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ABSTRACT

Abstract

Free-living marine nematodes belonging to the subfamily Stilbonematinae carry
symbiotic, autotrophic sulfur-oxidizing Gammaproteobacteria of the genus Candidatus
Thiosymbion on their cuticle. As a prominent member of the thiobios, they may occur at
extremely high abundances (>10° per m?) in shallow water sediments characterized by an
oxygen-sulfide gradient with oxygenated upper layers and anoxic deeper sulfide-rich sands.
Therefore, these chemoautotrophic symbioses might substantially contribute to S, C and N
cycling in shallow water marine sediments and affect their biogeochemistry. It has long been
hypothesized that the symbionts associate to the nematodes to exploit their vertical migrations
through this redox zone as these can alternatively expose them to sulfide (electron donor) and
oxygen (electron acceptor). In this work, we studied the metabolic adaptions of stilbonematid
symbionts by (1) reconstructing symbiont metabolic pathways and adaptions that might be
beneficial to a symbiotic existence by using a combining short (Illumina) and ultra-long-read
(Oxford Nanopore Technologies) sequencing technologies for genome assembly; (2)
measuring their vertical distribution and physicochemical parameters they encounter in the
sediment of Carrie Bow Cay, Belize, and Piran, Slovenia; (3) determining the effect of high and
low oxygen environments on symbiont S, C, N metabolisms by quantifying the transcription
of key metabolic genes (aprA, dsrA, norB, cbbL, nifH) over 72 h by qPCR.

The complementation of Illumina reads with long reads (max. 121 kbp) greatly improved
the overall assembly statistics. As determined by COG and Pfam annotation, Cand.
Thiosymbion oneisti possesses a high number of transposases and toxin-antitoxin systems in
addition to a high number of repeats, and fully encodes for a type II secretion pathway of
proteins (with Sec and Tat pathways), type IV pili and a type VI secretion system, all of which
points to a mobile genome and an extracellular, versatile ecological lifestyle. Moreover, the
diversity in toxin-antitoxin systems poises them as cellular adaptions to nutrient limitation and
environmental stress. In contrast, metabolic reconstruction revealed that all pathways
necessary for a host-independent lifestyle are complete and its genome (4.3 Mbp) is not
reduced. These include auto- and heterotrophy (Calvin cycle, TCA cycle), sulfur oxidation
(Sox/reverse Dsr pathway), denitrification, nitrogen fixation, biosynthesis of all amino acids,
genes encoding for cofactor and vitamin biosynthesis (biotin, folate, polyhdydroxybutyrate,
riboflavin, cobalamin, heme) and ABC transporters (i.e. for acetate, ammonium, molybdate,

urea, phosphate, zinc, lipoproteins, heme).
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The vertical distribution of Stilbonematinae, in particular Laxus oneistus, shows a distinct
maximum at low sulfidic (< 20 uM) and low oxygen (< 20 uM) concentrations. Ammonia,
nitrate, nitrite and DOC concentrations varied between sites, with ammonium potentially
being the main nitrogen source for the ectosymbionts.

The genome-derived hypotheses tested in oxic and hypoxic incubations elucidated
simultaneous respiration of oxygen and nitrate for carbon fixation, both enhanced in the
hypoxic incubation. Both genes for sulfur oxidation (aprA, dsrA) decreased over time
supposedly due to exhaustion of the internal sulfur storage. Moreover, nitrogen fixation (nifH
transcription) might increase upon 72 h-long hypoxia.

