcripts per kilobase million). Genes are 1497 

ordered by function in their respective metabolic pathways. For each process, the minority of 1498 

genes that were upregulated in H worms is shown in Data S1. Red denotes upregulation, and 1499 

blue downregulation. Fp: family-containing protein. Cytoch. C ox. su. II.: cytochrome c oxidase 1500 

subunit II. Ubiq./rhodoq biosynth.: Ubiquinone or rhodoquinone biosynthesis. 1501 

Figure 5. Genes involved in immune response, development and nervous system were 1502 

predominantly expressed in hypoxic (H) worms. Heatmap displaying genes upregulated in 1503 

H relative to AS worms, upon 24 h-long incubations under one of the two conditions (1.5-fold 1504 

change, FDR ≤ 0.05). Expression levels are displayed as mean-centered log2TPM value 1505 

(transcripts per kilobase million). Genes are ordered by function in their respective metabolic 1506 

pathways. For each process, the minority of genes that were upregulated in AS worms is shown 1507 

in Data S1. Red denotes upregulation and blue downregulation. MN: mechanosensory neurons. 1508 

Embr. body wall muscle posit.: Embryonic body wall muscle positioning. Put.: putative. 1509 

Figure 6. Genes involved in carbohydrate, lipid- and sulfur-metabolism, amino acids 1510 

biosynthesis, and transport were predominant expressed in hypoxic (H) worms. Heatmap 1511 

displaying genes upregulated in H relative to AS worms, upon 24 h-long incubations under one 1512 

of the two conditions (1.5-fold change, FDR ≤ 0.05). Expression levels are displayed as mean-1513 

centered log2TPM values (transcripts per kilobase million). Genes are ordered by function in 1514 

their respective metabolic pathways. For each process, the minority of genes that were 1515 

upregulated in AS worms is shown in Data S1. Red denotes upregulation, and blue 1516 

downregulation. FA: fatty acids. PC: phosphatidylcholine. PL: phospholipids. Metab: 1517 

metabolism. Synth: synthesis. Assim: assimilation. Oxid: oxidation. Transp: transporters. 1518 

Figure 7. Schematic representation of Laxus oneistus physiology in anoxic and hypoxic 1519 

sand. In anoxic sulfidic sand (left) L. oneistus does not enter suspended animation. Instead, it 1520 

upregulates the expression of genes mediating inhibitory neurotransmission, involved in 1521 

symbiosis establishment (e.g., lectins, mucins) and in ribosome biogenesis. Metabolism may be 1522 

supported by the degradation of starch and by rewiring the electron transfer chain: rhodoquinone 1523 

(RQ) is used as electron carrier and fumarate as electron acceptor. Moreover, the worm 1524 

activates degradation pathways (e.g., ubiquitin-proteasome system (UPS), autophagy, and 1525 

apoptosis) and may anticipate reoxygenation by upregulating superoxide dismutase (SOD) and 1526 

glutathione peroxidase (GP). 1527 

In hypoxic sand (right), instead, L. oneistus appears to use trehalose and cellulose for 1528 

energy generation, while engaging in costly processes such as development, molting, feeding, 1529 

and mating. Genes involved in excitatory neurotransmission are also upregulated, together with 1530 
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Toll receptors and immune effectors (e.g., fungicides, bactericidal permeability increasing 1531 

proteins). 1532 

1533 

SUPPLEMENTAL MATERIAL LEGENDS 1534 

1535 

Figure S1. Experimental conditions, sample similarity and differential expression. (A) 1536 

Experimental setup was previously described (Paredes et al. 2021). Briefly, nematodes were 1537 

subjected to different oxygen concentrations for 24 h: anoxic with sulfide (AS: 0mM O2, 25mM 1538 

sodium sulfide added), anoxic without sulfide (A, 0mM O2), hypoxic (H, 60mM O2 after 24 h), 1539 

and oxic (O, 100mM O2 after 24 h). The box around the anoxic incubation vials illustrates that 1540 

these incubations were carried out in a polyethylene glove bag. (B) Similarity between 1541 

transcriptome samples based on Euclidean distances between expression values (log2TPM), 1542 

and visualized by means of multidimensional scaling (C) Differential gene expression (DE) 1543 

analysis between incubations showed that the number of DE genes was low (maximum value 1544 

was 4.8% of all expressed genes for the H vs AS conditions). Genes were considered 1545 

differentially expressed if their expression changed 1.5-fold with a false-discovery rate (FDR) of 1546 

≤ 0.05. 1547 

Figure S2. Statistical analysis, relative transcript abundance and expression levels of the 1548 

top 100 detected proteins of L. oneistus across all conditions. (A) Relative protein 1549 

abundance (%) of the top 100 detected proteins present in a particular manually curated 1550 

functional category. The top 100 proteins were collected by averaging the expression values 1551 

across all replicates of all incubations (Figure S1A, Data S2). Functional classifications were 1552 

extracted from the curated database UniProt and from comprehensive literature search focused 1553 

mainly on C. elegans, and confirmed with the automatic annotated eggNOG classification (Data 1554 

S1). (B) Median gene expression levels of selected L. oneistus manually annotated functional 1555 

categories of the top 100 expressed proteins. Each dot represents the average %cOrgNSAF per 1556 

protein across all replicates of all incubations. Notice that some categories were created with 1557 

genes of overlapping functions (e.g., cytoskeleton/locomotion/nervous system). All protein 1558 

names (or locus tags for unidentified protein names) are listed in Data S2. 1559 

Figure S3. Transcriptomics vs proteomics comparison. Pearson correlation between all 1560 

transcripts and proteins (Data S1) automatically classified based on their functional category. 1561 

The Pearson correlation between all expressed transcripts and all detected proteins (r = 0.4) 1562 

was found to be low (Figure S3). 1563 

Figure S4. Relative transcript abundance and expression levels of the top 100 expressed 1564 

genes of O. algarvensis across all conditions. (A) Relative transcript abundance (%) of the 1565 

top 100 expressed genes with a manually curated functional category. The top 100 expressed 1566 

genes were collected by averaging the expression values (log2TPM) across all replicates of all 1567 
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incubations (see Supplemental material). Functional classifications were extracted from the 1568 

curated database UniProt and from comprehensive literature search focused mainly on C. 1569 

elegans). (B) Median gene expression levels of selected O. algarvensis manually annotated 1570 

functional categories of the top 100 expressed genes. Metabolic processes include both 1571 

differentially and constitutively expressed genes. Each dot represents the average log2TPM 1572 

value per gene across all replicates of all incubations. 1573 

Figure S5. L. oneistus lipid composition in anoxic and oxic conditions after 24 h. Major 1574 

lipid classes and their abundance relative to all lipids detected showed no statistical difference 1575 

between both conditions. For details on methodology see Supplemental material. 1576 

Table S1. Metabolites detected in at least two biological replicates of either the holobiont fraction 1577 

(Laxus oneistus and its ectosymbiont) or in the symbiont fraction (see Supplemental material). 1578 

RT: retention time. Area: area of a peak from a specific compound detected in the GC-MS 1579 

chromatograms. Grey boxes: no metabolites detected. Blank boxes: Unknown metabolites that 1580 

are either below the detected threshold (< 700) or might be products of derivatization reagents. 1581 

Note that cholestane and ribitol were used as internal standards. 1582 

Data S1. Ca. T. oneisti genes, functional annotations, transcript and protein expression. 1583 

Data S2. Top 100 expressed genes (RNA-Seq) and detected proteins (proteomics data). 1584 

Supplemental video 1. A batch of 50 Laxus oneistus after 6 days in anoxic seawater. 1585 

Supplemental video 2. A batch of 50 Laxus oneistus at the beginning (T0) of the incubations. 1586 

Supplemental video 3. A batch of 50 Laxus oneistus after 1 day (T24 h) in anoxic sulfidic 1587 

seawater (0 % air saturation, 25 µM H2S). 1588 

Supplemental video 4. A batch of 50 Laxus oneistus after 1 day (T24 h) in oxic seawater (87 1589 

% air saturation, 0 µM H2S). 1590 
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Differential regulation of degradation and immune pathways underlie adaptation 1 

of an ectosymbiotic nematode to oxic-anoxic interfaces 2 

3 

Supplemental Materials and Methods 4 

Paredes et al. 5 

Olavius algarvensis transcriptome analysis. For transcriptomic analyses of O. 6 

algarvensis, RNA sequences were obtained from 12 individuals collected from Sant’ 7 

Andrea bay off the island of Elba (42°48'31"N / 10°08'33"E). Six animals were incubated 8 

in anoxic artificial seawater in gas-tight serum bottles for 24 hours before fixed in 9 

RNAlater (anoxic treatment). Separate six animals were incubated first in anoxic artificial 10 

seawater for 24 hours and subsequently incubated in oxygenated artificial seawater for 11 

12 hours before fixation (oxic treatment). RNA was separately extracted from the 12 12 

individuals with the AllPrep DNA/RNA kit (Qiagen), following the default protocol with a 3 13 

min bead-beating step at 20 Hz. Their cDNA was synthesized with the Ovation RNA-Seq 14 

System (NuGEN Technologies Inc., Redwood City, CA) and sheared with the Covaris 15 

untrasonicator (Covaris, Woburn, MA). Sequencing libraries were prepared with the 16 

NEBNext Ultra DNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA), 17 

targeting the insert size of 250 bp. Paired-end metatranscriptomic reads of approximately 18 

6 giga bases (100 bases x 2; 30 million read pairs) per sample were generated, using the 19 

HiSeq2500 System (Illumina) at the Max-Planck-Genome-Centre Cologne.  20 

 A transcriptomic reference of O. algarvensis was generated by de novo co-21 

assembly of the metatranscriptomes from the 12 individuals. Raw sequences were first 22 

de-contaminated from residual Illumina adapters and PhiX sequences and quality-23 

filtered, using bbduk (BBTools; https://jgi.doe.gov/data-and-tools/bbtools/). Sequencing 24 

errors were corrected using SEECER (Le et al. 2013). Sequences of O. algarvensis 25 

mitochondrial genome (mtDNA) and symbiotic bacteria, any ribosomal RNA (rRNA) and 26 

DNA contaminants (e.g., Drosophila sp.) were removed using bbmap (BBTools). 27 

Mapping references were mtDNA and symbiont genomes in O. algarvensis (Woyke et al. 28 

2006, Sato et al. 2020), rRNA sequences from sortMeRNA database (Kopylova et al. 29 

2012), and the Drosophila melanogaster genome (GenBank assembly accession: 30 

GCA_000001215.4). Reads were assembled using Trinity v2.4.0 (Grabherr et al. 2011). 31 

Contigs shorter than 600 bases and with less than 4× coverage were removed to 32 

minimize the assembly artifact. Contigs without open reading frames (ORFs) were further 33 

removed using TransDecoder v3.0.1 (Haas et al. 2013). To remove contaminating viral, 34 

bacterial, archaeal and contaminating eukaryotic (e.g. Cnidaria, Viridiplantae) 35 
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sequences, taxonomic affiliations of contigs were identified using DIAMOND blastx 36 

search v0.8.36.98 (Buchfink et al. 2015) against the NCBI-nr protein database 37 

(https://www.ncbi.nlm.nih.gov/; accessed 2018 February), and contigs assigned to 38 

Bilateria were exported using MEGAN v6.19.6 (Huson et al. 2007). Redundant contigs 39 

due to isoforms and allelic variations were removed with Corset v1.06 (Davidson and 40 

Oshlack 2014), with the anoxic vs. oxic treatments used as a grouping factor to 41 

differentiate paralogs. Only the longest contigs per gene were kept based on Trinity 42 

isoform tags. Completeness of the final transcriptomic assembly was scored at 73.9% 43 

with BUSCO v2.01 (Simão et al. 2015) using the metazoan single copy orthologous gene 44 

database (odb9). Functional annotation was performed with Blast2GO using OmicsBox 45 

v1.4.12 (BioBam Bioinformatics, Valencia) with NBCI-blast against the nr_v5 database 46 

and InterPro scan against GO mapping v2019.06. 47 

 For gene expression analyses of the 12 O. algarvensis individuals treated with the 48 

anoxic and oxic treatments above (n = 6 each), the quality controlled sequences were 49 

mapped against the transcriptomic reference using RSEM v1.3.1 (Li and Dewey 2011). 50 

The TPM values were analyzed as described in the main document. As gene expression 51 

profiles were not clustered based on the treatment (data not shown), the log2TMP values 52 

were averaged across all the individuals, and the top 100 expressed gene categories 53 

were identified. 54 

 Proteomics on L. oneistus. Sample collection and preparation of L. oneistus pellets 55 

for proteomics, as well as the proteins extraction procedure followed by LC-MS/MS 56 

analysis were described previously (Paredes et al., 2021)  57 

Protein identification and quantification. The database for protein identification 58 

was constructed as described previously (Paredes et al., 2021), but with optimized host 59 

sequences derived from host transcriptome de novo assembly (see main text), and 60 

contained 21,721 Laxus oneistus host proteins, 5,145 Ca. T. oneisti proteins 61 

(JAAEFD000000000), and a set of 42 common laboratory contaminants. In this way, 62 

2,626 host proteins and 1,348 symbiont proteins were identified in total. Data S1 indicates 63 

all identified host proteins in the column “Proteome detection” (Column AB). Relative 64 

abundance of identified proteins was calculated from total spectrum counts as normalized 65 

spectral abundance factor (%NSAF) values – giving the percentage of each protein 66 

relative to all proteins in the respective sample (Florens et al., 2006), and as %OrgNSAF, 67 

giving a protein’s percentage relative to all host proteins in the respective sample (Mueller 68 

et al., 2010). %OrgNSAF values are listed in Data S1 (columns AI and AJ). 69 

 Intact polar lipid extraction and analysis. Sample collection and preparation of L. 70 

oneistus pellets for lipidomics, as well as lipid extraction from the nematodes were 71 
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described previously (Paredes et al., 2021). Modifications on the latter are described 72 

next. 73 

Briefly, pelleted nematodes were taken up in 1.5 ml 0.2 µm filtered seawater and 74 

0.5 ml were transferred to 2 ml glass vials obtaining three analytical replicates. 75 

Nematodes were then pelleted by centrifugation and d17:1/12:0 76 

sphingosylphosphoethanolamine (SPE; Sigma-Aldrich, 50 nM final concentration) added 77 

as internal standard. Lipids were extracted using LC-MS grade methanol, HPLC-grade 78 

chloroform (both Sigma-Aldrich) and Milli-Q water. After phase separation the lipid-79 

containing chloroform phase was dried under nitrogen gas on a Techne Sample 80 

Concentrator. Lipids were re-suspended in 1 ml of acetonitrile: 10 mM ammonium 81 

acetate (pH 9.2) at a 95:5 (v:v) ratio. Samples were analyzed by liquid chromatography 82 

mass spectrometry (LC-MS) as follows: Five µl lipid extract were injected onto a Dionex 83 

UltiMate 3000RS UHPLC (Thermo Fisher Scientific) and separated on a hydrophilic 84 

interaction column (XBridge BEH amide XP column, Waters) according to their polar 85 

headgroup. The column was maintained at 30°C with a flow rate of 150 µl min-1. Samples 86 

were separated by a 15 min gradient from 95% (v:v) acetonitrile (Solvent A) to 30% (w:v) 87 

10 mM ammonium acetate (pH 9.2, Solvent B) with 10 min equilibration between 88 

samples. Sample detection was carried out on an amaZon SL quadrupole ion trap MS 89 

(Bruker) in both positive and negative ion mode and fragmentation performed by the 90 

autoMSn function in Compass HyStar (Bruker). We used the Bruker Compass software 91 

package for lipid data analysis: DataAnalysis for peak detection and lipid identification, 92 

and QuantAnalysis for quantification against the internal standard SPE. Peak integration 93 

was manually corrected where necessary. The abundance of each lipid was normalized 94 

against the internal standard SPE and expressed as relative abundance. 95 

Sample preparation and analysis for metabolomics. Batches of 25 Laxus 96 

oneistus were extracted from the sand as described in Paredes et al., 2021. Sample 97 

collection to create triplicates lasted around 2 h, whereby the samples were always 98 

exposed to atmospheric oxygen. We aimed at comparing the metabolites present in the 99 

holobiont (L. oneistus and its ectosymbiont) and in the symbiont fraction (the dissociated 100 

bacteria). For the latter Ca. T. oneisti was dissociated from the nematodes by subjecting 101 

them to sonication for 1 min in 2 ml of seawater. The 2 ml nematode-free, ectosymbiont 102 

suspension was then centrifuged for 1 min at 14 000 x g to obtain Ca. T. oneisti pellets. 103 

Ectosymbiont and holobiont pellets were fixed in 500 µL of methanol and flash-frozen in 104 

liquid nitrogen and transported and stored at -80°C until further processing. Note that one 105 

biological replicate of the holobiont fraction was lost during transportation (Table S1). 106 

For metabolite detection and quantification a gas-chromatography- mass 107 

spectrometry method was used. Nematode tissue or symbiont cells where separately 108 
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extracted with an acetonitrile: methanol: water mixture as described previously (Liebeke 109 

and Bundy, 2012) including a mechanical disruption of cells with ceramic beads in a bead 110 

beater (2x 30 sec, 4 m*s, Precellys, Bertin Instruments). The extracts where dried and 111 

later derivatized for GC-MS analysis (Liebeke and Puskás, 2019). The GC-MS analysis 112 

and metabolite identification was performed as described in Koch et al 2020). An in-house 113 

metabolite database of pure chemical standards was used for the identification and 114 

qualification of selected compounds. 115 

Data availability. 'The mass spectrometry proteomics data have been deposited 116 

to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner 117 

repository (https://www.ebi.ac.uk/pride/) with the data set identifier PXD017709. 118 

119 

Supplemental Tables, movies, datasets and Figure S4 are available online 120 

https://doi.org/10.1101/2021.11.11.468236 121 
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SUMMARY

All living organisms require accurate segregation of
their genetic material. However, in microbes, chro-
mosome segregation is less understood than repli-
cation and cell division, which makes its decipher-
ment a compelling research frontier. Furthermore, it
has only been studied in free-living microbes so far.
Here, we investigated this fundamental process in
a rod-shaped symbiont, Candidatus Thiosymbion
oneisti. This gammaproteobacteriumdivides longitu-
dinally as to form a columnar epithelium ensheathing
its nematode host. We hypothesized that uninter-
rupted host attachment would affect bacterial chro-
mosome dynamics and set out to localize specific
chromosomal loci and putative DNA-segregating
proteins by fluorescence in situ hybridization and im-
munostaining, respectively. First, DNA replication or-
igins (ori) number per cell demonstrated symbiont
monoploidy. Second, we showed that sister ori
segregate diagonally prior to septation onset. More-
over, the localization pattern of the centromere-bind-
ing protein ParB recapitulates that of ori, and consis-
tently, we showed recombinant ParB to specifically
bind an ori-proximal site (parS) in vitro. Third, chro-
mosome replication ends prior to cell fission, and
as the poles start to invaginate, termination of repli-
cation (ter) sites localize medially, at the leading
edges of the growing septum. They then migrate to
midcell, concomitantly with septation progression
and until this is completed. In conclusion, we pro-
pose that symbiont ParB might drive chromosome
segregation along the short axis and that tethering
of sister ter regions to the growing septum mediates
their migration along the long axis. Crucially, active
bidimensional segregation of the chromosome al-
lows transgenerational maintenance of its configura-
tion, and therefore, it may represent an adaptation to
symbiosis.

INTRODUCTION

The investigation of microorganisms with non-canonical growth

modes is necessary to identify the conserved mechanisms un-

derlying bacterial proliferation. Candidatus Thiosymbion oneisti

forms a single-species community on the surface of its nema-

tode host Laxus oneistus (Stilbonematinae) [1]. More precisely,

each rod is attached by one pole (the proximal pole) to the

host so that its long axis is perpendicular to the animal surface.

Although Stilbonematinae regularly occur in tropical and

temperate shallow water sediment, no Ca. Thiosymbion has

been isolated in pure culture so far. Despite the impossibility of

genetic manipulation, the reproductive mode of theseGammap-

roteobacteria is unique as Ca. Thiosymbion rods are the only

prokaryotes reported to widen and undergo FtsZ-based longitu-

dinal fission [2–4]. Because longitudinal fission allows for contin-

uous attachment of the bacterial cell to the animal host, we

hypothesized that (1) the orientation of the chromosome is invari-

able and transmitted from mother to daughter cells and that

(2) this would require a DNA segregation mode different from

that observed in bacteria that may adopt a free-living lifestyle,

such as all model bacteria. Studies carried out on the latter

revealed that, even though chromosome segregation occurs

concomitantly with DNA replication, it follows a defined choreog-

raphy [5–8]. Namely, it can be divided into three major steps:

(1) separation and translocation of the region where replica-

tion starts (ori), (2) segregation of the bulk of the chromosome,

and (3) separation of the region where replication terminates

(ter) [9–11].