All in all, the data suggest a versatile stilbonematid symbionts’ metabolism optimized to

exploit environment with low redox potential.
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Introduction

The thiobios, life in an extreme environment

Fenchel & Riedl introduced the ‘sulfide system’ in 1970 [1] to describe (meiobenthic) life
(termed ‘thiobiome’ or ‘thiobios’ [2]) and trophic significance of anaerobic decomposition
beneath oxidized marine sediments in the ‘black zone’. As this is characterized by strongly
reducing, micro- to anaerobic conditions with high concentrations of sulfide, it was previously
considered to be azoic. Microbial reduction of virtually unlimited sulfate is the driving force
through with sulfide develops and accumulates in deeper, organically rich and oxygen-depleted
layers [3,4]. In this complex habitat, marine benthic meiofauna - that is animals 44 to 500 um
in size - represents a relevant biological and ecological unit on its own [5-8]. Nematodes of the
subfamily of Stilbonematinae - the subjects of this thesis and further discussed below - are
members of the thiobios and occur world-wide from temperate to tropical waters [9]. The
extreme environments they inhabit include shallow water seeps [10-13], deep sea [14], gas-
hydrothermal vents [15], shallow water vents [15-17], mangroves and hypoxic/anoxic
environments and are adapted to the upper and lower limits of life [9] (as reviewed in [18]).

Life in anoxia has particular advantages such as sufficient food supply under low
competitive stress and avoidance of competition because of low meiofaunal density [16,19-22],
prevention of detrimental epigrowth [19], stability of physical parameters (O, redox potential,
pore water content, temperature, salinity) due to lack of influence of heavy rainfall, strong
currents and waves in shallow water ecosystems [20,21].

The existence of life in anoxia was thought to be a Precambrian relict because the
anaerobic biosystem preceded aerobic life on Earth [1,2,23-26]. Opposing this idea, there are
specific physical and structural adaptions that have developed that allow survival and
flourishing of this complex and specific biome [10,27-32]. Although Powell (1989) [28]
concluded that life in high sulfidic environments, which are normally lethal' [33-40], is only
possible if the organisms are sulfide insensitive, no report of sulfide intolerance or a sulfur
insensitive respiration chain is known [41-43], and thus, a detoxification system such as an
effective export mechanism [16,44] or protective proteins (hematins) [45,46] must be present

to prevent H,S toxification. Only in oxygen-dependent macrobenthic freshwater fauna

! by binding to cytochrome c at the heme site or by reducing disulfide bridges [31]
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inhabiting the thiobios high abundance of sulfide-insensitive enzymes was found [47]. Some
meiobenthic metazoans deposit sulfur granules in their epidermis that reduce the toxic effect
and serve as an energy deposit [41,48,49] or excrete sulfur droplets [16]. Others precipitate
ferrous sulfide on their body surface to inhibit the flow of sulfide into the body [41,48-52].
Sulfur oxidation in mitochondria coupled to succinate formation was proposed [53-55], but
the underlying molecular mechanisms and their efficiencies remain unclear. Only for
Parahaploposthia (Turbellaria) sulfide (and cyanide) insensitivity was found [56]. In other
cases, high sulfidic habitats are simply avoided [11,31,34,57-59].

Metazoan life under oxygen limitation

Sulfide can deplete the interstitial pore water from oxygen. Anaerobic metazoans are
defined as “organisms that can complete their life cycle in absolute absence of oxygen” [60].
Extensive literature on microaerophilic invertebrates that tolerate anoxia (or oxygen
concentrations below the detection limit) not only for irregular time intervals during low tides
[61], but also, in extreme environments, for extended periods of time is available (reviewed in
[18]).

Only anecdotal reports of nematodes reproducing in anoxia in a subterranean cave are
available and the complete anoxic life cycle suggested for Loricifera from deep hypersaline
anoxic basins in the Mediterranean Sea is highly debated [62-65]. Therefore, irrefutable proofs
of the existence of anaerobic metazoans are lacking. An increase of body surface area to volume
(pronounced in slender bodies) facilitates epidermal absorption of low oxygen concentrations
or dissolved organic matter, and allow the thiobios to be mobile even in stiffer clays [16,22,66-
70]. Hemoglobins with high oxygen affinity [71-76] or oxygen storage capability [77] may
counteract the absence of oxygen. Among the thiobios, marine and limnic nematodes seem
tolerant, if not most resistant among the thiobios [2,19,69,77-87] to anaerobic and reducing
conditions in deeper layers [20], especially at the redox potential discontinuity (RPD) layer® or

below [20,67,68,88-92]. Survival of non-symbiotic metazoans at low oxygen levels and high

> Upper boundary of the sulfide system, where oxidized change into reduced conditions [1,384],
and redox potential (Eh) has a value of 0. The RPD layer is chemically characterized by high
oxygen and nitrate concentrations in the upper layer and high concentrations of ferric iron,

manganese, and sulfate in the lower layers.

10
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sulfide concentrations has been reported [58,93-100], theoretically possible through oxygen
diffusion alone [28,60,101]. Nematodes, including Stilbonematinae, are capable of oxygen
uptake [19,102] at low rates [29]. However, long-term anoxic incubations are biased due to
death by starvation [20] and only little information about anaerobic energy gain (e.g.
eukaryotic denitrification and sulfate reduction) is known [103]. There is no evidence of non-
oxidative phosphorylation. High mitochondrial density is an adaptation to low oxygen [104-
106], some oxygen-sensitive invertebrates use glycolytic pathway for ATP generation,
metabolize stored glycogen or use supplementary fermentative pathways in mitochondria
when exposed to short-term anoxia [30,52].
There are various responses of meiofauna to anoxia:
- Reproduction of the annelid Tubifex sp. in anoxia was reported [107], although traces of
oxygen in the set-up cannot be excluded.
- Anoxia triggered hatching of juveniles of the nematode Metachromadora vivipararus
possibly due to the stressful conditions anoxia represents to it [80].
- The free-living nematode Sabatieria was present permanently in hypoxic or anoxic
sediments [69] but on the mechanisms of adaptations can only be speculated [25].
- Cletocamptus confluens (Copepoda) enters quiescence when exposed to high sulfide [30].
- Marine annelids have developed mechanisms of production and storage of opines by
fermentation of pyruvate that can be used when oxygen becomes available again
[108,109].
Other meiofaunal invertebrates inhabit micro-aerobic niches [1,110] or oxygen islands

generated by macrofaunal bioturbation [111,112] (Figure 1).

Nematodes live in the interstitial environment of sediment in pore water [113] and thus
their distribution is shaped by chemical gradients. Stilbonematinae have a strong
chemosensory system, but to what extent chemotaxis can occur is not known [11]. Although
the RPD layer defines the sulfide biome and the population density of nematodes is high in its
vicinity [1,25], oxygen solely shapes the distribution of benthic organisms [25,68]. Nematodes
are a prominent component of deeper meiobenthic fauna [22,29,67,114] and the existence of

life exclusive under reducing conditions was hypothesized [19].

11
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Macrobenthos change physicochemical gradients of the sediment, as well as plant growth
[115-117], the former representing also a strong biotic influence (e.g. food source, grazing,

predation) on animal distribution [20,113].

benthic benthic
microalgae ° fauna

SEDIMENT

Figure 1. Sources and distribution of oxygen in shallow, subtidal sediment. Sulfide is shaped
antagonistically. Taken from Giere (2008) [8].

Microbial association as survival strategy

Another adaptation to life in marine sediment enriched with H,S and depleted in oxygen
is the bacterial coverage [15,29,33,68], as all nematodes of the subfamily Stilbonematinae have
[19]. The nematode host might benefit from symbiont-mediated sulfide detoxification and a
nutritional symbiosis has been postulated [29,68,118]. Because anaerobic metabolism is less
efficient [20], non-symbiotic worms showed reduced survival in anoxic incubations [80].
Evidence that symbionts provide nutrients, and consequently energy, was first given in
Pogonophora (Vestimentifera), which lack a mouth, digestive tract, and anus. Chemotrophy,
in contrast to phototrophy, does not include light as an energy source but the oxidation of
inorganic hydrogen sulfide, elemental sulfur, dihydrogen, ammonia or ferrous iron. Carbon is
supplied by fixing inorganic carbon (as in autotrophs, e.g. CO,) or organic carbon (as in
heterotrophs).