Segregation of the ori regions imposes the directionality of

chromosome segregation and establishes the final configuration

of the chromosome. A chromosomal parABS system drives or

assists ori translocation in some bacterial species. This is closely

related to the parABS plasmid system and consists of three

components: a centromere site on the DNA (parS), a centro-

mere-binding protein (ParB), and a Walker type ATPase (ParA)

[10]. For instance, in the case of the Vibrio cholerae’s large

chromosome (chr1) and of Caulobacter crescentus, one of the

replicated ParB-bound ori regions stays at one pole, and

the other moves to the opposite one following a retracting

wave of nucleoid-bound ParA over the nucleoid [12–15]. Subse-

quently, a direct interaction between ParB and a pole-organizing

3018 Current Biology 29, 3018–3028, September 23, 2019 ª 2019 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

128

mailto:silvia.bulgheresi@univie.ac.at
https://doi.org/10.1016/j.cub.2019.07.064
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2019.07.064&domain=pdf
http://creativecommons.org/licenses/by/4.0/


element, PopZ in C. crescentus [16, 17] and HupB in V. cholerae

[18], anchors the translocated ParB-bound ori to the pole. In

Actinobacteria, such as Corynebacterium glutamicum and in

Bacillus subtilis, DivIVA appears to be the polar tether for the

ParB-bound ori, albeit in the latter RacA is the functional homo-

log of ParB [19–24]. In order to propel itself along the ParA

gradient, the ParB-bound ori region likely exploits the chromo-

somal elastic and/or the proteophoretic force through iterative

interactions with ParA [25–27]. Notably, not only the ParB an-

chors but also the ParA and ParB localization patterns differ

among bacteria. For example, instead of being tethered at the

cell poles, ParB-bound ori is found near midcell in Mycobacte-

rium smegmatis and displays a subpolar position in non-repli-

cating Myxococcus xanthus [28–31]. Moreover, in M. xanthus,

ParA is not nucleoid bound but instead is mainly confined to

the DNA-free regions between the cell poles and the nucleoid

[29, 30]. In bacteria lacking parA and parB genes, such as

Escherichia coli [32], physical mechanisms underlie the translo-

cation of the ori regions. Polymer dynamics in confined space

anticipate that entropic forces will mediate the separation of

freshly duplicated ori regions [33, 34]. Based on the finding

that freshly replicated ori regions remain in close proximity for

a protracted amount of time before they suddenly separate

[35, 36], a ‘‘snap-release’’ mechanism has been put forward for

E. coli ori segregation, by which entropic repulsion of DNA seg-

ments would drive the sister ori regions apart [37]. In B. subtilis,

structural maintenance of chromosome (SMC) complexes that

load in the vicinity of ori via Spo0J (the ParB homolog) may drive

self-condensation and disentanglement of ori-proximal DNA

loops [38–42]. Physical rather than biochemical phenomena

were also invoked to explain bulk chromosome segregation

[33, 34, 37, 43–48].

To guarantee complete segregation of sister chromosomes,

DNA pumps, such as the FtsK protein (SpoIIIE, during B. subtilis

sporulation), actively translocate DNA from one perspective

daughter cell to the other [49–51]. FtsK binds the divisome at

the growing septum, as well as specific FtsK-orienting polarized

sequences (KOPS) on the chromosome [52, 53]. Numerous

KOPS are distributed along both arms, and their ori-to-ter orien-

tation confers directionality to the DNA translocation process

[54–58]. KOPS guide the translocation of FtsK toward the dif

site, another genetic element contained in the ter region that

controls chromosome dynamics. The dif site serves indeed as

the recognition sequence for the site-specific recombinase

XerCD, which ensures resolution of chromosome dimers prior

to cell division. The assembly of the recombination complex is

facilitated by the aforementioned septum-tethered DNA translo-

case FtsK, which ensures the capture of the two recombining dif

sites in the vicinity of the septum and activates the complex for

recombination [59, 60]. About half of all presently sequenced

bacterial genomes contain a canonical dif site, and several alter-

native ones were found in other bacteria [61]. Notably, special

sites (matS) in E. coli ter bind MatP, which causes compaction

of the region and tethers the domain to the closing division

septum [62]. matS-containing chr1 and chr2 ter regions (ter1

and ter2, respectively) are also compacted by MatP in V. chol-

erae, another gammaproteobacterium [63].

As for the overall arrangement of the geneticmaterial, bacterial

chromosomes can assume two major configurations, ori-ter

(longitudinal) and left-ori-right (transverse). In ori-ter, the origin

is located at one cell pole, the terminus at the other pole, and

both left and right chromosomal arms are parallel to the

long axis of the cell [7]. This pattern has been observed in

C. crescentus and V. cholerae chr I, for example. The left-ori-

right pattern is rotated 90� with respect to ori-ter; namely, both

ori and ter are centrally positioned so that the left and right

arms reside in opposite cell halves. E. coli and other bacteria

can switch between longitudinal and transverse arrangements,

depending on the cell cycle stage and the growth conditions

[35, 64–66].

Here, we present data indicating that, in longitudinally dividing

Gammaproteobacteria, ParB/parS binding may mediate ori

segregation along the cell short axis. Furthermore, we propose

that tethering of sister ter regions to the newly assembled divi-

some makes them migrate toward one another along the cell

long axis as septation proceeds and until, immediately prior to

daughter cells’ separation, they reach the center of the cell.

Crucially, this bidimensional DNA segregation mode allows

transgenerational maintenance of the transverse configuration

in an animal symbiont.

RESULTS

Longitudinally Dividing Ca. T. oneisti Is Monoploid, and
Its ori Is Segregated along the Cell Short Axis
Both the phylogenetic placement of Ca. T. oneisti and the char-

acterization of its genome suggested that the symbiont genetic

material is contained in a single, circular chromosome and that

no extrachromosomal genetic elements (plasmids) are present

[67] (Table S1). Moreover, the DNA appeared to be homoge-

neously distributed throughout the cell, except for an 8% drop

in fluorescence signal in the polar cell fourths (Figure S1A). To

determine the ploidy of Ca. T. oneisti and the localization pattern

of its ori, we fixed it and subjected it to DNA fluorescence in situ

hybridization (FISH) with a set of nine fluorescent probes target-

ing a 2,874-nt-long chromosomal region containing the dnaA

and dnaN genes both predicted to be ori-proximal [68, 69] (ori

probe; Figure S1B; Tables S3 and S5). This region also contained

a duplex-unwinding region (also referred to as DNA unwinding

element [DUE]) [70, 71] and binding sites for the initiator protein

DnaA (DnaA boxes) [72] (Figure S1B). 69% (226) of the 327 cells

analyzed by epifluorescence microscopy displayed one fluores-

cence focus, 25% (81) two foci, and 6% (20) three foci (Fig-

ure 1A), with this latter fraction accounting mostly for cells that

started a second round of chromosome replication. Therefore,

if we assume that one fluorescent focus equals one ori copy,

we may conclude that the nematode symbiont is monoploid.

This conclusion was also supported by counting the number of

fluorescence foci obtained with an anti-ParB antibody and with

probes targeting ftsQAZ- and ter-containing chromosomal re-

gions (see below and Figures 1C, S1C, and 3A, respectively).

After determining Ca. T. oneisti ploidy, we analyzed the ori

localization pattern throughout the symbiont life cycle. DNA-

FISH-based visualization of ori revealed that, in non-dividing

cells displaying only one focus, it occupies a near-midcell posi-

tion (Figure 1B, left panel, and plot in Figure 1E). Moreover, the

segregation of sister ori regions starts before the onset of septa-

tion, a process concomitant with symbiont cell growth [2]
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(representative image in Figure 1B, middle panel, and left plot in

Figure 1F). Upon replication, sister ori regions are segregated

along the short but also along the long axis (from here on, we

will refer to this segregation mode as diagonal; Figure 1F; Table

S2). Localization pattern of a 3,273-nt-long chromosomal region

(Tables S3 and S5) containing the single-copy genes ftsQ, ftsA,

and ftsZ, which are ori-proximal in E. coli [73, 74], revealed a

number of fluorescence foci (Figure S1C) and a diagonal migra-

tion pattern similar to that observed with the ori probe (Figures

S1D and S1E). However, at least one of the two foci observed

with the ftsQAZ probe appeared more polar, irrespectively of

the cell cycle stage (Figure S1E).
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Figure 1. DNA FISH-Based Localization Pattern of Ca. T. oneisti ori and Immunostaining-Based ParB Localization Pattern
(A and C) Histograms showing number of ori (A) or ParB (C) foci per cell. Total number of analyzed cells (n) is 327 in (A) and 508 in (C).

(B and D) Images of three representative cells arranged from the thinnest (youngest) to the thickest (oldest) cell, from left to right. Upper panels show the phase-

contrast images, and lower panels show ori signal in (B; white) or ParB (green) and DNA (red) signals in (D). Cell outlines were deduced from the corresponding

phase-contrast images (white dotted lines). Scale bars, 1 mm.

(E and F) Subcellular localization of ori fluorescence foci in non-dividing cells displaying one fluorescence focus only (E) and of ori fluorescence foci in cells

displaying two fluorescence foci (F). In (F), ori foci found in non-dividing cells are displayed in the left plot, foci found in dividing cells are displayed in the middle

plot, and foci found in both non-dividing and dividing cells are displayed in the right plot.

(G and H) Subcellular localization of ParB fluorescence foci in non-dividing cells displaying one fluorescence focus only (G) and of ParB foci in cells displaying two

foci (F). In (H), ori foci found in non-dividing cells are displayed in the left plot, foci found in dividing cells are displayed in themiddle plot, and foci found in both non-

dividing and dividing cells are displayed in the right plot.

In (E)–(H), the position of each focus is plotted as fraction of the normalized cell width and length (%) of the cell that contained them. Dashed lines represent the

long and the short cell axis, and midcell is defined as the point in which they intersect. See also Figures S1 and S2 and Tables S1–S3 and S5.
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In conclusion, in the monoploid Ca. T. oneisti, sister ori segre-

gate before septation onset, and they do so diagonally. Sister

ftsQAZ-containing chromosomal regions alsomigrate diagonally

but are more polar throughout the cell cycle.

Symbiont ParB Recapitulates ori Localization Pattern
One of the generalities of bacterial chromosome segregation

is that, when present, the parABS system contributes to it

[32, 75–77]. The alignment of the predicted Ca. T. oneisti ParB

protein sequence with other bacterial ParB proteins showed

conservation of the box I and II and of the HTH motif required

for the binding to parS [5, 78] (Figure S2A). Furthermore, probing

western blots of symbiont protein extracts with a specific anti-

ParB antibody showed that ParB is expressed (Figure S2B).

Therefore, we tested whether ParB localization pattern would

be consistent with a role in DNA segregation by immunostaining

(Figure 1). Epifluorescence-microscopy-based analysis of fixed

cells with a specific anti-ParB antibody showed that 82%

(414), 15% (78), and 3% (16) of the 508 analyzed cells displayed

one, two, or three fluorescence foci, respectively (Figure 1C). The

fact that the percentages of cells bearing one, two, or three ori or

ParB foci were similar (Figures 1A and 1C, respectively) and that

ParB foci localization pattern resembled that of the ori region

(see their apparent diagonal segregation in Figure 1D and plots

in Figures 1G and 1H) indicated that symbiont ParB might bind

the predicted centromeric parS and drive chromosome segrega-

tion. Consistently, phylogenetic analysis revealed that, among all

ParB proteins reported to mediate DNA segregation, symbiont

ParB is mostly related to those of Pseudomonas and Vibrio,

that is to chromosome- and not to plasmid-encoded ParB pro-

teins [79, 80–83] (Figure 2A).

In conclusion, our data indicate that native symbiont ParBmay

bind the chromosome in the vicinity of the ori.

Symbiont ParB Binds an ori-Proximal parS Site In Vitro

To further support a possible role of Ca. T. oneisti ParB in chro-

mosome segregation, we tested its capacity to specifically bind

symbiont parS in vitro. Therefore, we expressed and purified a

His-tagged version of ParB (Figure S2B) and identified one ori-

proximal parS site located between the dnaN and gyrB genes

by searching the genome draft for the consensus sequence

[32] (Figure 2B). Figure 2C shows that R0.125 mM symbiont re-

combinant ParB decreased the electrophoretic mobility of an

827-nt-long parS site-containing DNA fragment. However, re-

combinant ParB could not appreciably retard a DNA fragment

bearing a parS site in which the 11 most conserved nucleotides

[32] were mutated (Figure 2B). Thus, recombinant ParB ap-

peared to specifically bind parS in vitro.

In conclusion, both ParB localization pattern and the electro-

phoretic mobility shift assay (EMSA) are consistent with native

ParB binding an ori-proximal parS site in live symbiont cells.

Chromosome Transverse Configuration and
Segregation of Sister ter
To determine the position of the ter region and, thereby, the

overall arrangement of the symbiont chromosome, we took

advantage of a 28-nt-long consensus sequence obtained by

comparing 161 dif-related sequences from 137 proteobacterial

species [84] (see STAR Methods for the symbiont dif site nucle-

otide sequence). We then subjected fixed Ca. T. oneisti to a set

of 12 fluorescent probes targeting a 3,916-nt-long chromosomal

region containing the predicted dif site (ter probe; Tables S3

and S5). First of all, the majority of the cells (56.7%) displayed

one fluorescence focus only, confirming the monoploidy of the

A

B

C

Figure 2. Phylogenetic Placement of Ca. T. oneisti ParB, Schematic

Representation of the Chromosomal Region Containing the Symbi-

ont parS Site, and In Vitro ParB-parS Binding Assay

(A) Unrooted phylogenetic tree including the ParB proteins of Ca. T. oneisti

(Tone), Ca. T. hypermnestrae (Thyp), and of bacteria in which ParB was shown

to facilitate either chromosome or plasmid segregation (Bsub, Bacillus subtilis;

Ccre, Caulobacter crescentus; Hpyl, Helicobacter pylori; Mxan, Myxococcus

xanthus; Paer, Pseudomonas aeruginosa; Pput, Pseudomonas putida; Scoe,

Streptomyces coelicolor; Vcho, Vibrio cholerae). Ca. T. oneisti and Ca. T. hy-

permnestrae ParBs are on a yellow background, the ParB homologs that

belong to the chromosomal group [5] are displayed on a gray background, and

those belonging to the extrachromosomal group [5] on a red background.

The analysis is based on a MAFFT alignment of full-length proteins (Table S4)

and estimated under the LG+F+G4 model using ML analysis (IQ-TREE)

with node support calculated by SH-aLRT. Scale bar represents 0.6% esti-

mated sequence divergence. Open circles represent SH-aLRT values <80%,

whereas closed circles represent SH-aLRT values R80% based on 10,000

replicates.

(B) Schematic representation of the chromosomal position of the parS-con-

taining DNA fragment used in the electrophoretic mobility shift assay (EMSA)

and bound by recombinant ParB in vitro. Sequence logo shows the consensus

parS sequence [32] located between the dnaN and gyrB genes. The most

conserved 11 nt are enlarged.

(C) Ethidium-bromide-stained acrylamide EMSA. Black arrowhead points to

retarded DNA fragments containing the wild-type parS site; hi, heat in-

activated; neg, DNA fragments containing a mutated parS site.

See also Figure S2 and Tables S1, S4, and S5.
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symbiont (Figure 3A). Secondly, in these non-dividing cells, the

ter position on the long axis resembled that of ori, whereas, on

the short axis, ter appeared closer to the cell envelope than ori

(leftmost panel in Figure 3B and Figures 3C and 3F). Given that

both ori and ter occupied a near-midcell position at the begin-

ning and at the end of the cell cycle, we concluded that the sym-

biont chromosome is not longitudinally but likely transversally

organized (see schematic representation in Figure 4).

To analyze the localization pattern of the ter throughout the cell

cycle, we grouped the cells into three width classes and plotted

the total fluorescence emitted by each class against the normal-

ized short axis or long axis (Figures 3D and 3E, respectively; in

Figure 3E, we further subdivided the 263 widest cells of 3D

into three width classes). Based on our analysis, sister ter re-

gions appeared to localize medially in dividing cells (two

rightmost representative cells in Figure 3B; plot in Figure 3D;

demograph in Figure S3A) and to move to the center of the cell

concomitantly with the invagination of the cell envelope and

the growing septum (two leftmost representative cells in Fig-

ure 3B; plot in Figure 3E; demograph in Figure S3B). To better

resolve the ter localization pattern in dividing cells, we also

grouped them into three classes, depending on the position of

the ter foci along the long axis, and plotted their total fluores-

cence against the short or the long axis, which confirmed

rapprochement of the sister ter at midcell (left and right plot in

Figure S3C, respectively). Notably, the presence of non-dividing

cells bearing two fluorescence foci indicated that sister ter may

segregate diagonally prior to septation onset (second leftmost

panel in Figure 3B and leftmost panel in Figure 3G).

We conclude that sister termay migrate away from each other

diagonally before Ca. T. oneisti starts dividing and that, as sep-

tation begins, they localize medially at the divisome leading

edges. Finally, as septation progresses, each ter migrates to-

ward midcell.

DISCUSSION

We investigated chromosome dynamics in a longitudinally

dividing bacterium and made a number of observations chal-

lenging simple predictions about DNA replication and segrega-

tion: (1) rod-shaped Gammaproteobacteria segregate their

DNA along their short axis prior to cell division and likely via a

parABS system; of note, this system has so far been known to

mediate DNA segregation along the long axis only; (2) sister ter

regions segregate away from one another in non-dividing cells,

whereas in dividing cells sister ter are medial andmigrate toward

one another; and (3) diagonal (bidimensional) segregation of ori-,

ftsQAZ-, and ter-containing regions in non-dividing cells and

rapprochement ofmedial sister ter in dividing cells allow transge-

nerational maintenance of the chromosome configuration; this

implies that the intracellular localization of specific genetic loci

may be transmitted from mother to daughter cells (Figure 4).

According to the DNA-relaymodel [85], the ParB-translocating

force is derived from the elastic dynamics of the DNA, which are

harnessed each time ParA interacts with ParB. Therefore, as

long as there is a molecule that interacts with and anchors the

duplicated ParB at its final destination—the opposite lateral

membrane—ParB motion could occur across the cell width. As

we could not identify any of the genes encoding for the known

ParB anchors [16–18, 23, 24], a yet to be discovered molecule

might mediate the attachment of ParB to the lateral sides of

the cell. Moreover, the fact that (1) the segregation of both the

symbiont ori and the ori-proximal ftsQAZ operon are diagonal

and (2) the fact that ori and ParB foci are spread along the long

axis suggest that, if existing, the putative ori anchor is not

confined to the center of the lateral membrane. Namely, in

non-dividing cells showing a single ori focus, we observed that

47% of the foci (n = 124) localized at 40%–50% of the long

axis, 26% at 30%–40%, and 27% at 0%–30%.

An additional reason for the spreading of ori foci along the long

axis could be the technique itself, as immunostaining-detected

symbiont ParB foci were less spread than DNA-FISH-detected

ori foci throughout the cell cycle (Figure 1). Along the same

line, [86] observed a noisier localization pattern of chromosomal

loci when applying DNA FISH versus fluorescent repressor-

operator system (FROS) on C. crescentus, despite ori/ParB be-

ing tethered to the poles by PopZ. As a final remark on the

spreading of ori signal along the long axis, it should be high-

lighted that we analyzed the localization patterns of chromo-

somal loci in cells that were not grown in culture. Instead, we

fixed the symbiont cells upon collection from the environment

while they were still attached to the worms. Therefore, it is

possible that, at the moment of fixation, different symbiont cells

were experiencing different environmental conditions and/or nu-

trients’ availability. As reported for culturable bacteria, such as

E. coli, growth conditions may significantly affect the position

of their chromosomal loci [5].

From an evolutionary perspective, the existence of anchors on

the symbiont lateral sides would imply that these physiologically

correspond to the poles of parABS-utilizing Gammaproteobacte-

ria, such as Pseudomonas and Vibrio species [81, 83]. It is

tempting to speculate that the Ca. T. oneisti ancestor, likely a

basal free-living flagellated gammaproteobacterium [87] possess-

ing a long axis-oriented parABS system, attached to the nema-

tode surface by one of its two lateral sides. Subsequently, as

the bacterium-animal association becamemore and more stable,

the Ca. T. oneisti predecessor would lose its flagellum [88], and

the evolutionary pressure to maximize the number of cells per

unit of nematode surface (or other yet unknownphysiological con-

straints) would ‘‘squeeze’’ it laterally [89, 90]. In such an evolu-

tionary scenario, the ancestrally polar ori and ter would have

ended up occupying the cell center of the symbiont, or in other

words, the typical longitudinal chromosome arrangement charac-

teristic of flagellated, polar rods [12, 83, 91] would become trans-

verse. Furthermore, the ancestral polar ParB anchor would

become a lateral one and mediate chromosome segregation

along the short cell axis. However, it should also be noted that

membrane anchors, either polar or lateral, could be dispensable,

as it is known, for instance, that plasmids are positioned to spe-

cific subcellular locations in a self-organizing manner [92, 93].