The discovery of the association of the vestimentiferan tube worm, Riftia pachyptila, with
chemoautotrophic bacteria at hydrothermal vents [119,120] revolutionized the view on the
impact of bacteria on host nutrition. Lacking a mouth or gut and being unable to obtain organic

compounds by diffusion, R. pachyptila gains the latter via bacterial, sulfur oxidation-driven

12
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CO; fixation. Riftia symbionts also play an important role in resource recycling in nutrient-
poor habitats [57,70,121-129]. Soon after the Riftia symbiosis discovery, additional thiotrophic
symbioses were described in more accessible shallow water coastal ecosystems too
[114,120,130,131]. So far, seven eukaryotic phyla and one archaeon [132] are known to possess
chemoautotrophic, sulfur-oxidizing bacteria. Below, I briefly discuss three among the most

intensively studied shallow water symbioses.

Thio- & diazotrophy in Bivalvia symbioses

Five families of bivalves (Lucinidae, Mytilidae, Solemyidae, Thyasiridae, Vesicomyidae,
Teredinidae) are known to harbor chemosynthetic symbionts [133,134] in gill filaments and
occur from sewage effluent sites [135] to the deep sea [136]. All symbionts are sulfur oxidizers
[133] with oxygen or nitrate used as the terminal electron acceptor [137-140], the deep sea
bathymodiolin mussels additionally harbor a methanoautotrophic symbiont [141,142]. In
addition to symbiont digestion, CO, fixation by RuBisCO [135,143-146] as well as nitrogen
fixation [147,148] may contribute to the host’s nutrition [149-151] and sustain entire
ecosystems [152]. Their successful distribution over the globe is partly due to forming a
tripartite symbiosis with seagrass. This provides dissolved organic molecules and debris to
sulfate reducers and oxygen to the clams and these, in turn, detoxify the sediment for the
seagrass [153]. Except for bathymodiolin mussels that rely on diffusion gradients for providing
electron acceptors and donors to their symbionts [154], sulfide and oxygen are separately
acquired by digging vertically with the foot [11] and are transported via binding to
haemoglobin [155,156]. Additionally, cellulolytic activity for wood degradation and nitrogen

fixation was also observed in Gammaproteobacteria of shipworms [157-159].

Bacterial syntrophy in gutless oligochaetes

Sulfide concentrations between 2 and 32 uM were detected in the habitat of Inandrilus
leukodermatus (Phallodrilinae, Annelida) [160], one member of the so-called marine gutless
oligochaetes due to the reduction of gut and mouth [161-163]. These organisms with world-
wide distribution live buried in the sediment [164] and possess endosymbiotic bacteria below
the cuticle [165,166] that oxidize reduced sulfur compounds to fix CO; or respire sulfate [105].
Each host species harbors three to six specific symbiont phylotypes that belong to Gamma-,

Delta- and Alphaproteobacteria and Spirochaetes and live in syntrophy [167]. Thiotrophic

13
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gammaproteobacterial symbionts of oligochaetes and nematodes are phylogenetically related
and grouped in the Candidatus genus Thiosymbion formerly known as MONTS cluster
[168,169].