As for ParA, according to the reaction-diffusion model [94], it

could form a lateral instead of a polar gradient. However, the

establishment of a stable ParA gradient before DNA replication

and segregation is not needed for directional segregation of

ParB-parS. Indeed, the motion of ParB could be sufficient to

establish asymmetry in ParA localization (i.e., between the

back and the front of ParB-parS) and to drive directional motion.

Although transcriptomics and proteomics revealed that the parA
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Figure 3. DNA FISH-Based Localization Pattern of Ca. T. oneisti ter

(A) Histogram showing number of ter fluorescence foci per cell. Total number of analyzed cells (n) is 1,454.

(B) Five representative cells probed with a ter probe arranged from the youngest to the oldest from left to right. Upper panels show phase-contrast images of five

cells arranged from the thinnest (youngest) to the thickest (oldest) cell, from left to right. Lower panels show the corresponding epifluorescence images of the ter

signal (white). Cell outlines were deduced from the corresponding phase-contrast images (white dotted lines). Scale bar, 1 mm.

(C) Histogram shows the distribution and abundances (%) of ori (n = 346) and ter (n = 824) fluorescence foci along the normalized cell width (%). 0% corresponds

to the cell center, and 100% corresponds to the lateral membrane.

(D) We plotted the total fluorescence emitted by cells belonging to three width classes (0.51–0.90 mm, n = 1,293, dotted line; 0.90–1.29 mm, n = 871, dashed line;

1.29–1.69 mm, n = 263, full line) along the short axis.

(E) The 263 widest cells analyzed in (D) (1.29–1.69 mm) were subdivided into three additional width classes (1.29–1.42 mm, n = 136, dotted line; 1.42–1.55 mm,

n = 91, dashed line; 1.55–1.69 mm, n = 36, full line) and their fluorescence plotted along the long axis.

(F and G) Subcellular localization of ter fluorescence foci in cells displaying only one (F) or two fluorescence foci (G). In (G), ter foci found in non-dividing cells are

shown in the left plot, foci found in dividing cells in themiddle plot, and foci found in both non-dividing and dividing cells in the right plot. The position of each focus

is plotted against the normalized cell width and length (%) of the cell that contained them. Dashed lines represent the long and the short cell axis, and midcell is

defined as the point in which they intersect.

See also Figure S3 and Tables S1–S3 and S5.
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gene is expressed (L. König, S. Markert, and S.B., unpublished

data), the symbiont ParA localization pattern is currently

unknown.

Given that several species (with the exception of C. cres-

centus, M. xanthus, and V. cholerae chromosome II) still segre-

gate their chromosome normally in most cells, even when

parABS is non-functional [12, 95–99], additional mechanisms

might be in place to guarantee symbiont chromosome segrega-

tion in the absence of this system. For example, it has been pro-

posed that the bacterial actin homolog contributes to DNA

segregation in some bacteria [100–103] and that the Min system

mediates active segregation of ori in E. coli [104]. As both mreB

[2] and the min system are present and expressed in Ca.

T. oneisti (L. König, S. Markert, and S.B., unpublished data), it

will be compelling to assess their role in symbiont chromosome

organization and segregation.

In E. coli, sister ter segregation immediately precedes daughter

cells’ separation so that DNA replication and segregation are

concomitant [91, 105]. In contrast, in Ca. T. oneisti, sister ter

appear already segregated in non-dividing cells, suggesting that

a longer fraction of the chromosome segregation process occurs

in the absence of DNA replication. Concerning what captures

and tethers the dif site-containing ter region to the symbiont

septum,Ca. T. oneisti FtsK is the best candidate, althoughno anti-

body iscurrently available toanalyze the intracellular localizationof

thisDNA translocase. Inmostbacteria, theassemblyof the recom-

bination complex is indeed facilitated by FtsK, which ensures the

capture of the two dif sites in the vicinity of the septum and

activates the complex for recombination [106]. This is likely

mediatedbyDNA topoisomerases and the XerCD tyrosine recom-

binases, of which we have genomic-based evidence (GenBank:

SMSC00000000.1), andwould result indecatenationofduplicated

intertwined circular chromosome. Despite both E. coli and

V.choleraepossessingaMatP/matSsystemthat causescompac-

tion and tethering of the ter region to the closing division septum

[62, 63], Ca. T. oneisti sister ter do not appear to be compacted.

They indeed segregate from one another in non-dividing and to-

ward one another in dividing cells. Consistently, we could identify

neither amatP gene nor amatS site in the available genome draft

(GenBank: SMSC00000000.1).

It was previously reported that different fluorochromes yielded

different gene detection efficiencies, with Alexa 488 and Alexa

Fluor 594 giving the strongest and most stable signal and the

highest gene detection efficiency [107]. In our experimental sys-

tem, only FISH probes labeled with Alexa Fluor 594 allowed us to

detect an ori-, ter-, or ftsQAZ-containing chromosomal region.

Therefore, given the impossibility of utilizing fluorochromes other

than Alexa Fluor 594, the ori-, ter-, and ftsQAZ-specific probes

could not be applied together but were each applied singularly.

In line with the hypothesis that Ca. T. oneisti evolved from a

‘‘squeezed’’ flagellated rod bearing a longitudinally (ori-ter) ar-

ranged chromosome, we expect each chromosome arm to be

contained in either the proximal or the distal cell half of the sym-

biont. The fact that the ftsQAZ operon is in the polar cell third

throughout the cell cycle indicates that not only ori and ter but

also other chromosomal loci are non-randomly positioned and

segregated. In B. subtilis and E. coli, midcell positioning of ori-

proximal regions is maintained by the condensins SMC and

MukB (a structural homolog of SMC), respectively [108–110].

As we do have genomics-based evidence (GenBank:

SMSC00000000.1) that SMC is present in Ca. T. oneisti, this

could compact large regions of the symbiont chromosome

and, by interacting with ParB, organize the ori-proximal regions

as observed in B. subtilis [38].

If we compare the symbiont nucleoid structure to that of other

model bacteria, reports of both E. coli and of B. subtilis have

suggested a variety of organizational patterns, including ori-ter

or left-ori-right arrangement, as well as alternation between

the two (see Introduction). Reports in C. crescentus and

V. cholerae have beenmore consistent, with both bacteria invari-

ably possessing ori-ter chromosome arrangement [12, 83, 91].

Despite assuming a transverse arrangement, the configuration

of the symbiont genetic material is maintained throughout the

cell cycle and therefore, in this regard, more similar to what

observed in polarized bacteria.

As for why the symbiont chromosome configuration is main-

tained, we hypothesize that it might be advantageous to perma-

nently position genetic loci mediating host interaction in the

vicinity of the host (proximal cell half) and to confine loci involved

in environmental response to the distal cell half. Determination of

the 3D structure of the chromosome by chromosome conforma-

tion capture and development of live imaging techniques are

necessary to unambiguously correlate the existence of a specific

chromosome configuration with symbiont physiology. If we will

indeed prove the existence of such a correlation, the range of

cell biological adaptations to the symbiotic lifestyle will have to

include positioning of the genetic material, a fundamental feature

of cellular life. Moreover, from a chromosome-centric evolu-

tionary perspective, even the peculiar reproductive mode of

the symbiont (longitudinal division) might have evolved from

the need to maintain a specific chromosome configuration.
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Silvia

Bulgheresi (silvia.bulgheresi@univie.ac.at).

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Sediment samples were collected on multiple field trips (2015-2019) in �1 m depth from a sand bar off Carrie Bow Cay, Belize

(16�48’11.01’’N, 88� 4’54.42’’W). Specimens of L. oneistus were extracted from the sediment by stirring the sand in seawater and

pouring the supernatant through amesh sieve (125 mmopening size). The retainedmaterial was transferred into a Petri dish and single

nematodes were handpicked using pipettes under a dissecting microscope. For DNA FISH, nematodes were fixed in 3 or 4%PFA for

12-14 hr at 4�C, washed with 70% ethanol and stored at �20�C. For Western Blotting and immunostaining, nematodes were trans-

ferred to methanol and stored at �20�C. For gDNA extraction, bacteria were dissociated by 2 min incubation in 3.5% MgSO4, pel-

leted and stored in methanol at �20�C. Symbiotic nematodes were transported from Carrie Bow Cay to the University of Vienna

deep-frozen.

METHOD DETAILS

Oxford Nanopore Technologies sequencing
Total genomic DNAwas extracted using Genomic-tip 20/G (QIAGEN) following the manufacturer’s instruction, with elution into 20 mL

of PCRmolecular grade water. After clean-up using 1X AMPure XP beads (BeckmanCoulter), the library was prepared using the ONT

1D ligation sequencing kit (SQK-LSK109) and subsequently 70 ngwere loaded onto a R9.4 flow cell (FLO-MIN106) and sequenced on

a MinION for 26 hr. Base calling was performed locally with ONT’s Albacore v2.3.3, and resulting fastq-files were trimmed using Por-

echop v0.2.1 (https://github.com/rrwick/Porechop). For the hybrid assembly, metagenomic Illumina HiSeq 2 3 100 bp paired-end

reads were mapped to the symbiont Ca. T. oneisti genome [88] using the bwa v0.7.16a aln algorithm [111] and the mapped reads

together with the reads acquired by ONT sequencing were assembled using Unicycler v0.4.6 [112]. Completeness, contamination

and strain heterogeneity was calculated in CheckM v1.0.7 with the lineage_wf workflow. Fasta statistics were calculated using ge-

nometools v1.5.9 seqstat module [113]. The assembly was annotated automatically on the MicroScope platform [114]. This Whole

Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession GenBank: SMSC00000000.1.

DNA Fluorescence In Situ Hybridization
Weused the genome draft ofCa. T. oneisti (SMSC00000000.1) to design specific primers against theCa. T. oneisti ori and ter regions,

as well as against a region containing the ftsQAZ operon (Table S3; symbiont dif site sequence: ATTGCGCATAATGTATATTATG

TAAAGT). Worms were rehydrated in phosphate-buffered saline (PBS) and bacteria were detached from the worms by sonication.

Subsequently, 1 ml of bacterial suspension was used as template in each 25 ml PCR reaction (primers’ sequences and PCR conditions

are listed in Tables S3 and S5). A 2,874 nt-long fragment containing the dnaA and dnaN genes (Figure S1B), a 3,273 nt-long fragment

containing the ftsQAZ operon and a 3,916 nt-long fragment containing the predicted dif site were amplified from Ca. T. oneisti

genomic DNA. Each purified fragment was then used as template to PCR-amplify dsDNA polynucleotide probes (referred to as

ori, ftsQAZ and ter, respectively) that were subsequently chemically labeled with the Alexa Fluor 594 using the Ulysis Nucleic Acid

Labeling Kit (ThermoFisher) following the samemodifications to themanufacturers’ protocol as in [107]. Single L. oneistus nematodes

were rehydrated in PBS and bacteria were detached by sonication. For the hybridization procedure, we followed a slightly modified

version of the direct-gene FISH protocol [107]. After letting the cell suspension dry onto a well of a Poly-L-lysine coated Epoxy-slide,

cells were dehydrated in a series of increasing ethanol concentrations and permeabilized with freshly prepared lysozyme solution for

1 hr on ice. Ca. T. oneisti ori, ftsQAZ and ter probes were diluted in hybridization buffer containing 35% (ori and ftsQAZ probes) or

45% (ter probe) formamide to a final concentration of 62 pg/ml and each probe was applied to the cells individually. Slides were trans-

ferred into a hybridization chamber and incubated for 40 min at 85�C and subsequently at 46�C for 2 hr. Washing buffer was applied

Continued
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XY-Shape Inspector This manuscript https://sils.fnwi.uva.nl/bcb/objectj/examples/XY-
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ProRes Capture Pro 2.8.8 Jenoptik https://www.jenoptik.us

Photoshop CS6 Adobe Systems https://www.adobe.com

Illustrator CS6 Adobe Systems https://www.adobe.com

Snapgene GSL Biotech L Biotech https://www.snapgene.com/
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to the cells once briefly and once for 15 min at 48�C and, finally, cells were incubated in PBS for 20 min at room temperature. Upon a

quick wash in ddH2O and, subsequently, in absolute ethanol, cells were air-dried and mounted in 4.5 ml Vectashield mounting me-

dium (Vector Labs) per microscopic slide well.

ParB alignment and phylogenetic tree
Selected ParB sequences (Table S4) were retrieved from GenBank and aligned using mafft v7.397 [115]. The alignment was visually

inspected and poorly aligned or misaligned regions were removed. The maximum-likelihood tree with SH-like aLRT support values

(10,000 replicates) was inferred using IQ-TREE v1.6.2 [116].

Expression of recombinant Ca. T. oneisti ParB
The 912 nt-long parB gene was amplified fromCa. T. oneisti and used as a template to obtain the fragments for the Gibson assembly

(see Table S5 for primers’ sequences and PCR conditions). The Ca. T. oneisti parB gene was cloned into the pET-15b vector (No-

vagen) by Gibson assembly and a His-tagged ParB recombinant protein (His-ToParB) was expressed in E. coli strain BL21 (DE3) (In-

vitrogen). The parB recombinant strain was grown at 37�C in Lysogeny Broth (LB)mediumwith 100 mg/ml ampicillin. The recombinant

protein expression was induced at OD600 = 0.6 in 1 mM IPTG and 0.2% L-arabinose. After 3 hr induction, the cell culture (125ml) was

pelleted by centrifuging 10 min at 4,500 rpm and resuspended in 4 mL lysis buffer (20 mM Na2HPO4-NaH2PO4, 15 mM imidazole,

0.5MNaCl, pH 7.4) supplemented with 4 ml of proteinase inhibitor cocktail (Sigma). Cell lysates were obtained by sonication and after

a 45 min-long centrifugation at 30,000 rpm at 4�C soluble fractions were applied to a HisTrap (GE Healthcare) column packed with

nickel chelate resin and connected to an EP-1 Econo pump (BioRAD) at 4�C at a flow rate of 0.2ml/min. Washing was performed with

4 mL lysis buffer at a flow rate of 0.5 ml/min. Bound recombinant ParB was eluted by applying 5 mL elution buffer (20 mM Na2HPO4-

NaH2PO4, 0.5 M imidazole, 0.5 M NaCl, pH 7.4) at a flow rate of 0.2 ml/min. Eluted 1 mL fractions were subjected to SDS-PAGE to

select those that appeared to contain recombinant ParB only. Finally, 1 mL of eluate was dialyzed against 250 mL PBS overnight at

4�C and subsequently used for functional assays.

Antibodies and western blots
Methanol fixed deep-frozen worms were rehydrated in PBS and, subsequently, proteins from Ca. T. oneisti dissociated from its host

or from E. coli cells expressing recombinant ParBwere separated by reduced sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-

trophoresis (PAGE) on NuPAGE 4%–12% Bis-Tris pre-cast MOPS gel (Invitrogen), respectively, and each blotted onto Hybond ECL

nitrocellulose membranes (Amersham Biosciences). Membranes were blocked for 45 min in PBS containing 5% (wt/vol) nonfat milk

(PBSM) at room temperature and incubated overnight at 4�C with either a 1:50 dilution of custom, peptide rabbit polyclonal anti-Ca.

T. oneisti ParB antibody (Eurogentec) or with a 1:1,000 dilution of a monoclonal anti-His antibody (Sigma) in PBSM. For the negative

control, the primary antibody was omitted. After five 6 min-long washes in PBSM and one final wash in PBS containing 0.1%

Tween20, the blots were incubated for 1 hr at room temperature with a horseradish peroxidase-conjugated anti-rabbit or anti-mouse

secondary antibody (1:10,000; Amersham Biosciences) in PBSM. Protein-antibody complexes were visualized using ECL Plus

detection reagents (Amersham Biosciences).

Identification of Ca. T. oneisti parS and electrophoretic mobility shift assay (EMSA)
To identifyCa. T. oneisti parSwe used the consensus sequence from 1,030 parS sequences identified from 276 prokaryotic genomes

[32] against the genome draft (Figure 2B). Sequence logos of parS sequences were generated via the WebLogo3 webpage (http://

weblogo.threeplusone.com/).

An 827 nt-long parS-containing DNA fragment was amplified from Ca. T. oneisti (GenBank: MK650415; see Table S5 for PCR

cycling conditions), cloned into pJET1.2/blunt vector (ThermoFisher, K1231) and used as a template to synthesize the DNA fragment

used in the EMSA. The 827 nt-long parS-containing DNA fragment was subsequently PCR amplified out of the vector and residual

vector was digested with DpnI (New England Biolabs, R0176S) for 5 min at RT and 1 hr at 37�C. For the negative control, the eleven

most conserved nucleotides of the parS consensus sequence GTTCAGTGAAC (enlarged nucleotides in Figure 2B) were mutated

into, respectively, ACCTGACAGGT via PCR mutagenesis using the ToparSmut11_F1 and To parSmut11_R primers. After a digest

with DpnI for 5 min at RT and 1 hr at 37�C and a clean-up, the pJET1.2-parS-mut11 fragment was circularized for 20 min at RT

with T4 DNA ligase (ThermoFisher, EL0011) and transformed into competent E. coli Top10 cells. The cleaned-up plasmid was

then used to PCR amplify the 827 nt-long parS-mut11-containing DNA fragment, which was subsequently digested with DpnI to re-

move the residual vector.

500 nM, 250 nM or 125 nM affinity purified recombinant ParB was incubated with 200 ng DNA containing either the wild-type or the

mutated parS site in 20 ml at 30�C for 30 min. As an additional negative control, 500 nM ParB was heat-inactivated by incubating

30 min at 94�C in the presence of 1 mM DTT prior incubation with the DNA fragment containing the wild-type or the mutated

parS site. Samples were mixed with 2x Native Dye (100 mM NaCl, 100 mM imidazole, 4 mM 6-aminocaproic acid, 2 mM EDTA,

20% glycerol) and 20 ml of each were loaded onto a 4%–16% Native PAGE Bis-Tris Gels (Invitrogen). The gel was run in 1x Anode

(50mMBis-Tris, pH 7.0) and 1x Cathode (50mM Tricine, 15 mMBis-Tris) buffer at 4�C. Sample separation was done with a stepwise

increase of voltage (i.e., 50 V for 20 min, 100 V for 30 min, 150 V for 30 min, 200 V for 30 min). The SDS-PAGE was stained in an

ethidium bromide gel bath for 15 min and visualized under UV light.
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Immunostaining and DNA staining
Deep-frozen methanol fixed nematodes were rehydrated and washed in PBS containing 0.1% Tween 20 (PBT), followed by perme-

abilization of the bacterial peptidoglycan by incubation for 15 min with 0.1% (wt/vol) lysozyme at room temperature. Blocking was

carried out for 1 hr in PBT containing 2% (wt/vol) bovine serum albumin (blocking solution) at room temperature. Ca. T. oneisti was

incubatedwith a 1:500 dilution of peptide rabbit polyclonal anti-Ca. T. oneisti ParB antibody (Eurogentec). All primary antibodies were

incubated in blocking solution overnight at 4�C. Upon incubation with primary antibody (or without, in the case of the negative control)

samples werewashed three times in PBT and incubatedwith a 1:500 dilution of secondary Alexa 488-conjugated anti-rabbit antibody

(Jackson ImmunoResearch, USA) in blocking solution for 1 hr at room temperature. Unbound secondary antibody was removed by

three washing steps in PBT and thereupon incubated in 5 mg/ml Hoechst 33342 PBT for 15 min. After two washing steps to remove

unbound DNA stain, worms were sonicated for 45 s in order to dissociate Ca. T. oneisti from its host prior mounting. 1.5 ml of the

bacterial suspension was mixed with 0.75 ml of Vectashield mounting medium (Vector Labs) and applied to a 1% agarose covered

microscopy slide.

Fluorescence microscopy
Slides containing symbiont cells subjected to DNA FISH or immunostaining were imaged using a Nikon Eclipse NI-U microscope

equipped with a MFCool camera (Jenoptik). Images were acquired using the ProgRes Capture Pro 2.8.8 software (Jenoptik).

QUANTIFICATION AND STATISTICAL ANALYSIS

Microscopic images were processed using the public domain program ImageJ in combination with plugin ObjectJ and XY-shape

inspector. Cell outlines were traced and morphometric measurements recorded. Fluorescent intensities were measured within the

cell boundaries and the positions of the fluorescence foci (i.e., points of maximal fluorescent emissions) were plotted as fraction

of the normalized cell width and length of the cell that contained them. Automatic cell recognition was double-checked manually.

For the average fluorescence plots, cells were automatically grouped into morphological classes based on phase-contrast images,

each cell was resampled to the same length and the fluorescence intensities added up and averaged. For representative images, the

background subtraction function of ImageJ was used and brightness and contrast were adjusted for better visibility. Data analysis

was performed using Excel 2017 (Microsoft Corporation, USA), plots were created with Excel 2017 and figures were compiled using

Photoshop CC and Illustrator CC (Adobe Systems, USA). Gene features were plotted using the DNAFeaturesViewer Python library

(https://github.com/Edinburgh-Genome-Foundry/DnaFeaturesViewer).

DATA AND CODE AVAILABILITY

The symbiont genome has been deposited at DDBJ/ENA/GenBank under the accession numberGenBank: SMSC00000000.1.Ca. T.

oneisti parS-containing DNA fragment and the ParB amino acid sequence have been deposited in DDBJ/ENA/GenBank under the

accession numbers GenBank: MK650415 and MK650416, respectively. The documentation for the ImageJ plugin XY-shape

inspector can be accessed here: https://sils.fnwi.uva.nl/bcb/objectj/examples/XY-Shape-Inspector/MD/xy-shape-inspector.html.
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Figure S1. DNA distribution, schematic representation of the predicted ori and FISH-based 
ftsQAZ localization pattern in Ca. T. oneisti. Related to Figure 1, Table S1, S2, S3 and S5.
(A) Left panel shows average DNA fluorescence expressed in arbitrary units (a.u.) plotted against 
the normalized cell length (%). Right panel shows images of three representative cells stained with 
Hoechst 33342. Upper panels show the phase contrast images and lower panels show DNA signal 
(red) and cell outlines deduced from the corresponding phase contrast images (white dotted lines). 
Scale bar is 1 µm. (B) Predicted Ca. T. oneisti origin of replication with DNA unwinding element 
(DUE; L, M and R), DnaA boxes and parS site. (C) Histogram showing number of ftsQAZ foci per 
cell. Total number of analyzed cells (n) is 997. (D) Images of four representative cells arranged from 
the thinnest (youngest) to the thickest (oldest) cell, from left to right. Upper panels show the phase 
contrast images and lower panels show ftsQAZ signal (white). Cell outlines were deduced from the 
corresponding phase contrast images (white dotted lines). Scale bar is 1 µm. (E) Left plot shows 
ftsQAZ subcellular localization in cells that show one fluorescent focus and the right plot shows 
cells with two ftsQAZ foci. The position of each focus is plotted against the normalized cell width 
and length (%) of the cell that contained them. Dashed lines represent the long and the short cell 
axis and midcell is defined as the point in which they intersect. 
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Figure S2. Ca. T. oneisti ParB protein alignment and expression. Related to Figures 1, 2, 
Table S4 and S5. 
(A) Alignment of ParB (140 aa-278 aa) of Ca. T. oneisti, Ca. T. hypermnestrae and of bacteria
where it was shown to mediate chromosome segregation (see main text and Table S5). Residues
that are conserved in the ParB Boxes I and II and in the HTH motif in at least ten ParB proteins are
in grey [5,78]. P7: E. coli plasmid; P1: E. coli plasmid; F: E. coli plasmid; Ccre: Caulobacter cres-
centus; Pput: Pseudomonas putida; Paer, Pseudomonas aeruginosa; Vcho: Vibrio cholerae; Tone:
Ca. T. oneisti; Thyp: Ca. T. hypermnestrae; Mxan: Myxococcus xanthus; Hpyl: Helicobacter pylori;
Scoe: Streptomyces coelicolor; Bsub: Bacillus subtilis. (B) Western blots of protein extracts of Ca.
T. oneisti (lanes 1 and 2, To and To neg, respectively) and of E. coli cells expressing recombinant
ParB (lanes 3 and 4, Ec and Ec neg) probed with a specific anti-ParB antibody (lanes 1 and 3) or
with the secondary antibody only (lanes 2 and 4). Native ParB predicted MW is 33 kDa and recom-
binant ParB 35 kDa. Numbers indicate apparent MWs expressed in kDa.
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Figure S3. FISH-based ter localization pattern in Ca. T. oneisti. Related to Figure 3, Table S1, 
S2, S3 and S5. 
(A and B) Demographs showing FISH-based ter localization of 2,427 Ca. T. oneisti cells. The ter 
probe fluorescence emitted by each cell is represented as a pixel-wide bar whose length corre-
sponds to the short axis (A) or the long axis (B) of the cell. Symbiont cells were arranged according 
to increasing width from left to right. (C) Dividing cells (n = 84) were grouped into grouped into three 
classes depending on the position of the ter foci along the long axis (cells with central foci belonged 
to class 1, cells with pericentral foci to class 2 and cells with polar foci to class 3, see scheme) and 
the total fluorescence emitted by each class was plotted against the short (left plot) or the long cell 
axis (right plot). 

146



Genome size [Mb] 4.36
Number of contigs 216
Average G+C content [%] 58.69
Protein coding density [%] 83.05
Number of coding sequences (CDS) 5155
Number of tRNA 46
Number of rRNA 3
CheckM Completeness [%] 94.28
CheckM Contamination [%] 0.75
CheckM Strain heterogeneity [%] 0.00
Number of plasmids 01

Number of predicted ori 12

Number of predicted dif sites 13

Table S1. Ca. T. oneisti genome features. Related to Figures 1, 2, 3, S1 and S3. 

1 No circular sequences were assembled when using SPAdes v3.12.0 with the flag ‘--plasmid’.
2 Predicted ori features are visualized in Figure 2 and Figure S1.
3 One dif site was identified using a dif consensus sequence.

Table S2. Distance between sister ori, ftsQAZ and ter foci along the short and the long 
cell axis. Related to Figures 1, 3, S1 and S3.

distance between two ori foci
Short axis Long axis 

ori

All (n = 127)
average 0.46 0.26

stdev 0.29 0.17
Non-dividing 

(n = 60)
average 0.39 0.28

stdev 0.29 0.16

Dividing (n = 67)
average 0.52 0.24

stdev 0.28 0.18

ftsQAZ

All (n = 102)
average 0.42 0.34

stdev 0.29 0.19
Non-dividing 

(n = 59)
average 0.37 0.37

stdev 0.28 0.19

Dividing (n = 43)
average 0.47 0.30

stdev 0.28 0.19

ter

All (n = 369)
average 0.50 0.38

stdev 0.42 0.24
Non-dividing 

(n = 214)
average 0.62 0.26

stdev 0.45 0.16

Dividing (n = 155)
average 0.32 0.55

stdev 0.30 0.22
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Target Probe 
no. Primer Sequence (5‘-3‘) Product (nt)

or
i r

eg
io

n 
(2

,8
74

 n
t)

1
1F_oriC GTGGGAATCTGGAATCAATGTGCC

301
1R_oriC GGGACTTCACCTGAGGTACGAATG

2
2F_oriC CTGACCCCCGAGTTTACGTTTG

309
2R_oriC GATAAGCAGCGTATTGACGGTTCG

3
3F_oriC GATGATGTCCAGTTCTTCGCGG

299
3R_oriC CGGATATTCGAGCGGACATGTCT

4
4F_oriC AGATCTCGAGGGGGCATTACG

304
4R_oriC GGTGTGATCCCTTCCTCCAAAG

5
5F_oriC CACGGTGATCCACGCAACA

350
5R_oriC CGACCCCTCCTACCTTTGTGA

6
6F_oriC CTCCCAATACTCGGCAATCTGC

347
6R_oriC GCCGTTTTCTCGAAGAGATGCTTC

7
7F_oriC GTTTGCAATGGCACATCAAGATGTC

303
7R_oriC TAGCGGCCATCAACAAGCTTC

8
8F_oriC CCGGATTACGAGCGGGTAGTA

316
8R_oriC CGCTACCGTCTGAATCTTTAAACCC

9
9F_oriC CTGCGGAATAAAGGTAAGGAGAAGG

300
9R_oriC GACAGCCTCTAAGGTCCACAC

fts
Q

A
Z 

co
nt

ai
ni

ng
 re

gi
on

(3
,2

73
 n

t)

1
ftsQAZ_F TCTACTGATGCGTTGGGAGC

317
Los_ftsQAZ_R1 GAGTAGCACCGGTTTCGG

2
Los_ftsQAZ_2F GGAATGGACCAGGATGCCTT

338
Los_ftsQAZ_2R GGGACTTTAGTTTTGCTGACCG

3
LosftsA_start_F ATGTTGAGACGAGGCGAAAAGAAT

276
Los_ftsQAZ_3R GTTGAGGCTGCGGATATGG

4
Los_ftsQAZ_4F ATTACCGCCATCAAGGAGCG

282
Los_ftsQAZ_4R CTGCTCCAAGACCAAGTCG

5
Los_ftsQAZ_5F GGATGAGAAGGAGCTGGGC

312
Los_ftsQAZ_5R TCCTCGTAGCGTGGCTCTA

6
Los_ftsQAZ_6F GCTCTTGGGTCTGCTCCAA

328
LosftsA_stop_R TCAGAAATTGCCTTGAAACCAGCT

7
Los_ftsQAZ_7F CCTCCATGAGATCCTGCAAG

311
Los_ftsQAZ_7R CCTCCTTGCCCACCTTG

8
Los_ftsQAZ_8F TTGGAGGACAAGGAACGCAT

291
Los_ftsQAZ_8R GAGACTCATTTCCTTACCGAGCA

9
Los_ftsQAZ_9F ACGATGTGCTCCTGAACG

311
Los_ftsQAZ_9R GTCGTCGTCCGCAAAGTC

10
Los_ftsQAZ_10F ATCGATCCCGACCTGAGC

304
ftsQAZ_R TGATTCAGTCCGCCTGATGG

te
r r

eg
io

n
(3

,9
16

 n
t)

1
To_dif_1_f CCATCGGGTGAAGATTCTCC

307
To_dif_1_r CAGGAGGTCATTTGAACCGA

2
To_dif_2_f ATGCCCTGAGTCTGGATGTCA

333
To_dif_2_r ACCCAGTGATCGAGCTCGTC

3
To_dif_3_f ATACGGTGTTCGGGCGCA

316
To_dif_3_r TCCCCGACGATCGTTGCC

4
To_dif_4_f CAATCAGCTCCCAATGGACGA

323
To_dif_4_r CCGAGATGAATGGCCGCA
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Target Probe 
no. Primer Sequence (5‘-3‘) Product (nt)

te
r r

eg
io

n
(3

,9
16

 n
t)

5
To_dif_5_f AAGAAGCCGCCGCGGTGGA

328
To_dif_5_r CCGTTCTGTTCCTTGAGGAGTGG

6
To_dif_6_f AGTAGGACCAGAGTTCCAGGC

302
To_dif_6_r TGGGACCGGTGGCTGGATT

7
To_dif_7_f GGCATCCGGTCATGGATCG

302
To_dif_7.1_r AAGGGACCGGACAGCCGCTA

8
To_dif_8_f GCACCAAGCCCCAACGCAA

320
To_dif_8_r TCGAGATCGGTCGCTTTGCC

9
To_dif_9.1_f CCAGCATCGAGTCGGTACGC

332
To_dif_9.1_r TCAACCCACCCTCTACGAGTCC

10
To_dif_10_f GGACCTCGACCGATTTGCAG

310
To_dif_10_r TTACTGCACCGCCGTTCG

11
To_dif_11_f GGCAAAGTGGCTGACCTCAAG

307
To_dif_11_r CGGTTGGTGGATCTTCATCG

12
To_dif_12_f TCGGCCCCTCTGAAAAGGTC

339
To_dif_12_r GCGCTTTTCTAGGCGGTTTTG

Abbrev. Annotation/Organism chr/
plasmid GeneBank aa-sequence 

length
P7 Enterobacteria phage P7 plasmid AAQ07528.1 321 aa
P1 Escherichia coli virus P1 plasmid YP006527.1 333 aa
F sopB (plasmid) [Escherichia coli K-12] plasmid BAA97917.1 323 aa

Vcho putative chromosome-partitioning protein 
ParB [Vibrio cholerae] chr SNC57145.1 293 aa 

Pput putative chromosome-partitioning protein 
ParB [Pseudomonas putida] chr PNG85025.1 290 aa 

Bsub site-specific DNA-binding protein [Bacillus 
subtilis subsp. subtilis str. 168] chr NP391976.1 282 aa

Ccre chromosome partitioning protein ParB [Cau-
lobacter vibrioides NA1000] chr YP002519241.4 304 aa

Hpyl putative chromosome-partitioning protein 
ParB [Helicobacter pylori] chr GCF06275.1 290 aa

Paer putative chromosome-partitioning protein 
ParB [Pseudomonas aeruginosa] chr AXS75203.1 290 aa

Scoe ParB [Streptomyces coelicolor A3(2)] chr AAF16004.1 368 aa

Mxan ParB/RepB/Spo0J family partition protein 
[Myxococcus xanthus] chr WP011557382.1 296 aa

Tone ParB/RepB/Spo0J family partition protein 
[Candidatus Thiosymbion oneisti] chr WP089729459 303 aa

Thyp

THYP1385H_
v1_1700001|ID:48089279|parB| putative 
chromosome-partitioning protein ParB [Can-
didatus Thiosymbion hypermnestrae 1385H]

chr MK650416 303 aa

Table S4. ParB sequences. Related to Figure 2 and S2. Species names’ abbreviations and 
GeneBank accession numbers of ParB sequences used to construct the phylogenetic tree 
shown in Figure 2A and the amino acid sequence alignment shown in Figure S2A. 

Table S3. DNA FISH PCR primers. Related to Figures 1, 3, S1, S3 and Table S5. 
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Table S5. PCR cycling conditions. Related to Figures 1, 2, 3, S1, S2, S3, Table S2 and S3. 
DNA FISH PCR cycling conditions and conditions applied to amplify Ca. T. oneisti parB, clone 
it into an expression vector by Gibson assembly and to amplify DNA fragments used in EMSA. 

Target Primer Product 
(nt) Cycling conditions

ori

see Table S3 Initial 
2,874 
nt-long 

fragment

98°C for 5 min, followed by 30 cycles 
at 98°C for 20 s, 58°C for 20 s, 72°C 
for 120 s, followed by a final elonga-
tion step at 72°C for 5 min.

see Table S3 ~300 
nt-long 
probes 
(P1-P9)

95°C for 5 min, followed by 31 cycles 
at 94°C for 60 s, 57°C for 45 s, 72°C 
for 45 s, followed by a final elonga-
tion step at 72°C for 10 min.

ftsQAZ

see Table S3 Initial 
3,273 
nt-long 

fragment

98°C for 5 min, followed by 31 cycles 
at 98°C for 20 s, 57°C for 20 s, 72°C 
for 120 s, followed by a final elonga-
tion step at 72°C for 5 min.

see Table S3 ~300 
nt-long 
probes 

(P1-P10)

95°C for 5 min, followed by 31 cycles 
at 95°C for 45 s, 57°C for 45 s, 72°C 
for 30 s, followed by a final elonga-
tion step at 72°C for 5 min.

ter

see Table S3 Initial 
3,916 
nt-long 

fragment

98°C for 5 min, followed by 31 cycles 
at 98°C for 20 s, 63°C (-0.3°C every 
cycle) for 20 s, 72°C for 125 s, 
followed by a final elongation step at 
72°C for 5 min.

see Table S3 ~300 
nt-long 
probes 

(P1-P12)

98°C for 5 min, followed by 32 cycles 
at 98°C for 20 s, 55°C for 20 s, 72°C 
for 15 s, followed by a final elonga-
tion step at 72°C for 5 min.

parB 

T.oneisti_parB_F (5‘-ATGTC-
TACGAAGAAAAAGGGC-3‘),
T.oneisti_parB_R (5‘-CTACT-
TTATATGAGCAAG-3‘)

912 

98°C for 5 min, followed by 31 cycles 
at 98°C for 20 s, 45°C (-0,3) for 20 
s, 72°C for 35 s, followed by a final 
elongation step at 72°C for 5 min.

parB-overhang

FWD_primer_parB 
(5‘-GAGGCCCCAAGG-
GGTTATGCTAGCTACT-
TTATATGAGCAAGGA-3‘), 
REV_primer_parB (5‘- GTGC-
CGCGCGGCAGCATGTC-
TACGAAGAAAAAGGG-3‘)

951 

98°C for 5 min, followed by 31 cycles 
at 98°C for 20 s, 50°C for 20 s, 72°C 
for 30 s, followed by a final elonga-
tion step at 72°C for 5 min.

pET-15b

FWD_To_pET-15b 
(5‘-GCTGCCGCGCGGCAC-
CAG-3‘), REV_To_pET-15b 
(5‘-CTAGCATAACCCCTTGG-
GG-3‘)

5,708 

98°C for 5 min, followed by 31 cycles 
at 98°C for 20 s, 50°C for 20 s, 72°C 
for 180 s, followed by a final elonga-
tion step at 72°C for 5 min.

parS-containing 
fragment and 

parS mut11 con-
taining fragment 
(used in EMSA)

To_parS_EMSA_dnaN_F1 
(5’-GTGGTAATGCCGAT-
GAGACTTTG-3’,), To_parS_
EMSA_R1.1 (5’-AACCATAT-
GATGAAGGCCAGTTCC-3’)

827 

98°C for 5 min, followed by 31 cycles 
at 98°C for 20 s, 63°C (-0,3) for 20 
s, 72°C for 60 s, followed by a final 
elongation step at 72°C for 5 min.
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25 SUMMARY

26 Less than a handful of cuboid and squared cells have been described in nature 

27 which makes them a rarity. Here, we show how Candidatus Thiosymbion 

28 cuboideus, a cube-like gammaproteobacterium, reproduces on the surface of 

29 marine free-living nematodes. Morphometric analysis showed that most non-

30 dividing Ca. T. cuboideus cells are squared and 1.3 μm-thick on average. 

31 Immunostaining of symbiont cells with an anti-fimbriae antibody revealed that 

32 they are host-polarized, as these appendages exclusively localized at the host-

33 proximal (animal-attached) pole. Moreover, by applying a fluorescently labelled 

34 metabolic probe to track new cell wall insertion in vivo, we observed that the 

35 host-attached pole started to septate before the distal one. Proximal-to-distal 
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36 insertion of new cell wall material at the septum displayed a similar localization 

37 pattern as the tubulin homolog FtsZ. Although this has been shown to arrange 

38 into squares in synthetically remodelled cuboid cells, here we show that FtsZ 

39 may also mediate the division of naturally occurring ones. This implies that, 

40 even in natural settings, membrane roundness is not required for FtsZ function.

41 Prokaryotic cells have evolved an enormous diversity of cell shapes and sizes. 

42 While most model bacteria are spheres or rod-like, recently more uncommon shapes, 

43 including corkscrews, crescents, or stars, are receiving increasing attention (Caccamo 

44 and Brun, 2017; Kysela et al., 2016). However, no squared bacteria and only two 

45 archaea have been described so far, Haloquadratum walsbyi (Walsby, 1980) and 

46 Haloarcula quadrata (Oren, 1999).

47 In bacteria, the rigid peptidoglycan (PG) layer of the cell envelope provides 

48 mechanical strength and determines the cell shape. By investigating the molecular 

49 mechanisms of PG synthesis, substantial progress has been made in understanding 

50 the morphogenesis of model rods such as Escherichia coli. Here, the task of directing 

51 the PG synthesis machinery is split between the actin homolog MreB and the tubulin 

52 homolog FtsZ. While short MreB filaments are spiralling along the envelope to 

53 elongate the cell corpus, FtsZ polymerizes exclusively at the septal plane determining 

54 the end of the cell cycle (McQuillen and Xiao, 2020; Shi et al., 2018). In the case of 

55 model rods and cocci, FtsZ polymerizes into a ring-like structure at septation onset or, 

56 at least, during its last step (Eswara and Ramamurthi, 2017). However, in synthetically 

57 remodelled cells, fluorescently tagged FtsZ could polymerize into other shapes 

58 (including squares), while displaying the usual dynamics (Söderström et al., 2018). 

59 Here, we investigated the reproduction mode of Candidatus Thiosymbion 

60 cuboideus, a cube-like sufur-oxidizing gammaproteobacterium, exclusively found 

61 attached to the cuticle of marine free-living nematodes (Stilbonematinae). We 

62 discovered that in this ectosymbiont both FtsZ and newly synthesised peptidoglycan 

63 (PG) localize at the septum in a proximal-to-distal fashion, implying that symbiont 

64 growth starts at the host-attached pole and that the tubulin homologue mediates septal 

65 PG insertion. We conclude that membrane roundness is not required for FtsZ-based 

66 division under natural settings. 