In the oligochaete Olavius algarvensis, the yl symbiont is mainly responsible for the
oxidation of reduced sulfur compounds with oxygen for energy generation, whereas the y3
symbiont is mainly a denitrifying sulfur oxidizer. Both symbionts are able to fix CO, via the
Calvin-Benson-Bassham cycle, although y3 additionally generates energy by CO oxidation into
CO, through the aerobic-type CO dehydrogenase [170]. On the other hand, both 81 and 64
symbionts are sulfate reducers, gain energy through H, oxidation via hydrogenases and have
two anaerobic-type CO dehydrogenases, one of which is possibly connected to the Wood-
Ljungdahl pathway (reductive Acetyl-CoA cycle). The capability of heterotrophy is
complemented with the reductive TCA cycle. All four symbionts have high-affinity
transporters allowing them to inhabit locations with low concentrations of electron donors.
Host excretion products can be taken up, more specifically y1 can recycle fermentative waste
and y3 osmolytes (i.e. glycine betaine) [167,171-173]. Only in some individuals of O.
algarvensis (Mediterranean Sea) and O. crassitunicatus (Peru/Southwest Pacific; has y1, y2, 81,
82 & 83 symbionts), a Spirochaete with unknown function has been identified [174]. Symbiotic
Alphaproteobacteria were described in O. loisae (from Australia; 1 y symbiont & Spirochaete)
(175] and I leukodermatus (yl, ala, alb, alc & a3) & I makropetalos (yl alb & a2)
[50,130,176]. Both Inandrilus species bear symbionts encoding for cbbL and aprA [176].

Stilbonematid symbioses

Nematodes are the most abundant, still existing, metazoan and Nathan Cobb, father of
US nematology, draw attention to that fact 100 years ago [177]: “In short, if all the matter in
the universe except the nematodes were swept away, our world would still be dimly
recognizable, and if, as disembodied spirits, we could then investigate it, we should find its
mountains, hills, vales, rivers, lakes, and oceans represented by a film of nematodes. The
location of towns would be decipherable, since for every massing of human beings there would
be a corresponding massing of certain nematodes.” Although the first scientific report of the
parasitic lifestyle of a wheat seed infesting nematode started to stress out the agricultural impact
of nematodes [178], even in marine sediments nematodes are the most abundant taxon

[62,179,180].

14
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An association of marine, free-living nematodes with external, presumably symbiotic
(sensu lato after de Bary 1879 [181]) microorganisms was described in 1936 [182] and thereafter
[15,114,183-188] in all species within the subfamily of Stilbonematinae (Desmodorida) [189].
This association is a specific, binary (one single bacterial phylotype per host species)
ectosymbiosis with chemoautotrophic, sulfide-oxidizing Gammaproteobacteria of the genus
Candidatus Thiosymbion related to free-living members of the Chromatiaceae [168,169,190].
It is neither known whether the symbiosis is obligate for both partners, nor how it is established
(reviewed in [191]). However, host-symbiont recognition in Laxus oneistus® is mediated by the
Mermaids, a family of mannose-binding, Ca**-dependent (C-type) lectins [192] secreted with
mucus through glandular sensory organs [193,194]. The mucus-embedded symbionts are
arranged in a species-specific pattern on the cuticle of the nematode [12]. Concerning
stilbonematid symbiont metabolism, physiological studies reported chemoautotrophy by
sulfur-oxidation [195], denitrification [118], and carbon fixation [11,29,195]. Only genomic
evidence of nitrogen fixation is available so far [147].

Considering the high host-symbiont specificity, and likely co-evolution [68,169],
Stilbonematinae are one evolutionary success story thank to the permanent relationship with a
bacterial coat. This must represent a selective advantage as it was suggested in the ‘microbial
gardening hypothesis’ by Riemann & Schrage (1978) [11,196]. Since Stilbonematinae have a
reduced alimentary gut [114], ingestion of mucus-embedded ectosymbiotic bacteria has been

suggested [66,183] and was observed microscopically for some species [10,197].

Vertical migrations: a thiobios’ ace in the hole?