67
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68 RESULTS 
69

70 The ectosymbiont of the marine nematode Catanema sp. “Guadeloupe” belongs 
71 to the candidate genus Candidatus Thiosymbion and bears the fts gene. To 

72 molecular identify the symbiont of the nematode Catanema sp. “Guadeloupe”, we 

73 dissociated it from its host, extracted its genomic DNA (gDNA) and sequenced it. We 

74 found the Ca. T. cuboideus genome to be 5.0 Mb in size and to be 96.91% complete 

75 (Table S1). A 16S rRNA gene-based phylogenetic tree (Figure S1, Table S2) shows 

76 that Ca. T. cuboideus clusters together with other Candidatus Thiosymbion bacteria 

77 that cover Stilbonematinae. Furthermore, Ca. T. cuboideus possesses the complete 

78 fts operon, including an ftsZ gene whose product is 94% identical to that of the 

79 longitudinally dividing Ca. T. oneisti and 75% identical to that of the model rod-shaped 

80 bacterium Escherichia coli (Figure S2A, B). 

81 We conclude that Ca. T. cuboideus belongs to the Candidatus genus 

82 Thiosymbion and that FtsZ may mediate its division.

83

84 Ca. T. cuboideus cells are cuboid. Ca. T. cuboideus cells form a tightly packed 

85 monolayer on the cuticle of its marine nematode host Catanema sp. “Guadeloupe” 

86 (Figure 1A). Henceforth, we will refer to the sides of the symbiont, which are parallel 

87 to the nematode surface and whose length corresponds to that of the cell long axis, 

88 as poles, namely the proximal (host-attached) pole and the distal (free) pole (Figure 

89 2C). The average length and width of non-dividing cells were 1.87 µm and 1.72 µm, 

90 respectively. Further, we found 54% of the population to be squared (i.e., axes length 

91 difference is less than 15%, n = 212; Figure S3A; Table S3). As for the average 

92 symbiont thickness, it was 1.31 µm, as revealed by morphometric analysis of cells 

93 imaged by 3D SIM microscopy (n = 15; Figures 1C, S3B). 

94 All in all, based on 2D and 3D morphometric analyses, Ca. T. cuboideus cells 

95 are cuboid.

96

97 Polarity and asynchronous septation of Ca. T. cuboideus. To confirm the nature 

98 of the filamentous structures observed by scanning electron microscopy (SEM) that 

99 are situated between the symbiont proximal cell pole and nematode cuticle (Figure 

100 1B, right panel and S3D), we immunostained dissociated Ca. T. cuboideus cells with 

101 an anti-fimbriae antibody. The localization of the epifluorescence signal to one cell 
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102 side, as previously described for Ca. Thiosymbion hypermnestrae (Leisch et al., 

103 2016), indicated that the proximal filamentous structures displayed by Ca. T. 

104 cuboideus were indeed fimbriae (Figure 2A top panel, 2B left plot, S3E). To determine 

105 the growth mode of the cube-like symbiont, we incubated it in vivo (i.e., as it was still 

106 attached to the nematode host), with a clickable bio-orthogonal PG precursor D-amino 

107 acid dipeptide ethynyl-D-alanyl-D-alanine (EDA-DA). We found that the cell walls of 

108 symbionts that were incubated in EDA-DA for 3 hr were completely stained and that, 

109 additionally, dividing cells fluoresced at the nascent septum (Figure 2A, middle panel; 

110 S3C). In cells that showed an indentation of the proximal membrane (early septation 

111 stage or stage 1), we detected new PG incorporation only at the proximal pole. In cells 

112 displaying indentations at both poles (later septation stage or stage 2), proximal and 

113 distal EDA-DA signals appeared (Figure 2A, middle panel; 2B middle plot; S3E). 

114 We conclude that Ca. T. cuboideus cells are host-polarized and that septal 

115 growth is asynchronous, starting at the proximal pole, followed by the distal pole. 

116

117 FtsZ localization pattern recapitulates that of new PG insertion. To determine 

118 whether FtsZ localization would be consistent with septal PG insertion in cuboid 

119 bacteria, we immunostained dissociated symbionts with an anti-FtsZ antibody. We 

120 found that the FtsZ localization pattern resembled the pattern of insertion of newly 

121 inserted PG. Indeed, at early septation stages, cells displayed a proximal focus of 

122 fluorescence, whereas, at later septation stages, they displayed two, one at the 

123 proximal and one at the distal pole. Moreover, a weaker FtsZ signal was also visible 

124 in correspondence of the nascent septum, i.e. between the two foci (Figure 2A, bottom 

125 panel; 2B right plot; S3C). 

126 In conclusion, the FtsZ localization pattern is consistent with this tubulin 

127 homolog mediating septal PG insertion in cuboid cells. 

128

129 Ca. T. cuboideus FtsZ polymerizes into either straight or sharp-cornered 
130 filaments. To gain a better resolution and a 3D image of the FtsZ localisation pattern 

131 of immunostained Ca. T. cuboideus cells, we performed 3D SIM microscopy. We 

132 detected different types of FtsZ arrangements at the septation plane, ranging from foci 

133 to straight or sharp-cornered filaments (Figure 3, Supplementary Movies 1-4). 

134 Importantly, the latter arrangements were the largest, as we could detect neither a 

135 continuous FtsZ ring nor a square. We conclude that FtsZ can mediate cell division by 
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136 polymerizing into a discontinuous square, implying that membrane curvature is not 

137 required for FtsZ function in a naturally occurring cuboid bacterium. 

138

139 DISCUSSION
140 Although Polz et al. (1992) reported on corn-kernel shaped symbionts attached 

141 to the cuticle of Catanema sp. 1 from Croatia, no cell population thereof was subjected 

142 to rigorous morphometric analysis. This makes Ca. T. cuboideus the first bacterium 

143 shown to be cube-like. Aside from the squared archaeal species, which were 

144 described as either flat (Oren, 1999) or only 0.25 µm thick (Stoeckenius, 1981), only 

145 two more examples of cuboid cells are known, both belonging to the eukaryotic 

146 kingdom of life: the first example are the cells that build the compound eyes 

147 (ommatidia) of decapod crustaceans (Palmer et al., 2018). The second exempke, are 

148 cells that build tightly sealed, surface epithelia lining human organs (e.g., kidneys, 

149 ovaries). These, however, appeared as prisms when viewed from the top (Krstić, 

150 1985). We hypothesise that, in a Ca. T. cuboideus “epithelium”, a cuboid shape would 

151 be better suited than a rod-like for maximizing contact areas between neighbouring 

152 cells. If we recently showed that Ca. T. oneisti might import phospholipids, ammonia 

153 and organic compounds from its host and sulfide, oxygen, urea, and CO2 from the 

154 environment, we still do not know which molecules Thiosymbion cells exchange 

155 among themselves (Paredes et al., 2020). Therefore, the kind of cell physiology that 

156 would drive the evolution of a cube-like cell awaits discovery.

157 We investigated the reproduction mode of a sulfur-oxidizing cube-like 

158 gammaproteobacterium, that naturally thrives on the surface of marine free-living 

159 nematodes. The proximal localization of fimbriae suggests that this symbiont uses 

160 these appendages to attach to its nematode host, and that septal growth is 

161 asynchronous likely due to its monopolar attachment to the host. Both these features 

162 are reminiscent of a phylogenetically related nematode symbiont, Ca. T. 

163 hypermnestrae (Leisch et al., 2016; Pende et al., 2018). It is possible that both 

164 symbionts start septal growth at the host-attached pole, to guarantee host attachment 

165 to both daughter cells, even prior to septation completion. 

166 The cytoskeleton is the major shape determinant for eukaryotic and prokaryotic 

167 cells. According to current models, in order to mediate bacterial septation, FtsZ 

168 polymerizes into a highly dynamic, discontinuous and heterogenous ring. Notably, it 

169 has been suggested that cell pole morphogenesis in rod-shaped cells relies on those 
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170 FtsZ dynamics and structure, just like the controlled elongation of the lateral walls 

171 relies on the actin homolog MreB (McQuillen and Xiao, 2020). Although the mreB gene 

172 was identified in Ca. T. cuboideus, successful cultivation and genetic manipulation of 

173 Ca. T. cuboideus are necessary to track the localization pattern of fluorescently 

174 labelled FtsZ and MreB in vivo to understand their role in its morphogenesis.

175 In bacteria that were artificially forced to become cuboid, while their growth and 

176 division was pharmacologically halted, FtsZ polymerized into sharp-cornered Z-

177 squares (Söderström et al., 2018). Although fabricated microchambers that hold the 

178 cells upright should be used for improved resolution along the Z axis, we could not 

179 detect continuous Z-squares in Ca. T. cuboideus. However, differently to what 

180 observed in another asynchronously dividing symbiont (Pende et al., 2018), we could 

181 detect sharp-cornered, staple-like FtsZ filaments (Figure 3 bottom panel, 

182 Supplementary Movie 4). This implies that FtsZ does not have to polymerize into half 

183 rings or arcs to mediate division and that membrane roundness is not required for FtsZ 

184 function under natural settings. 

185 Even though only a handful of squared or cuboid shapes have been reported 

186 in prokaryotic and eukaryotic cells so far, squareness might be more widespread than 

187 currently assumed. To know whether the natural occurrence of cube-like cells is truly 

188 that rare or whether they are simply undersampled, we need to screen the Earth 

189 microbiome for morphological diversity by using high throughput techniques. Only then 

190 we will have a more complete picture of the morphological diversity likely concealed 

191 behind rods and cocci.
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232 FIGURES
233 Figure 1. Ca. T. cuboideus cells are cuboid. (A) A scanning electron micrograph 

234 (SEM) and a transmission electron micrograph (TEM) showing the bacterial coat from 

235 the top (left) and a section of it coating the nematode cuticle (right). (B) SEM images 

236 display three representative Ca. T. cuboideus cells arranged from the youngest to the 

237 oldest (three leftmost panels) and a cell that is attached to the worm’s cuticle 
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238 (rightmost panel). (C) 3D-Structured illumination microscopy (SIM) images of cells 

239 stained with fluorescent Wheat Germ Agglutinin. Upper row shows a non-dividing and 

240 a dividing cell in front view (left) and 90˚ shifted side view (right) and lower panel show 

241 multiple Ca. T. cuboideus cells in different stages of the cell cycle (cyan). Scale bars 

242 correspond to 1 μm.

243

244 Figure 2. Candidatus T. cuboideus cells localize FtsZ at their septum. (A) Three 

245 representative images showing cells immunostained with an anti-fimbriae antibody 

246 (top), an anti-FtsZ antibody (middle), or PG metabolic probe EDA-DA (bottom). White 

247 dotted cell outline is the cell shape deduced from phase contrast images. (B) 

248 Quantitative analyses of fluorescence patterns corresponding to the different cell cycle 

249 stages. (C) Model of Ca. T. cuboideus growth and division. Scale bars corresponds to 

250 1 μm.

251

252 Figure 3. Ca. T. cuboideus FtsZ forms either foci or straight or sharp-cornered 
253 filaments. 3D Structured illumination microscopy (SIM) images of cells 

254 immunostained with an anti FtsZ antibody. No membrane indentations appear in the 

255 two top cells, whereas the two bottom cells are invaginated. The left column shows 

256 the front view and the right column a 90˚ shifted side view. Scale bar corresponds to 

257 1 μm.

258

259 Supplementary Figure 1. 16S rRNA gene-based phylogenetic placement of Ca. 
260 T. cuboideus. Maximum-likelihood reconstruction of 16S rRNA-genes of

261 ectosymbionts of marine nematodes (Stilbonematinae). The tree was rooted using 

262 Allochromatium vinosum DSM 180, Marichromatium purpuratum 984 and Thiocapsa 

263 marina 5811 as an outgroup. Black circles indicate ultrafast bootstrap support values 

264 of ≥ 95%, all other node support values (< 95%) are depicted by open circles. For 

265 better readability, some branches have been collapsed and number of sequences is 

266 noted in brackets. See Supplementary table 2 for a list of GenBank accession numbers

267

268 Supplementary Figure 2. FtsZ identity heatmap and FtsZ amino acid sequence 
269 alignment (A) Heatmap showing the identity of pairwise-aligned FtsZ sequences in 

270 percentage. Sequences are clustered via hierarchical clustering (complete linkage 

271 method) using Euclidean distances. (B) Alignment of FtsZ sequences of Escherichia 
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272 coli DH5α, Ca. T. oneisti, Ca. T. cuboideus, and of ectosymbionts of Eubostrichus 

273 dianeae and E. fertilis. Five distinct functional regions of FtsZ are indicated, NTP 

274 (dashed line), Globular Core (thick black line), C-terminal linker (thick white line), C-

275 terminal tail (CTT, thin black line) and C-terminal variable region (CTV, dashed line 

276 end) (Casiraghi et al., 2020; Silber et al., 2020).

277

278 Supplementary Figure 3. Morphometry, localization patterns of EDA-DA, FtsZ, 
279 fimbriae and DNA, as well as transmission electron micrographs (TEM) of 
280 Candidatus T. cuboideus. (A) Scatter plot shows the length and width of 259 Ca. T. 

281 cuboideus cells, grouped into the categories dividing (red, n = 44), non-dividing (blue 

282 and green, n = 212) and squared (n = 122). (B) Boxplot shows the length, width, and 

283 depth of 15 cells imaged with 3D SIM microscopy. Box is the interquartile range (IQR), 

284 where the lower edge is 25th percentile (1st quartile [Q1]) and the upper edge the 75th 

285 percentile (3rd quartile [Q3]). Whiskers show the range between the lowest value (Min) 

286 and the highest value (Max). Line inside each box indicates the median. (C) 

287 Demographs of Ca. T. cuboideus cells labeled with a PG metabolic probe (EDA-DA) 

288 for 180 minutes (left, n = 108) and immunostained with anti-FtsZ antibody (right). Each 

289 cell is represented as a pixel-wide bar whose and cells were sorted according to 

290 increasing length from left to right. (D) TEM images display fimbrial structures between 

291 the symbiont cell and the host cuticle (white arrowheads). (E) Epifluorescence images 

292 of four representative Ca. T. cuboideus cells, sorted by increasing length from left to 

293 right, incubated with EDA-DA and immunostained with an anti-fimbriae antibody. Plot 

294 shows normalized fluorescence emitted by 62 Ca. T. cuboideus cells (a.u.) plotted 

295 against their cell width (%). (F) Representative symbiont cells stained with Hoechst 

296 and sorted from the youngest to the oldest. Plot shows the total fluorescence (a.u.) 

297 emitted by short cells (long axis < 2 µm; n=45) and long cells (long axis > 2 µm; n=186) 

298 plotted against their length (%). 

299

300

301

302

303

304

305
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306 Supplementary Table 1 Ca. T. cuboideus genome features. 
Genome size [Mb] 5.006632
Number of contigs 16
Average G+C content [%] 57.51
Protein coding density [%] 82.67
Number of coding sequences (CDS) 6316
Number of tRNAs 45
Number of rRNAs 3 (1 operon)
CheckM Completeness [%] 96.61
CheckM Contamination [%] 2.28
CheckM Strain heterogeneity [%] 16.67

307

308 Supplementary Table 2. 16S rRNA-gene sequences used for the phylogenetic 

309 reconstruction displayed in Fig. S1 (from Scharhauser et al. 2020).

Ca. T. hypermnestrae KP943980.1
Ca. T. hypermnestrae EU711428.1
Ca. T. hypermnestrae LR746256.1
Ca. T. oneisti LR746261.1
Ca. T. oneisti KT826595.1
Ca. T. oneisti KF278591.1
Ectosymbiont of Catanema 'crete1' LR746257.1
Ectosymbiont of Catanema 'crete1' LR746258.1
Ectosymbiont of Catanema sp. EU711426.1
Ectosymbiont of Catanema sp. 'belize1' KP943972.1
Ectosymbiont of Catanema sp. 'st andrea' KP943973.1
Ectosymbiont of Eubostrichus cf. dianeae KP943975.1
Ectosymbiont of Eubostrichus cf. topiarius LR746246.1
Ectosymbiont of Eubostrichus cf. topiarius LR746244.1
Ectosymbiont of Eubostrichus cf. topiarius LR746245.1
Ectosymbiont of Eubostrichus cf. topiarius LR746242.1
Ectosymbiont of Eubostrichus cf. topiarius LR746243.1
Ectosymbiont of Eubostrichus cf. topiarius KP943974.1
Ectosymbiont of Eubostrichus dianeae LR746262.1
Ectosymbiont of Eubostrichus dianeae LR746247.1
Ectosymbiont of Eubostrichus dianeae KF278587.1
Ectosymbiont of Eubostrichus fertilis KF278590.1
Ectosymbiont of Laxus cf. cosmopolitus EU711427.1
Ectosymbiont of Laxus cf. cosmopolitus KP943986.1
Ectosymbiont of Laxus cf. cosmopolitus LR746259.1
Ectosymbiont of Laxus sp. 'heron1' KP943987.1
Ectosymbiont of Laxus sp. 'heron2' KP943988.1
Ectosymbiont of Leptonemella aphanothecae KP943979.1
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Ectosymbiont of Leptonemella aphanothecae LR746248.1
Ectosymbiont of Leptonemella juliae KP943977.1
Ectosymbiont of Leptonemella vestari KP943976.1
Ectosymbiont of Leptonemella vicina KP943978.1
Ectosymbiont of Leptonemella vicina KU921521.1
Ectosymbiont of Paralaxus 'heron1' KP943985.1
Ectosymbiont of Paralaxus 'oahu1' LR746253.1
Ectosymbiont of Paralaxus 'oahu1' LR746252.1
Ectosymbiont of Paralaxus bermudensis LR746255.1
Ectosymbiont of Paralaxus bermudensis LR746250.1
Ectosymbiont of Paralaxus bermudensis LR746249.1
Ectosymbiont of Paralaxus cocos LR746254.1
Ectosymbiont of Paralaxus cocos KP943984.1
Ectosymbiont of Stilbonema 'heron1' KP943983.1
Ectosymbiont of Stilbonema 'heron2' KP943982.1
Ectosymbiont of Stilbonema 'st andrea1' KP943981.1
Ectosymbiont of Stilbonema majum LR746260.1
Ectosymbiont of Stilbonema majum HM776017.1
Ectosymbiont of Stilbonematinae gen. B KP943971.1
Ectosymbiont of Paralaxus 'heron1' LR746251.1
Allochromatium vinosum DSM 180 CP001896.112452.113967
Marichromatium purpuratum 984 CP007031.294591.296118
Thiocapsa marina 5811 AF112998.1
Ca. T. cuboideus WYCW01000004.1.400935.402467

310

311 Supplementary Table 3. Phase contrast images-based morphometry of 
312 dissociated Ca. T. cuboideus cells 

Number of cells (n)
Length 
(µm)

Width 
(µm)

average 2.01 1.70All (256)
stdev 0.45 0.11
average 1.87 1.71Non-dividing (212)
stdev 0.32 0.14
average 2.70 1.64Dividing (44)
stdev 0.31 0.14

313
314
315
316
317

318
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418 STAR METHODS
419 Ectosymbiont collection. Catanema sp. “Guadeloupe” individuals were 

420 collected between March and August 2019 from sand bars in Guadeloupe, French 

421 West Indies ("Ilet à Cochons", 16°12′53.76″N 61°32′05.74″W) at approximately 1 m 

422 depth. The sand was collected with the aid of cores and nematodes were extracted by 

423 gently stirring the sand in seawater and subsequently pouring it onto a 212 μm mesh 

424 sieve. Single worms (1-2 mm length, representing adults) were handpicked by forceps 

425 (Dumont 3, Fine Science Tools, Canada) under a dissecting microscope. Catanema 

426 sp. nematodes were identified based on morphological characteristics (Scharhauser 

427 et al., 2020).

428 Transmission electron microscopy. Live worms were plunge frozen in liquid 

429 propane at -179°C, cryo-substituted rapidly in acetone using the agitation module 

430 described in Goldammer et al. (2016) and transferred in absolute ethanol. Dehydrated 

431 samples were then embedded in medium-grade LR White resin. Polymerization was 

432 performed under nitrogen atmosphere at 40°C for three days. Alternatively (Figure 

433 S1), live worms were chemically fixed in a modified Trump’s fixative solution (2.5% 

434 glutaraldehyde, 2% paraformaldehyde in sodium cacodylate 0.1 mol L-1; 1100 

435 mOsm.L-1; pH 7.2; Trump and Ericsson, 1965) and further dehydrated in ascending 

436 ethanol series before embedding in Agar Low Viscosity Resin (Agar Scientific®). Thin 

437 sections (70nm) were placed on Formvar®-coated slot grids and stained with 0.5% 

438 uranyl acetate and 3% lead citrate prior to imaging with a Zeiss® Libra 120 

439 transmission electron microscope.

440 Scanning electron microscopy. Whole worms were fixed in modified Trump’s 

441 fixative solution (2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium 

442 cacodylate buffer, 1000 mOsm L-1, pH 7.2) (Trump and Ericsson, 1965). To dissociate 

443 the bacteria, 10 nematodes were washed three times by pipetting them up and down 

444 in 100 µL of 0.1 M sodium cacodylate buffer. 50 µl of the bacterial suspension was 

445 spotted on a poly-L-lysine-coated glass slide and let sink for 15 min for proper 

446 attachment. The samples were then dehydrated in an ascending ethanol series, 

447 followed by 100 % acetone, and critical-point drying (Leica EM CPD300, Leica 

448 Microsystems, Wetzlar, Germany). Finally, they were mounted on stubs and sputter-

449 coated with gold (JEOL JFC-2300HR, Tokyo, Japan), and observed on an IT 300 

450 scanning electron microscope (JEOL). 
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451 EDA-DA incubation of live symbionts. To track symbiont cell wall growth, 

452 batches of approx. 50 live symbiotic nematodes were each incubated in a 1.5 mL tube 

453 containing 500 µl of 10 mM ethynyl-D-alanyl-D-alanine (EDA-DA, a D-amino acid 

454 carrying a clickable ethynyl group; kind gift of Michael S. VanNieuwenhze, Indiana 

455 University) in filter sterilized natural seawater (FSW) for 180 min and subsequently 

456 washed once in FSW, transferred to methanol, and stored at -20°C. Nematodes were 

457 transported from Guadeloupe to Vienna deep-frozen.

458 Click-chemistry. Deep frozen methanol fixed nematodes were rehydrated and 

459 washed in PBS containing 0.1% Tween 20 (PBT). Blocking was carried out for 30 min 

460 in PBS containing 0.1% Tween 20 (OBT) and 2% (wt/vol) bovine serum albumin 

461 (blocking solution) at room temperature. An Alexa488 fluorophore was covalently 

462 bound to EDA-DA via copper catalyzed click-chemistry by following the user manual 

463 protocol for the Click-iT reaction cocktail (Click-iT EdU Imaging Kit, Invitrogen). The 

464 nematodes were incubated with the Click-iT reaction cocktail for 30 min at RT in the 

465 dark. Unbound dye was removed by a 10-min wash in PBT and one wash in PBS. 

466 Worms were sonicated for 40 s to dissociate Ca. T. cuboideus prior mounting. 

467 Immunostaining. Deep-frozen methanol fixed nematodes were rehydrated 

468 and washed in PBT, followed by blocking for 1 h in PBT containing 2% (wt/vol) bovine 

469 serum albumin (blocking solution) at room temperature. Ca. T. cuboideus were 

470 incubated with a 1:200 dilution of commercially available rabbit polyclonal anti-E. coli 

471 FtsZ antibody (Agrisera) in blocking solution, as well as with a 1:500 dilution of sheep 

472 polyclonal anti-E. coli K88 fimbrial protein AB/FaeG antibody (ab35292, Abcam). Both 

473 the anti-E. coli FtsZ antibody (Agrisera) and the anti-E. coli K88 fimbrial protein 

474 AB/FaeG antibody (ab35292, Abcam) were previously shown to specifically recognize 

475 the FtsZ and the fimbriae of other Thiosymbion ectosymbionts (Leisch et al., 2012, 

476 2016; Pende et al., 2014). All primary antibodies were incubated overnight at 4°C in 

477 blocking solution. Upon incubation with primary antibody (or without in the case of the 

478 negative control) samples were washed three times in PBT and incubated with 

479 secondary Alexa488 conjugated anti-rabbit (Jackson ImmunoResearch, USA) for anti-

480 E. coli FtsZ antibody and Alexa555 conjugated anti-sheep antibody (Thermo Fisher

481 Scientific) for anti-E. coli K88 fimbrial AB/FaeG antibody at 1:500 dilution in blocking 

482 solution for 1 h at room temperature. Unbound secondary antibody was removed by 

483 three washing steps in PBT and worms were sonicated for 40 s to dissociate Ca. T. 
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484 cuboideus cells from their hosts prior mounting. 1 µL of the bacterial solution was 

485 mixed with 0.5 µL of Vectashield mounting medium (Vector Labs).

486 Wheat germ agglutinin staining. Deep-frozen methanol-fixed nematodes 

487 were rehydrated and washed in PBS, followed by incubation in 20 µg/mL FITC labelled 

488 Wheat germ agglutinin (W834, Invitrogen) in PBS for 1h at room temperature. 

489 Unbound WGA was removed by three washing steps in PBS and worms were 

490 sonicated for 40 s to dissociate Ca. T. cuboideus cells from their hosts prior mounting. 

491 1 µl of the bacterial solution was mixed with 0.5 µl of Vectashield mounting medium 

492 (Vector Labs).

493 Three-Dimensional Structured Illumination Microscopy (3D SIM) imaging 
494 and analysis. Cell suspensions were applied on high precision coverslips (No. 1.5H, 

495 Sigma-Aldrich) coated with 0.01% (wt/vol) of Poly-L-Lysin. After letting the cell dry onto 

496 the surface of the coverslip, antifade mounting medium (Vectashield) was applied and 

497 the coverslip was sealed to a slide. 3D SIM was performed on a Delta Vision OMX v4 

498 microscope equipped with an Olympus 60X/1.42 Oil Plan Apo N objective or an 

499 Olympus 100X/1.42 Oil Plan Apo N objective and 2 sCMOS or EMCCD cameras. The 

500 samples were excited with lasers at 488 nm, the emission was detected through 

501 emission filters 477/32 nm (Center/Bandpass). The image reconstruction and 

502 registration were performed using the SoftWoRx image software running under Linux 

503 operating system. For further image analysis of SIM image z stacks we used Fiji 

504 (ImageJ) Version 2.0.0-rc-54/1.51i. Namely, brightness and contrast were adjusted, 

505 stacks were fused to a single image (z projection, maximum intensity), stacks were 

506 rotated 90 (resliced) prior z projection for the 90˚ side view, and videos were created 

507 via 3D projection. Regions of interest were cut out and, for uniformity, placed on a 

508 black squared background. Figures were compiled using Illustrator CC (Adobe 

509 Systems Inc. USA).

510 Cell size and fluorescence measurements. Symbiont cells were dissociated 

511 from fixed Catanema sp. “Guadeloupe” nematodes by sonication. Cell suspensions 

512 were applied to an 1% agarose covered microscopy slide and imaged using a Nikon 

513 Eclipse Ni microscope equipped with a MFCool camera (Jenoptik, Germany). 

514 Epifluorescence images were acquired using ProgRes Capture Pro 2.8.8 software 

515 (Jenoptik) and processed using the public domain program ImageJ (Schneider et al., 

516 2012) in combination with plugin ObjectJ and a modified version of Coli-Inspector (van 

168



517 der Ploeg et al., 2013; Vischer et al., 2015). Cell length, width and fluorescence 

518 patterns were measured automatically. Automatic cell recognition was double-

519 checked manually. For the average fluorescence plots and for the demographs, cells 

520 were automatically grouped into morphological classes based on phase-contrast 

521 images, each cell was resampled to the same length and the fluorescence intensities 

522 added up and averaged. For assessing early and late septation stages cells were 

523 grouped based on constriction based on visual inspection. Data analysis was 

524 performed using Excel 365 (Microsoft Corporation, USA), plots were created with R 

525 Studio (1.4.1103) and figures were compiled using Illustrator CC (Adobe Systems Inc. 

526 USA).

527 DNA extraction, sequencing and genome assembly of Ca. T. cuboideus. 

528 500 Catanema sp. individuals collected between July and August 2018 were used for 

529 DNA extraction and genome assembly of the Catanema sp. ectosymbiont. The 

530 bacteria were detached from the worms by dipping the nematodes into ddH2O for 1 

531 min, then transferring them to 0.2 μM-filtered seawater for 5 min, after which the 

532 symbiont-free nematodes were discarded, and the bacterial suspensions pooled and 

533 collected by centrifugation. The bacterial fraction was carefully resuspended in TLB 

534 (100 mM NaCl, 10 mM Tris-HCl pH 8, 25 mM EDTA pH 8, 0.5% v/v SDS), 10 μL 

535 RNase A (20 mg/ml, Thermo Fisher) and 10 μL lysozyme in lysozyme buffer (100 

536 mg/ml in 20 mM Tris-HCl pH 8, 2 mM EDTA pH 8.0, 1% v/v Triton X-100) added, 

537 mixed by inverting the tube and incubated at 37°C. After 1 h, 30 μL Proteinase K (20 

538 mg/ml) was added, the tube inverted and incubated for 50°C for 1 h. For the phenol-

539 chloroform extraction, the lysate was mixed with 500 μL Phenol:Chloroform:Isoamyl 

540 alcohol (25:24:1, v/v Thermo Fisher Scientific), vortexed for 1 min and centrifuged for 

541 5 min at 4°C and 16 000 x g. The aqueous phase was transferred to a new tube, 500 

542 μL Chloroform:Isoamyl alcohol (24:1) added, vortexed for 1 min and again centrifuged. 

543 The aqueous phase was then mixed with 0.3 volumes 7.5 M NH4OAc (pH 5.2), 20 μg 

544 glycogen and 2 volumes of ice-cold ethanol 100%. The solution was incubated for 15 

545 min at room temperature and the DNA subsequently pelleted by centrifugation for 30 

546 min at 4°C and 16 000 x g. The supernatant was carefully taken off, and the DNA 

547 pellet washed with 80% ethanol. The supernatant was completely taken off, and the 

548 DNA pellet allowed to air dry for 5 min. DNA was resuspended in 20 μL of PCR 

549 molecular grade water for 1 h at 37°C. 
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550 The library for Oxford Nanopore Technologies (ONT) sequencing was prepared using 

551 the ONT 1D ligation sequencing kit (SQK-LSK109) and sequenced on a R9.4 flow cell 

552 (FLO- MIN106) on a MinION for 48 h. Base calling was performed locally with ONT’s 

553 Guppy Basecalling Software v3.2.4+d9ed22f, and resulting fastq-files were trimmed 

554 using Porechop version 0.2.1 (https://github.com/rrwick/Porechop). 

555 For the assembly, raw Illumina reads were quality filtered and trimmed using bbduk 

556 version 37.61 (https://sourceforge.net/projects/bbmap/) by a minimum quality value of 

557 2 and minimum length of 50. Unicycler version 0.4.6 (Wick et al., 2017) was used in 

558 ‘bold’ mode to assemble the trimmed Illumina and ONT reads, with SPAdes version 

559 3.13.1 in ‘careful mode. The assembly was manually binned using the mmgenome2 

560 tool (https://github.com/KasperSkytte/mmgenome2). The bin was further scaffolded 

561 using SSPACE LongRead version 1.1 (Boetzer and Pirovano, 2014) with the trimmed 

562 ONT reads, and ambiguous bases replaced using Gapfiller.pl version 1.10 (Nadalin et 

563 al., 2012), followed by 10 rounds of Pilon version 1.22 (Walker et al., 2014) using 

564 BWA-aln mapped reads, and contigs shorter than 200 bp were discarded. 

565 The genome completeness was assessed using checkM version 1.0.18 (Parks et al., 

566 2015) with the gammaproteobacterial marker gene set using the taxonomy workflow. 

567 Assembled contigs were annotated using Prokka 1.14..6 (Seemann, 2014). The 

568 genome sequence has been deposited at GenBank under the accession 

569 WYCW00000000.1. Raw reads, basecalled with Guppy Basecalling Software 

570 4.2.2+effbaf8, have been deposited in SRA under the accession SRR13336336.

571 Symbiont phylogeny and FtsZ sequence alignment. For the 16S phylogenetic 

572 analysis, Ca. Thiosymbion 16S sequences from Scharhauser et al. 2021 were 

573 retrieved together with 16S sequences from 3 outgroup species (see Table S1 for 

574 accession numbers). The alignment was performed with mafft v7.427 (L-INS-I mode, 

575 Katoh and Standley, 2013), trimmed in TrimAl v1.4.rev15 (-gt 0.7, Capella-Gutiérrez 

576 et al., 2009) and the maximum likelihood phylogeny reconstructed using IQ-TREE 

577 v2.1.2 (Minh et al., 2020) with the best-fit model automatically selected by ModelFinder 

578 Plus (Kalyaanamoorthy et al., 2017) and 1,000 ultrafast bootstraps (Hoang et al., 

579 2018). The phylogeny was outgroup-rooted and visualized in FigTree v1.4.4 

580 (http://tree.bio.ed.ac.uk/software/figtree/).

581 FtsZ sequences were aligned using mafft and visualized with ggmsa in R 

582 (http://www.R-project.org/). Identities were retrieved by a pairwise blastp (Altschul et 

583 al., 1990) and plotted with heatmap.2 in R (http://www.R-project.org/).
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CONCLUSIVE DISCUSSION 

My thesis aimed at better understanding the unique symbiosis between an animal, the nematode 

Laxus oneistus, and the one bacterial species coating its surface, the gammaproteobacterium 

Candidatus Thiosymbion oneisti. Namely, we applied omics and stable isotope-based tech-

niques to elucidate how the bacterium (Chapter II) and the nematode (Chapter III) react to 

environmental changes (in particular to oxygen, as the worm occurs at oxic-anoxic interfaces). 

Moreover, we tried to link symbiont physiology with cell biology by investigating how longi-

tudinally dividing symbionts configure and segregate their chromosomes and how a cube-like 

symbiont divides (Chapter IV). Given that the obtained results are extensively discussed in 

their respective chapters (Chapters II, III, and IV), this Conclusive Discussion will only tackle 

selected key discoveries from Chapters II, III, and IV. 

5.1 Novel insights on Candidatus Thiosymbion oneisti physiology 
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Figure 1. Schematic representation of Ca. T. oneisti's suggested metabolism in deep anoxic and in 

superficial sand (Paredes et al., 2021). Note that the illustrated processes likely occur under both anoxic, 

sulfidic (AS) and oxic (O) conditions, but the model highlights those proposed to be dominant in one 

condition over the other. Corg: small organic compounds, PHA: polyhydroxyalkanoates, P-lipids: phos-

pholipids. 

 

Oxygen is to a certain extent essential to life (Semenza, 2007; Lane and Martin, 2010). Even 

anoxia-tolerant animals that are capable of sustaining long anoxic periods (e.g., days or 

months) need at some point to respire it if they want to continue living (Hochachka and Lutz, 

2001). In the chemosynthetic symbioses arena, its relevance has not gone unnoticed. Indeed, 

as illustrated in Dubilier et al., 2008, despite being remarkably metabolically versatile, chem-

osynthetic symbionts share the ability to respire the electron acceptor with the highest energy 

yield: oxygen. However, in the marine environment, frequently, this substrate is found spatially 

separated from the electron donors needed for energy generation and biomass buildup (Can-

field and Thamdrup, 2009; Luther et al., 2011). For example, oxygen is present in upper sand 

layers, while sulfide is predominantly present in deeper anoxic sand.  

On the one hand, the need to bridge the gap between oxygen and sulfide likely pushed 

some sulfur-oxidizing free-living bacteria, referred to as cable bacteria, to elongate (Nielsen et 

al., 2010; Pfeffer et al., 2012). On the other hand, some other thiotrophs evolved stable associ-

ations with animals which, thanks to their behavior, may expose their symbionts to both sub-

strates (reviewed in Ott et al., 2004a, b; Stewart et al., 2005; Cavanaugh et al., 2006; Dubilier 

et al., 2008). An example of such behavior is the vertical migration of Stilbonematinae across 

the upper oxygenated and deeper anoxic sulfidic sediment layers (Ott and Novak., 1989; Schie-

mer et al., 1990; Ott et al., 1991). If up to this work, the worm migrations through the chemo-

cline were regarded as the primal reason for the bacteria to associate with its host, its response 

to oxygen revealed unexpected evolutionary scenarios (Figure 1). 
 

Loose coupling between sulfur oxidation and inorganic carbon fixation 

 

Paredes et al., 2021 (Chapter II) is the first study describing the global physiological response 

of an animal ectosymbiont (Ca. Thiosymbion oneisti) to oxygen. Collectively, our data indi-

cated that this oxidant (and to a much lesser degree sulfide) was the main factor affecting sym-
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biont gene expression. Moreover, our analysis supports previous observations of Stilbonemat-

inae ectosymbionts showing aerobic and anaerobic sulfur oxidation (Schiemer et al., 1990; 

Hentschel et al., 1999). However, it invites to revise the vertical migration premise that posits: 

once in the presence of oxygen, the sulfur oxidation of the symbiont powers carbon fixation 

(Ott et al., 1991; Polz et al., 2000; Ott et al., 2004a, b). Indeed, although sulfur oxidation genes 

were upregulated under anoxia, this was not accompanied by the upregulation of autotrophic 

carbon fixation genes. On the contrary, the latter (e.g., cbbS, the small subunit of RuBisCO) 

had a higher expression in the presence of oxygen. Importantly, however, bulk isotope ratio 

mass spectrometry (EA-IRMS) values indicated no significant difference in the incorporation 

of 13C-labeled CO2 between anoxic and oxic conditions. Therefore, we hypothesized that this 

discrepancy between the transcriptomic and the EA-IRMS data might be related to the dual 

nature of RuBisCO, which uses both O2 and CO2 as substrates (Jordan and Ogren, 1981; Badger 

and Bek, 2008). Thus, this might reflect a tradeoff between the carboxylase and oxygenase 

activity when oxygen is present. 

The apparent loose coupling between sulfur oxidation and inorganic carbon fixation in 

Ca. T. oneisti was surprising, as the concept of thiotrophy is deeply connected to the fuel of 

primary productivity (carbon fixation) (Van Dover et al., 2000; Dubilier et al., 2008). Indeed, 

there is vast evidence that reduced sulfur compounds enhance carbon fixation in thiotrophic 

symbionts (e.g., Cavanaugh et al., 1983; Schiemer et al., 1990; Childress et al., 1991; Markert 

et al., 2007; Scott et al., 2007; Ponsard et al., 2013; Seston et al., 2016).  

In addition, we hypothesized that in anoxic sulfidic layers, sulfur oxidation might be 

greatly supported by denitrification. Upholding evidence was the upregulation in the anoxic 

sulfidic condition (AS), of the four denitrification enzyme complexes (Nap, Nir, Nor, Nos), 

and of Complex II of the electron transport chain (ETC), known to also be involved in denitri-

fication (Chen et al., 2013). Therefore, my results urge to reconsider the importance of nitrate, 

not only in nitrogen assimilation, but also in respiration (Dubilier et al., 2008). Besides nitrate 

(Hentschel et al., 1999; Petersen et al., 2016), genomics, transcriptomics and proteomics indi-

cated that Ca. Thiosymbion might use additional anaerobic electron acceptors such as 

fumarate, polysulfide or thiosulfate.  
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Enhanced mixotrophy in the presence of oxygen 

 

Thiotrophic symbionts are canonically viewed as autotrophs (Cavanaugh et al., 2006; Dubilier 

et al., 2008). However, there is increasing evidence of their complex metabolism, which can 

even comprise obligate heterotrophy (Seah et al., 2019). Based on genomics, Ca. T. oneisti is 

capable of using several organic carbon compounds as electron donors and thus it might engage 

in mixotrophy (Petersen et al., 2016; Paredes et al., 2021). Indeed, transcriptomics indicated 

that, in addition to carbon fixation, their heterotrophic metabolism seems to be stimulated in 

the presence of oxygen, likely resulting in a higher carbon availability under this condition. 

Consistently, we observed the upregulation of storage compounds-related genes (e.g., PHA, 

trehalose, and glycogen) in the presence of oxygen. Based on these lines of evidence, hetero-

trophy might be an important strategy for nutrient acquisition in Ca. T. oneisti; hence, pigeon-

holing it as thiotroph would oversimplify its metabolism. 