Another way metazoans deal with the disadvantages of living in low oxygen zones (such
as lack of oxygen for the respiratory chain) is by migrating vertically towards oxygenated upper
layers (Figure 2). This vertical migration behavior can also provide the advantage of avoiding
predation and competition and of living under more stable conditions [198]. Stilbonematinae
and oligochaetes (see the last two sections above) were shown to migrate through sulfide
gradients in agar-filled glass pipettes. Based on these experiments, it was hypothesized that both

invertebrates migrate between oxic and anoxic sediment layers [11,167] in order to expose their

’ from Latin laxus, meaning ‘loose/relaxed” due to their body, and Greek oneistus, meaning

‘most useful’ due to its relevance as an experimental animal [385]
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symbionts alternatively to electron donors (e.g. sulfide) and acceptors (e.g. oxygen, nitrate)
[11]. It is not known how long these organisms reside in the respective layers. An experimental
ecology study by Giere et al. (1991) [199] showed that Inandrilus leukodermatus prefers the
vicinity of the RPD layer at the oxygen/sulfide interface and is only rarely present in the
uppermost layers.

Downward migrations can also be a result of low water content during low tide, changes
in salinity because of heavy rainfall or strong currents and waves. According to the
‘intermediate disturbance hypothesis’, nematodes from disturbed sediments are more adapted
to physicochemical changes than those in stable sediments [8,200]. Leptonomella was detected
exclusively below 6 cm and vertical migrations were hypothesized because of temperature, high
light intensity and correlated diatom migrations [198]. Light intensity is also shaping
oligochaete distribution [21]. Vertical migration of the nematode Theristus anoxybioticus
through an oxygen gradient is linked to its reproduction: downwards migration occurs for
juveniles to hatch and upwards during adulthood to feed on diatoms, although survival of
juveniles was limited to 15 days in anoxia [201].

In turn, meiofaunal migration has a positive ecological impact on nutrient cycling that
stimulates bacterial growth. Cycling of oxygen, fractionation of larger organic larger particles,
excretion of phosphorus, and nitrogen from animals thrive bacterial communities in the

sediment [202].

Shallow water sediment

e donor e acceptor

Figure 2. Sketch illustrating a stilbonematid nematode migrating between oxic and anoxic
sediment layers. The migrations alternatively expose the symbionts to electron donors (e.g.,
sulfide) and acceptors (oxygen, nitrate). Adapted from Ott ef al. 1991 [11].
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Aims of this thesis

To study the metabolic adaptations of the stilbonematid symbiont Cand. Thiosymbion

to the challenging ‘black layer’, three synergistic approaches were used:

(1) Genome-based prediction of symbiont metabolic pathways (in silico study). We
predicted the metabolic pathways of Cand. Thiosymbion oneisti by combining the
available short- (Illumina; [147]) with long (Oxford Nanopore Technologies, ONT)-
read sequencing technology. Frequently, short-read sequencing cannot resolve
complex genomes containing long repeats. To reduce the high fragmentation of
short-read sequencing, long reads obtained with ONT or PacBio can help scaffolding
[llumina-based contigs by bridging the gaps [203]. Long read, single-strand
sequencing on a handheld device was made possible by sensing the change in ionic
current when a DNA-strand passes through a pore as envisioned by David Deamer
in 1989 and developed by ONT [204]. Different assembly programs in terms of
accuracy, time, and number of annotated features were compared. Finally, a
comprehensive annotation pipeline was applied to provide in silico information into
the symbiont’s metabolic potential since cultivation has not been successful yet. So
far, direct genomic analyses of symbiotic entities have provided useful insights about
uncultured marine symbionts [167,205-207] such as metabolic independencies,
molecular regulation, and mechanisms for host recognition and physiological
requirements/adaptations for living in oxygen-depleted, sulfidic habitats.

(2) Characterization of abiotic environmental conditions encountered by the
symbionts (field study). We measured the physicochemical parameters to which
Stilbonematinae are exposed in their natural habitat. Namely, the vertical distribution
of two co-occurring stilbonematid nematodes - Laxus oneistus and Stilbonema sp. -
was related to the concentration of oxygen, sulfide, ammonia, nitrate, nitrite, and
dissolved organic carbon (DOC) in the pore water of sediment cores collected at
Carrie Bow Cay, Belize, and Piran, Slovenia.