 

Nitrogen fixation appears to be stimulated in oxic conditions 

 

The first study that identified nitrogen fixation genes in Ca. T. oneisti (Petersen et al., 2016) 

hypothesized that diazotrophy would only occur in deep anoxic sediment layers due to the 

oxygen-sensitive nature of the nitrogenase (Hill et al., 1988). Although stable isotope-based 

techniques could show symbiotic nitrogen fixation under neither anoxic nor oxic conditions 

(G.F. Paredes and W. Mohr, unpublished data), genes related to nitrogen fixation (e.g., nifB, 

nifD, nifK) were, unexpectedly, upregulated in the presence of oxygen. In Paredes et al. (2021), 

and as shown for other nitrogen-fixing bacteria (Bentzon et al., 2015), we put forward that 

fixed nitrogen, aside from being assimilated, might function as an electron sink to maintain 

redox homeostasis under heterotrophic conditions. Indeed, under oxic conditions, a higher car-

bon availability could create nitrogen limitation, and hence, the need to spark nitrogen uptake 

(Sorgo et al., 2002; Rogers et al., 2006; Elgharably et al., 2011; Petersen et al., 2016). The latter 

could explain that, aside from nitrogen fixation-related genes, urea assimilation genes were 

also upregulated. Furthermore, enhanced nitrogen assimilation might be linked to the global 

stress response observed in the presence of oxygen, requiring nitrogen-containing compounds, 

such as vitamins (Paredes et al., 2021).  
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Interestingly, the ability to perform nitrogen fixation was shown in Candidatus Thiodiazo-

tropha endoloripes, the endosymbiont of the lucinid clam Loripes lucinalis. Although this in-

habits the oxygen-exposed gills of the animal, the strategy adopted to avoid nitrogenase inhi-

bition is unknown (Petersen et al., 2016). The external location of Ca. T. oneisti makes the 

upregulation of nitrogen fixation genes under oxic conditions even more puzzling. 

5.2 Novel insights on Laxus oneistus physiology 

Figure 2. Schematic representation of Laxus oneistus' suggested metabolism in deep anoxic and in 

superficial sand (Paredes et al., under review). Note that the illustrated processes likely occur under 

both conditions, but the model highlights those proposed to be dominant in one condition over the other. 

AA: amino acids, BPIs: Bactericidal/permeability-increasing proteins, FA: fatty acids, GP: glutathione 

peroxidase, RQ: rhodoquinone, UPS: Ubiquitin-proteasome system, SOD: superoxide dismutase. 

A wealth of physiological studies on chemosynthetic symbionts are available (e.g., Markert et 

al., 2007; Zbinden et al., 2008; Kleiner et al., 2012; Seston et al., 2016; Jäckle et al., 2019; Seah 

et al., 2020; Paredes et al., 2021) and significant progress has been made in understanding the 

physiology of host bearing chemosynthetic endosymbionts (e.g., Bettencourt et al., 2010; Osca 

et al., 2014; Wippler et al., 2016; Hinzke et al., 2019; Wang et al., 2019; Yuen et al., 2019; 
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Yang et al., 2020; Ip et al., 2021). However, much less is known about animals harboring ex-

ternal chemosynthetic bacteria (Lin et al., 2021). In Chapter III, we described the physiological 

response to oxygen of such an animal, Laxus oneistus, by means of the first de novo transcrip-

tome of a Stilbonematinae (Paredes et al., under review). The latter comprised 22,072 taxon-

omy-filtered transcripts with at least one functional annotation, a value similar to what was 

obtained for the transcriptome of the Lucinid clam Loripes orbiculatus (20,163) (Yuen et al., 

2019). Moreover, 74.9% of the predicted protein-encoding genes (i.e. 16,526 out of 22,072) 

were expressed. 

Vertical migrations: natural ischemic/reperfusion events 

Several organisms such as free-living nematodes (e.g., Caenorhabditis elegans), pathogenic 

nematodes, and marine animals are likely to experience oxygen depletion in their natural hab-

itats (Fenchel and Finlay, 1995; Danovaro et al., 2016; Kitazume et al., 2018). Despite this, 

they all eventually require the reintroduction of sufficient amounts of oxygen for their devel-

opment and reproduction (Hochachka and Lutz, 2001). Oddly enough, also the re-exposure to 

oxygen can be deadly as it abruptly introduces reactive oxygen species (ROS) back to the or-

ganism (Hermes-Lima and Zenteno-Savín, 2002; Kalogeris et al., 2016; Galli and Richards, 

2014). This scenario resembles what in medicine is called ischemia/reperfusion injury events. 

The first as proxy of oxygen shortage (hypoxia or anoxia), and the second as synonym of re-

oxygenation (Borutaite et al., 1995; Moncada and Erusalimsky, 2002; Kowaltowski et al., 

2009; Fago et al., 2015). Therefore, several anoxia-tolerant organisms anticipate reoxygenation 

by upregulating their antioxidant defense (reviewed in Hermes-Lima and Zenteno-Savín, 

2002). In the case of L. oneistus ischemic/reperfusion events can be expected due to the behav-

ioral tactic of migrating across anoxic sulfidic and oxygenated sediment layers (Ott et al., 

1991). While the first environment might offer the advantage of not having to cope with pred-

ators that shun toxic compounds such as sulfide (Fenchel and Riedl, 1970), up until my thesis, 

nothing was known about how L. oneistus might react to oxygen. 
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Laxus oneistus does not enter suspended animation in anoxic sulfidic conditions 

Transcriptomics analysis of L. oneistus incubated in anoxia showed that it kept engaging in 

energy-demanding processes (e.g., ribosome biogenesis) even after 24 h. Moreover, L. oneistus 

did not stop moving even after a 6-day-long incubation in anoxia (Paredes et al., under review). 

This was remarkable as suspended animation (i.e., movement arrest, metabolic depression, and 

developmental arrest) is commonly adopted to survive ATP scarcity due to oxygen deprivation 

by animals, including the model organisms Artemia fransciscana, Drosophila melanogaster, 

and C. elegans (Hochachka and Lutz, 2001; Clegg, 1997; Wingrove and O’Farrell, 1999; Van 

Voorhies and Ward, 2000; Padilla et al., 2002; Kitazume et al., 2018). For example, D. mela-

nogaster undergoes suspended animation only after approximately 5 h in anoxia (Haddad, 

2006) and some nematodes (e.g., C. elegans, Bursaphelenchus xylophilus) after 7 h (Kitazume 

et al., 2018). 

Based on what is presented in Chapter III and further discussed below, we hypothesize 

that L. oneistus avoids entering suspended animation by regulating gene expression. Indeed, 

4.8 % of the expressed genes (i.e. 787 out of 16,526) were found to be differentially expressed 

between the anoxic sulfidic (AS) and hypoxic (H) conditions (Figure 2), the ones preferred by 

the worm (Ott and Novak, 1989; Paredes et al., 2021). Differentially expressed genes will be 

further discussed below. 

Chaperones and detoxification genes are upregulated in anoxic sulfidic conditions 

In turtles, ROS production has been reported up to 4 h upon anoxia onset, where the intracel-

lular conditions might still be hypoxic; however, it then i ceased (Milton et al., 2007). There-

fore, as ROS are not generated in anoxia (Hermes-Lima and Zenteno-Savín, 2002), we postu-

late that the apparent upregulation of antioxidant genes (e.g., superoxide dismutase and gluta-

thione peroxidase) and chaperones found in AS worms might be an anticipatory response to 

re-oxygenation. Indeed, as previously anticipated, to withstand a massive reintroduction of 

ROS, anoxia-tolerant animals upregulate their oxidative defense before switching from an an-

oxic environment to an oxygenated one (reviewed in Hermes-Lima and Zenteno-Savín, 2002). 
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Alternatively, the presence of residual oxygen in the tissue of L. oneistus nematodes incubated 

in anoxic seawater could also cause ROS production (Nystul and Roth, 2004; Selivanov et al., 

2009). 

AS worms may turn damaged cellular components into food and may respire them by 

rewiring the ETC 

The transcriptional profile of L. oneistus suggests that catabolic processes are relevant in anoxic 

sulfidic conditions. Namely, we found upregulation of genes related to degradation processes 

such as the ubiquitin-proteasome system (UPS), autophagy, apoptosis, and genes mediating 

amino acids and fatty acids degradation. Degradation processes might turn damaged cellular 

components (e.g., mitochondria) and misfolded proteins into nutrients and thus contribute to 

their recycling (Thompson et al., 2005). Of note, mitochondria of AS worms may be damaged 

by ROS generated by residual intracellular oxygen (Nystul and Roth, 2004; Kim and Jin, 2015), 

or independently from ROS, as expected in anoxia (Galli et al., 2014). 

Surprisingly, L. oneistus upregulated both genes involved in mitochondrial and cyto-

plasmic ribosome biogenesis. These energy-demanding processes (Powers, 2004) might be 

supported by the energy generation-related genes, which were all upregulated in AS worms. 

These included genes related to complexes I, II, IV, and V of the ETC and a mitochondrial 

gene (coq-5). The latter is putatively involved in the synthesis of the anaerobic electron carrier 

rhodoquinone (RQ) (Buceta et al., 2019). We propose that ETC is rewired in such a way as to 

use RQ and fumarate as the electron carrier and acceptor, respectively (Buceta et al., 2019; Del 

Borrello et al., 2019). This would sustain cellular ATP production and enable L. oneistus to 

avoid suspended animation. 

Managing a poison: sulfide detoxification in anoxic sulfidic conditions 

A main issue for marine meiofauna inhabiting sulfidic sediments is how to detoxify this toxic 

compound (reviewed in Cavanaugh et al., 2006). Common strategies are the accumulation of 

sulfur-rich amino acids such as taurine (Conway and Capuzzo, 1992; Pruski et al., 2000, 2003; 

Joyner et al., 2003) and the mitochondrial oxidation of sulfide into thiosulfate assisted by cy-

tochrome c (Powell and Somero, 1986; O'Brien and Vetter, 1990; Yong and Searcy, 2001). 
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Given that a cysteine dioxygenase (which catalyzes taurine synthesis; Rose et al., 2017) and a 

cytochrome c subunit (Williams et al., 2005) were upregulated under anoxic sulfidic condi-

tions, the worm might also mediate sulfide detoxification through the formation of taurine and 

mitochondrial sulfide oxidation. Additionally, L. oneistus might detoxify sulfide through the 

use of persulfide dioxygenases (ethe-1) (Budde et al., 2011). 

Biosynthetic processes are predominant in hypoxia 

For most animals, including humans, low oxygen concentrations can be harmful (Lutz et al., 

1996; Fago et al., 2015). Nematodes, instead, are known to thrive and even extend their lifestyle 

in hypoxia (Leiser et al., 2013; Kitazume et al., 2018). They may achieve this due to the lack 

of a circulatory system and mainly rely on oxygen diffusion (Hochachka et al., 1993). Our data 

indicate that L. oneistus is well-adapted to hypoxia. Indeed, we observed an overall upregula-

tion of genes related to energy-costly biological processes, such as development, feeding, mat-

ing behavior, as well as carbohydrate metabolism, and amino acid and lipid synthesis in H 

worms (relative to AS worms). These might be supported by the enhanced excitatory neuronal 

response, and by glycolysis coupled with oxidative phosphorylation, as suggested by the up-

regulation of acetylcholine-related genes and sugar transporters, respectively.  

Additionally, trehalose might be a well-liked carbon source in hypoxia, as a trehalase 

gene (tre-1) was found upregulated under this condition. Interestingly, this sugar can act as an 

osmotic protectant and membrane stabilizer under different stressors (Crowe et al., 1987; Car-

penter et al., 1988). Therefore, to maintain membrane integrity, animals experiencing anoxia 

(and thus at the risk of membrane depolymerization) (Galli et al., 2014) might prefer to mainly 

mobilize trehalose when again in the presence of oxygen (Clegg et al., 1997).  

Impact of oxygen on host immunity 

When L. oneistus was incubated in anoxic sulfidic conditions, genes related to immune effec-

tors such as lectins, mucins, and one lysozyme, all likely involved in the specific attachment 

of its symbiont (Nussbaumer et al., 2004, Bulgheresi et al., 2006, 2011; Koropatkin et al., 2012; 

Ott et al., 2021) were upregulated (Paredes et al., under review). Interestingly, the latter fosters 

symbiont proliferation (Paredes et al., 2021).  
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On the other hand, Toll receptor-related genes and several antimicrobial-encoding genes (e.g., 

Bactericidal/permeability-increasing proteins (BPIs) and fungicides) were all upregulated in 

hypoxia. In oxygenated environments, this response might have evolved to protect the worm 

from predation and from pathogenic members of the bacterioplankton (Dang and Lovell, 2016; 

M. Mussman, personal communication). BPIs might also serve to control symbiont prolifera-

tion (e.g., Login et al., 2011) and/or might be needed for the host to develop (Krasity et al.,

2011; Nyholm and McFall-Ngai, 2021). Most notably, transcripts of the nuclear transcription

factor kappa B (NF-kB) were identified in all host transcriptomes. This factor belongs to the

highly conserved Toll/NF-κB signal transduction pathway involved in the regulation of the

immune response of animals to microbe-associated molecular patterns (MAMPs) (Hoffmann

et al., 1999; Goodson et al., 2020). This observation was striking as, up to this study, no nem-

atode was known to possess an NF-kB orthologue (Pujol et al., 2001; Ott et al., 2021). Further

studies lie ahead to prove whether this factor is required for the Laxus-Thiosymbion symbiosis

establishment.

Putative inter-partner metabolic exchange 

To find out the physiological processes an ectosymbiotic worm must engage with, irrespec-

tively of the environmental concentrations, we pooled all the available 16 transcriptomes (O, 

H, A, AS), and detected the 100 most abundant transcripts out of the 16,526 predicted protein-

encoding genes. Genes involved in ubiquitination, energy generation, oxidative stress and im-

mune response, development, cell adhesion, cytoskeleton, locomotion, nervous system, carbo-

hydrate metabolism, and translation were among the most expressed in L. oneistus. In contrast 

to what was shown for other chemosynthetic animals, the main processes undertaken by L. 

oneistus could not be directly related to its symbiotic lifestyle. Namely, transcriptomics of 

deep-sea mussels, the tubeworm R. pachyptila, and shallow-water clams showed that they 

greatly engage in symbiont recognition, establishment, control, and recycling (Sun et al., 2017, 

Hinzke et al., 2019; Yuen et al., 2019). However, when comparing transcriptomes of the gutless 

oligochaete O. algarvensis and L. oneistus, we could observe a partial overlap of the highest 

expressed gene categories (e.g., energy generation, oxidative stress). We ascribe this overlap 

to the fact that the two worms share the same habitat (Woyke et al., 2006).  
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Although omics and stable isotope-based techniques (Chapters II and III) might allude to a low 

degree of metabolic interdependence between Laxus and its Thiosymbion, we determined pu-

tative nutritional links between the partners. Namely, lipidomics showed that phosphatidylcho-

line was more abundant in the anoxic symbiont, even though the latter cannot synthesize it 

(Paredes et al., 2021). Thus, the upregulation of genes (pmt-1 and pmt-2, Brendza et al., 2007) 

related to its biosynthesis in AS worms (Paredes et al., under review) could be an indication of 

worm-to-symbiont lipid transfer. 

Additionally, metabolomics detected hydrocarbons in the symbiont fraction (e.g., hex-

adecane, eicosane, docosane), which based on the symbiont genome draft and the host tran-

scriptome, could also be host-derived. Further comparison of the symbiont genome and the 

nematode transcriptome allows us to hypothesize symbiont-to-host transfer of sucrose, heme, 

all B-vitamins, essential amino acids (except B6 and threonine, respectively), and a wide array 

of small organic carbon compounds (e.g., acetate, lactate, propionate). Metabolomics also sup-

ported the symbiont-to-host transfer of sucrose and trehalose (Paredes et al., under review). 

Finally, it is hypothesized that Stilbonematinae might gain carbon and energy from 

grazing on their bacteria (Ott et al., 2004a, b). Hints of bacterial digestion were the high ex-

pression of a gene encoding acid phosphatase (acp-7-like) (among the top 100 expressed tran-

scripts across all conditions), and the upregulation of two acid phosphatases and two arylsulfa-

tases in H worms, all considered markers of lysosomal activity (Yuen et al., 2019). 
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5.3 Linking the physiology of Candidatus Thiosymbion with its cell biology 

Figure 3. Schematic representation of Ca. T. oneisti transitioning from a free-living (likely a flagellated 

anaerobe with an ori-ter (longitudinal) chromosome configuration) to a symbiotic form (with fixed left-

ori-right (transverse) chromosome configuration), and switching from transverse to longitudinal fission 

(dashed lines) (Weber et al., 2019). We propose that aside from oxygen exposure, the nutritional com-

pounds gained from the nematode, such as phospholipids (P-lipids) and/or organic carbon compounds 

(Paredes et al., 2021) might have served such transition and the evolution of its reproduction mode and 

that a fixed chromosome configuration would enable the localization of genetic loci into an environ-

mental side (blue dots) and a host side (grey dots). Modified from Weber et al., 2019. Corg: Organic 

carbon compounds transporter genes, DNA: Deoxyribonucleic acid, ori: origin of replication, ter: ter-

minus of replication, Urea transp.: urea transporter genes.  

Although longitudinal division is a rarity (Bulgheresi et al., 2016), up to this work, its under-

standing in a physiological and ecological context was not attempted: Chapter II (Paredes et 

al., 2021) puts Ca. T. oneisti longitudinal fission in a physiological and ecological context, 

while Chapter IV addresses how its chromosome is segregated (Weber et al., 2019).  

In Paredes et al. (2021), we observed a significantly higher number of dividing symbi-

onts under the AS condition. Namely, we counted 21.4 % versus 30.1 % dividing cells under 

the H and AS conditions, respectively. Consistently, several symbiont cell division genes (e.g., 
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ftsE, ftsX, damX, ftsN; Typas et al., 2011) were upregulated under AS. This was remarkable as 

a higher proliferation of a thiotroph in anaerobic relative to aerobic conditions has, to the best 

of our knowledge, not been reported (e.g., see Justin et al., 1978; Timmer-ten Hoor et al., 1981; 

Sorokin et al., 2004; Nunoura et al., 2014). We propose that sulfur oxidation coupled to deni-

trification and, perhaps, host-to-symbiont phospholipid transfer support bacterial growth under 

AS conditions. Conversely, lower Ca. Thiosymbion proliferation in the presence of oxygen, 

might be related to the global stress response, and we speculate that oxidative stress might be 

hampering symbiont proliferation in oxygenated sand (Nyström et al., 1992, 2001, 2002; Alds-

worth 1999; Page and Peti, 2016).  

 Concerning Chapter IV, by using a combination of DNA fluorescence in situ hybridization 

(FISH), and immunofluorescence labeling, we discovered that in the monoploid Ca. T. oneisti, 

a bidimensional segregation mode endows maintenance of chromosome configuration through-

out generations. Namely, the two sister ori segregate along the short and the long cell axis 

(diagonally), likely helped by the ParABS chromosome segregation system. But the bidirec-

tional segregation mode of Ca. T. oneisti chromosome is not the only extraordinary feature of 

this symbiont. Another peculiarity is that, even though its chromosome configuration is trans-

versal (left-ori-right), it is fixed. Up to this work, only unipolar flagellated bacteria (e.g., Pseu-

domonas aeruginosa and Vibrio cholerae), which display longitudinal (ori-ter) configurations, 

were known to have fixed chromosome configurations (Fogel and Waldor, 2005; Vallet-Gely 

and Boccard, 2013). In Weber et al. (2019) we propose that Ca. T. oneisti evolved a fixed 

chromosome configuration (i.e. the chromosome orientation toward the host is maintained 

throughout the generations) to permanently position loci ascribed to the symbiotic lifestyle in 

the vicinity of the worm (e.g., Corg uptake genes), and confine those related to the environment 

to the distal cell pole (e.g., urea uptake genes) (Figure 3). Further studies, beyond the scope of 

this work, (e.g., combining imaging techniques and high-resolution mapping of the of 3D chro-

mosome structure by chromosome conformation capture (3C); Hagège et al., 2007) would be 

needed to confirm our hypothesis.   

 Chapter IV also reports the reproduction mode of the cuboid bacterium Candidatus Thi-

osymbion cuboideus (Weber et al., accepted). This symbiont lives attached to the Stilbonemat-

inae Catanema sp. and forms a continuous monolayer on the surface of the worm (Polz et al., 

1992). Besides being the first bacteria shown to be cube-like, its division is FtsZ-mediated. 

Notably, 3D-Structured illumination microscopy (SIM) microscopy revealed that FtsZ mostly 
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polymerized into either sharp-cornered or straight filaments. Therefore, this implies that mem-

brane roundness is not required for the tubulin homolog FtsZ to function. Moreover, we showed 

that Ca. T. cuboideus peptidoglycan insertion and FtsZ localization patterns not only were sim-

ilar but also host-polarized. Namely, in early division stages, both septation and FtsZ localiza-

tion started first at the cell proximal pole (the one adjacent to the nematode cuticle), followed 

by the distal pole; that is, asynchronous division). Based on the latter, we proposed that FtsZ 

could be mediating septal peptidoglycan insertion in these cube-like symbionts.  

Although the kind of bacterial physiology that drove the evolution of a cuboid shape is 

still eluding us, we hypothesize that, as Ca. T. oneisti, Ca. T. cuboideus FtsZ-mediated fission 

could have evolved to serve the physiological needs of the bacteria (and the host). In other 

words, the suit of putative nutritional benefits (e.g., lipids, organic compounds) that the 

symbiont could be gaining from its host, might have driven the evolution of their division 

modes, which guarantees uninterrupted host attachment to both daughter cells (Figure 3). How-

ever, in comparison to a rod-shaped symbiont, its cuboid shape would maximize the contact 

surface area with the neighboring cells (and with the nematode).  

A comprehensive comparative omics study between the different Ca. Thiosymbion 

symbionts and the different Stilbonematinae worms (and in an ecological context, for example, 

different oxygen concentrations) awaits to elucidate specific host-microbe interactions in the 

Catanema sp. ectosymbiosis. 
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CONCLUSIVE REMARKS 

As coined in Petersen and Yuen (2020), Ca. T. oneisti is metabolically an “all-rounder”. With 

a 4.35 Mb-sized genome – as large as those of some thiotrophic free-living bacteria (e.g., see 

Weissgerber et al., 2011; Kyndt et al., 2020) – Ca. Thiosymbion does not show hints of meta-

bolic reduction. Indeed, it can synthesize a wide array of compounds, ranging from all amino 

acids (except threonine) to all B vitamins, and use a suite of nitrogen compounds, carbon 

sources, and electron acceptors. Of note, our data highlighted the importance of anaerobic elec-

tron acceptors and heterotrophy for energy generation, both largely overlooked.  

Based on the top expressed transcripts under all conditions, L. oneistus highly engages 

in processes that might not be directly related to the symbiotic lifestyle (e.g., ubiquitination, 

energy-generation, cytoskeleton, locomotion). Taken together, although we found putative nu-

tritional links, our data support a weak metabolic interdependence between this nematode and 

its bacterium. 

We speculate that Ca. T. oneisti evolved from an obligate anaerobe as its most closely 

related free-living relatives are anoxygenic phototrophic purple sulfur bacteria of the family 

Chromatiaceae (e.g., Allochromatium vinosum) (Petersen et al. 2016; Zimmerman et al., 2016). 

Additional genetic hints of Ca. T. oneisti anaerobic ancestry described in Paredes et al. (2021) 

are the capability of using several anaerobic electron acceptors, of synthesizing (as L. oneistus; 

Paredes et al., under review) the anaerobic electron carrier rhodoquinone, and the global down-

regulation of stress-related genes in the absence of oxygen. If anoxia seems to be the preferred 

condition for Ca. T. oneisti, the host seems to be suffering instead, as it mostly engages in 

degradation pathways that might be crucial for recycling under nutrient scarcity. On the con-

trary, in superficial sand, it appears that it is the symbiont to be globally stressed, while the host 

engages in several biosynthetic and developmental processes. Therefore, it is fascinating that, 

despite the apparent dramatically different needs the two partners have, the Laxus-Thiosym-

bion symbiosis evolved. Importantly, the fact that L. oneistus has not been found without its 

symbiont (and vice versa) attests to the success of this symbiosis. 

All in all, host vertical migrations might ultimately have allowed each partner to expand 

its ancestral habitat: on the one hand, symbiont exposure to oxygen likely pushed the evolution 



Chapter V 

193 

of systems to resist oxidative stress and to harvest the most from superficial sand (e.g., oxida-

tive phosphorylation, mixotrophy, and urea uptake). On the other hand, being in anoxic, sul-

fidic sand frees the nematode from predation and gives it access to decomposed organic matter 

(Fenchel and Riedl 1970; Reise and Ax, 1979; Hentschel et al., 1999). Looking at the Laxus-

Thiosymbion holobiont, the maximization of symbiont sulfur oxidation in anoxia would shield 

the worm from sulfide poisoning, where it most needs it (Hentschel et al., 1999; Paredes et al., 

2021). 
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OUTLOOK 

The Laxus-Thiosymbion association thrives in oxic-anoxic interfaces. My thesis is a valuable 

addition to what is known regarding the physiological potential of both partners, and how they 

respond to oxygen. Namely, it provides novel insights on a pivotal topic: the effect of the en-

vironment on the physiology and reproduction of the Laxus-Thiosymbion consortium. Alt-

hough we now know what the partners might exchange (e.g., lipids, organic compounds, 

heme), future studies are needed to unequivocally confirm the transfer of these nutrients. Once 

confirmed, the gained information might become the basis of future attempts to cultivate this 

partnership.  In this final section, I propose some approaches that can further aid in understand-

ing what pushed two seemingly incompatible partners to hold onto each other so that nematode-

bacterium ectosymbioses could evolve.   

1) Couple our Omics, EA-IRMS, and Raman spectroscopy analysis with enzymatic and

biochemical measurements. For example, determine if the observed symbiont gene ex-

pression positively correlates with its enzymatic characterization. This may comprise:

measurements of sulfide oxidation, thiosulfate oxidation, nitrate respiration, and rates

of ammonia assimilation. As for the host, measurements of ATP turnover rates, intra-

cellular pH (e.g., changes in K+, Ca2+, and Na+ fluxes) and oxygen, neuronal electric

activity, fermentation products (e.g., lactate), and storage compounds (e.g., glycogen

and trehalose) might help to unravel other strategies used for anoxic survival.

2) Nematode distribution in sediment cores from Belize, and Guadeloupe (JM. Volland,

personal communication), indicated that Stilbonematinae nematodes have different

habitat distribution, and thus a varying tolerance toward oxygen and sulfide. For exam-

ple, Stilbonema and Robbea occur more superficially (S. Bulgheresi and G. Paredes,

unpublished data), whereas L. oneistus is found mainly in deeper sulfidic layers

(Paredes et al., 2021). Therefore, in situ transcriptomics of L. oneistus and co-occurring

Stilbonematinae could aid in explaining the distribution of Stilbonematinae in the sand.

3) Thanks to the optimization of whole worm transcriptomics (Paredes et al., 2021;

Paredes et al., under review), we will be able to apply laser microdissection to compare
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transcripts from symbiotic versus non-symbiotic tissues of the Laxus oneistus nema-

tode. This approach could confirm and identify additional symbiosis-related genes. 

4) The lack of host genomes hinders the comprehensive study of chemosynthetic adap-

tions. The genome of L. oneistus is estimated to be around 1 Gb and has approximately

95 % repeats (T. Viehboeck, personal communication). Currently, its genome, and that

of another Stilbonematinae nematode, Stilbonema majum, are being assembled using

PacBio long-read sequencing (Sanger Institute, Blaxter Group, United Kingdom).

5) The tracing and visualization of incorporated radiolabeled reduced organic substrates

(e.g., amino acids or lipids) using NanoSIMS might help confirm and identify addi-

tional nutritional interactions.

6) Transmission electron microscopy (TEM) coupled with fluorescence in situ hybridiza-

tion (FISH) targeting the gut of Stilbonematinae could prove whether L. oneistus feeds

upon and digests its symbiont; as proposed in Jensen, 1987; Ott and Novak, 1989; Ott

et al., 1991.

7) Cultivation of the Laxus-Thiosymbion consortium based on what we have learned on

the partner’s habitat (in situ measurements) and physiology (omics and stable isotope-

based techniques), could turn the Laxus-Thiosymbion association into a model symbi-

osis.
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ZUSAMMENFASSUNG 

In meiner Dissertation habe ich eine faszinierende Symbiose zwischen einem Tier und einem 

Bakterium erforscht, nämlich die der marinen, interstitiellen Nematoden, die zur Familie der 

Stilbonematinae gehören. Diese sind außergewöhnlich, da jeder Wurm auf seiner Oberfläche 

einen einzigen Phylotyp von schwefeloxidierenden Gammaproteobakterien trägt, die zur 

Gattung Candidatus Thiosymbion gehören. Obwohl sie weltweit in Meeressedimenten mit 

niedrigem Wasserstand verbreitet sind und aufgrund ihres hohen Vorkommens möglicherweise 

die geochemischen Zyklen der Sedimente beeinflussen, wissen wir immer noch nicht, warum 

diese beiden Organismen in Symbiose leben. Auf der Grundlage ökologischer Studien wurde 

lange Zeit angenommen, dass die Symbionten mit Nematoden assoziiert sind, um deren 

vertikale Wanderungen durch die Redoxzone zu nutzen, d. h. um abwechselnd Zugang zu O2 

in den oberen Sandschichten und zu Schwefelwasserstoff in den tieferen Schichten zu erhalten. 

Bis zu dieser Arbeit war jedoch die physiologische Reaktion des Holobionten auf die 

Bedingungen unerforscht, die er bei seiner Wanderung durch den Sand antrifft. Im Rahmen 

meiner Doktorarbeit habe ich daher die physiologische Reaktion von Laxus oneistus auf beide 

Bedingungen analysiert, indem ich eine breite Palette von Techniken angewandt habe, darunter 

vergleichende Analyse von mRNA, Lipiden, Proteinen und Metaboliten, qPCR, Stabil-

Isotopen Analyse mittels Raman-Spektroskopie und nanoSIMS und Messungen der 

physikalicsh-chemischen Umweltparameter. Um die Physiologie der Symbionten mit ihrer 

Zellbiologie zu verknüpfen, habe ich außerdem ultrastrukturelle Studien durchgeführt und 

DNA-Fluoreszenz-in-situ-Hybridisierung (FISH) angewandt.  

Die im Rahmen meiner Doktorarbeit gesammelten Ergebnisse führten zu vier Publikationen, 

die sich konzeptionell in drei Teile gliedern lassen: 1) Reaktion der Symbionten auf Sauerstoff 

(Paredes et al., 2021); 2) Reaktion des Wirtes auf Sauerstoff (Paredes et al., unter 

Begutachtung); 3) Zellbiologie der Symbionten (Weber, Moessel, Paredes et al., 2019; Weber, 

Paredes et al., zur Publikation akzeptiert). In Bezug auf Teil (1) konnten wir zeigen, dass unter 

Fehlen von Sauerstoff Gene für die Schwefeloxidation hochreguliert wurden und die 

Symbionten weniger gestresst zu sein schienen und sich stärker vermehrten. Unter Sauerstoff 

hingegen wurden Gene, die an der Assimilation von Kohlenstoff und Stickstoff beteiligt sind,  
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hochreguliert. Wir vermuten daher, dass der von den Tieren vermittelte Zugang zu Sauerstoff 

eher die Kohlenstoffspeicherung und die Synthese von Vitaminen und Cofaktoren fördert als 

die Schwefeloxidation. Außerdem könnte der Symbiont von den organischen Verbindungen 

und Lipiden des Wirtes profitieren. In Teil (2) haben wir gezeigt, dass der Wirt ohne Sauerstoff 

weder in einen bewegunglosen Ruhezustand überging noch seinen Stoffwechsel zu 

unterdrücken schien. Stattdessen wurden Abbauwege (z. B. das Ubiquitin-Proteasom-System, 

Autophagie und Apoptose) sowie Gene, die den Aufbau der Symbiose vermitteln könnten (z. 

B. Lektine, Muzine), hochreguliert. War hingegen Sauerstoff vorhanden, schien er kostspielige 

biologische Prozesse wie Entwicklung, Fütterung, Paarung und Fortbewegung zu aktivieren 

und auch Immunantwort und Effektoren (z. B. Fungizide, BPIs) hochzuregulieren. Schließlich 

zeigten wir in Teil (3) eine feste Chromosomenkonfiguration in Ca. Thiosymbion und stellten 

die Hypothese auf, dass dies die Lokalisierung von Membranproteinen erleichtern könnte und 

dies wiederum für die Symbiose zwischen Wurm und Bakterium vorteilhaft sein könnte. 

Schließlich haben wir die Morphologie und die Fortpflanzungsweise des ersten jemals 

beschriebenen würfelförmigen  Bakteriums Ca. T. cuboideus charakterisiert. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix 

217 

ACKNOWLEDGEMENTS 

I thought this section would be the quickest to write, but it turned out to be among the most difficult 

ones. I am at a loss for words to express my gratitude to the people who shared this experience with me, 

in good times and the difficult ones. With my best effort, here it goes! 

• First and foremost to my supervisor, Silvia. I remember the first time we talked about the doctoral

project, and you welcomed me with the ever-smiling personality that identifies you. Now, on the

other end of this journey, I fall short of words to express my heartful gratitude for the constant

input, guidance and dedication throughout these years. I admire the ease with which you are able

to detect innovative ideas and write papers, your ability to learn and deepen different topics and

overall your positive attitude toward life and through adversity. It has been wonderful working

with you side by side and I am confident that future projects will bring us back together again.

• To Tobi and Phili, "my chickens". Thank you for all the moments of hard work and also for the

laughter and friendship that we have spent together. It has been a joy working with you. To my

little brother, Tobi, I admire your organization and accuracy in developing tasks and your constant

learning of new things. Thank you for all the support in our multiple field trips and all the brain-

stormed ideas and discussions. Don’t miss me too much. To Phili, I admire your innovative

ideas, as well as your talent with all sorts of microscopy, graphics software, and your excellent

communication skills. Thank you for all the scientific input throughout the years and all the tips

on Adobe Illustrator, and comments on cell biology.

• To Lena, I am very grateful for everything you taught me regarding transcriptomics, as well as for

our spirited discussions that always lead to improving the quality of our work. Among the many

things that I admire from you is your environmental conscience. Indeed, congratulations for having 

co-founded together with Philipp, Logan, Melina, Ipek, Thomas, and Kevin, Green Labs Austria,

with a lot of effort and from scratch!

• My sincere appreciation to the other (former) members of the Environmental Cell Biology Group:

Friedl, Nicole, Mary, Belma, Amir, Nika, and Jean-Marie.

• My special thanks to the godfather of the Stilbonematinae, Jörg Ott. It would not have been pos-

sible to have had my doctoral studies without your seminal and groundbreaking work on the ecto-

symbiotic nematodes. I am also thankful for all the insightful discussions through the years.



Appendix 

218 

• I also want to thank the insightful discussions with Christa Schleper, Monika Bright, Salvador 

Espada Hinojosa, Florian Scharhauser, Filipa Sousa, Simon Rittmann, Ulisse Cardini, Jill Pe-

tersen, Carolina Reyes, and Wolfgang Miller.

• I am very grateful to all my collaborators: Jean-Marie Volland, Stephanie Markert, Michaela 

Mausz, Yin Chen, Arno Schintlmeister, Raymond Lee, Siegfried Reipert, Marton Palatinszky, 

David Berry, Michael Wagner, Andreas Maier, and Manuel Liebeke; and to the Max-Planck In-

stitute for Marine Microbiology: Wiebke Mohr, Marcel Kuypers, Niko Leisch, Harald Gruber-

Vodicka and Nicole Dubilier, for continuous scientific and technical support.

• My special thanks to Olivier Gros, for granting me the privilege to perform my secondment in 

his laboratory in Guadeloupe, and for all help in sampling collection and equipment organization. 

I also would like to extend my gratitude to Adrien Grimonprez for helping in sampling collection.

• My sincere gratitude to the Carrie Bow Cay Marine Field Station and the Caribbean Coral Reef 

Ecosystem Program. Especially to the station managers, Zach, Edd, Bonnie, Scott, and Lisa, for 

your continuous help during fieldwork. Thank you very much, Bonnie, for accompanying me to 

the hospital of Dangriga, and my dear Martha for all your wonderful stories and delicious cui-

sine!

• I am indebted to Nathalia for her continuous support in all administrative matters. Moreover, 

many thanks to Andrea and Ulf for all the technical support in the laboratory.

• To Eri cherry, Ip (kelebek), Babsi, Meli, Logan, Tommi, Michael, Max, Lisi, Ruth, Isa, Kevin, 

Angus, Sinje, Hyak, Rafa, Thiago; and to overall the Archaea Biology and Ecogenomics Unit, 

gracias chicos! It has been a joy working with you. My special thanks to Logan for sharing your 

scripts and for all the tips on the visa application.

• Mariciña, our coffee breaks where we talked about our achievements and frustrations always 

made me recharge with good energy! Muito obrigada! te quiero

• I would like to thank the University of Vienna for awarding me the Dissertation Completion Grant 

and the DK+ grant (Microbial Nitrogen Cycling) for financing my doctoral work.

• Thank you to the anonymous reviewers because your comments and suggestions greatly aid in 

improving the quality of our work.

• Last but not least, my sincere gratitude to my doctoral opponents Margaret McFall-Ngai, Andreas 

Schramm, and Monika Bright, as well as Gerhard Herndl for heading the committee of my de-

fense.



Appendix 

219 

To the University “outsiders” 

• Para mis padres Hildebrando y Marcela. No tengo palabras para expresar cuánto les quiero, les

extraño, les admiro. No habría logrado lo que tengo sin su apoyo incondicional. Aunque estén

lejos, siempre estamos juntos y les amo desde el infinito hasta el más allá.

• Para mis hermanos, Tana y Brando. Son mis mejores amigos y siempre han sido mi ejemplo ha

seguir. Les amo y gracias por todo su apoyo y por las risas que nos echamos. También quiero

agradecer a Lupo y a mi sobrina Micaela, por existir y hacer la familia más grande y feliz.

• Para mi ubelito Abel y mi abuelita Mima, que los quiero con todo mi corazón.

• Para mis tios Patty, Harvey, Yola, Manuel, Aida, Flory, Esther, Amalia, Albert, Beto, Cunshe,

Shanty, Ricardo, Andi y en general a todo mi familia. Por todo su cariño y apoyo.

• Un agradecimiento muy especial a mis primos Catty, Uchi y a Arturo, que fueron mi mayor in-

spiración para convertirme en científica.

• An die Faas-Gehlen: Karl, Kinni, Pou, Geddi, Karin, Elmer, Moni, Goddi, Tinners, Alexi, primo

Alex, Anne, Uwe, Daniel, Susane, Matt, Cristine, Ben, Sandra (die Familie ist so groß!) Vielen

dank, dass ihr mich mit offenen Armen in eurer Familie aufgenommen habt.

• Abschließend möchte ich Johannes danken. Ich weiß, dass die letzten Monate des Ph.D. be-

sonders schwierig waren, weil ich so gestresst war, aber ich danke dir, dass du es mit mir aus-

gehalten hast, und auch für deine ständige Unterstützung in so vielerlei Hinsicht. Du bist die

netteste, freundlichste und disziplinierteste Person, die ich kenne, die einzige, die meine

(häufigen) dummen Witze erträgt, und ich bin dankbar, dass sich unsere Wege gekreuzt haben.

Gracias mi amore!


	RESULTS
	Hypoxic and oxic conditions induce similar expression profiles.
	Sulfur oxidation genes are upregulated in anoxia.
	Upregulation of anaerobic respiratory enzymes under AS conditions.
	Upregulation of sulfur oxidation genes is not accompanied by increased expression of carbon fixation genes.
	Genes involved in the utilization of organic carbon and polyhydroxyalkanoate (PHA) storage buildup are upregulated in the presence of oxygen.
	Upregulation of nitrogen assimilation in the presence of oxygen.
	Upregulation of biosynthesis of cofactors and vitamins and global stress response in the presence of oxygen.

	DISCUSSION
	Experimental design.
	Anaerobic sulfur oxidation.
	Symbiont proliferation in anoxia.
	Loose coupling of sulfur oxidation and carbon fixation.
	Oxic mixotrophy.
	Oxic nitrogen assimilation.
	Evolutionary considerations.

	MATERIALS AND METHODS
	Sample collection.
	Incubations for RNA sequencing (RNA-Seq).
	RNA extraction, library preparation, and RNA-Seq.
	Genome sequencing, assembly, and functional annotation.
	Gene expression analyses.
	Bulk δ13C isotopic analysis by Isoprime isotope ratio mass spectrometry (EA-IRMS).
	Assessment of the percentage of dividing cells.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES
	INTRODUCTION
	MATERIALS AND METHODS
	Sample collection

	CURBIO15707_proof_v29i18.pdf
	A Bidimensional Segregation Mode Maintains Symbiont Chromosome Orientation toward Its Host
	Introduction
	Results
	Longitudinally Dividing Ca. T. oneisti Is Monoploid, and Its ori Is Segregated along the Cell Short Axis
	Symbiont ParB Recapitulates ori Localization Pattern
	Symbiont ParB Binds an ori-Proximal parS Site In Vitro
	Chromosome Transverse Configuration and Segregation of Sister ter

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Lead Contact and Materials Availability
	Experimental Model and Subject Details
	Method Details
	Oxford Nanopore Technologies sequencing
	DNA Fluorescence In Situ Hybridization
	ParB alignment and phylogenetic tree
	Expression of recombinant Ca. T. oneisti ParB
	Antibodies and western blots
	Identification of Ca. T. oneisti parS and electrophoretic mobility shift assay (EMSA)
	Immunostaining and DNA staining
	Fluorescence microscopy

	Quantification and Statistical Analysis
	Data and Code Availability