(3) Symbiont metabolic response to oxygen limitation (laboratory study). We
exposed Cand. Thiosymbion to two types of conditions (oxic and hypoxic) likely

encountered in their natural habitat. In this controlled, laboratory setup,

17
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transcriptional levels of key metabolic genes of Cand. T. quadrati?, the symbiont of
the stilbonematid nematode Catanema sp., for sulfide oxidation, denitrification, CO,

fixation, and nitrogen fixation were measured over a 72 h time period.

* The name will be proposed elsewhere (Weber, Pende et al., in prep.)
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Material & Methods

Nematode collection

Individuals of Laxus oneistus were collected on multiple field trips (2013-2016) at approx.
1 m depth from a shallow back-reef sand bar off Carrie Bow Cay (16.803058, -88.081783),
Belize, by stirring the sediment in seawater and pouring the supernatant through a 212 pm
pore-size sieve. The retained meiofauna was transferred into a Petri dish, and single nematodes
were identified based on morphological features, picked by hand under a dissecting
microscope, fixed in methanol and transported and stored at -20 °C.

For qPCR, Catanema sp. was collected by Jean-Marie Volland in 2016-2017 in
Guadeloupe, France, off ‘Tlet 2 Cochons’ at approx. 0.5 m depth by stirring the sediment in
seawater and pouring the supernatant through a 212 pm pore-size sieve. The retained
meiofauna was transferred into a Petri dish, and single nematodes were identified based on
morphological features, picked by hand under a dissecting microscope, fixed in methanol and

transported and stored at -20 °C. In total, four sediment extractions was performed (Table 2).

Oxford Nanopore sequencing of symbiont Cand. Thiosymbion oneisti

DNA extraction

Approx. 800 Laxus oneistus individuals were incubated three times for 5 min each in
TE-Buffer (10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0) to dissociate the ectosymbionts.
Dissociated symbionts were collected by 10 min centrifugation at 7,000 x g and subsequent
removal of the supernatant. DNA was extracted from this pellet using the Blood and Tissue Kit
(Qiagen) according to the manufacturers’ instructions. Namely, the pellet was resuspended in
180 pl Buffer ATL by carefully pipetting up and down, 20 ul proteinase K (600 mAU/ml) added
and incubated at 56 °C overnight on a thermoblock at 300 rpm. To degrade RNA, 4 ul of
Riboshredder RNase blend (1 U/pl, Epicentre) and incubated 5 min at 37 °C. After adding 200
ul buffer AL and 200 pl 100 % ethanol, the mixture was pipetted into a DNeasy Mini spin
column and centrifuged for 1 min at 6,000 x g. The column was washed once with 500 pl buffer
AW]1, centrifuged for 1 min at 6,000 x g, then washed with 500 ul buffer AW2 and the column
dried for 3 min at 20,000 x g and left open for 10 min for complete drying. For elution, 200 pl
preheated (60 °C) buffer AE was added into the column, incubated for 5 min at room

temperature and centrifuged for 1 min at 6,000 x g. For up concentrating, the eluant was mixed
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with 100 ul DNA binding buffer of DNA Clean & Concentrator-5 (Zymo Research) and
centrifuged through the provided column for 30 s at 12,000 x g, then washed once with 200 pl
DNA wash buffer and centrifugation for 30 s at 12,000 x g and dried at room temperature for
10 min. DNA was eluted twice with 10 pl nuclease free water, incubated for 5 min and
centrifuged for 30 s at 12,000 x g.

DNA concentration was measured on Qubit 2.0 Fluorometer (Life technologies) and
purity measured using NanoDrop (ND-1000, PeqLab). DNA size was estimated on a 0.3 %
agarose gel in-gel stained with ethidium bromide using 0.6 ug GeneRuler High Range DNA
Ladder (0.1 pg/pl, Thermo Fisher Scientific).

ONT MinION library preparation

Oxford Nanopore Technologies’ (ONT) 1D sequencing library was prepared according
to the SQK-RADO002 Rapid Sequencing kit protocol. In short, 200 ng DNA was mixed with 2.5
ul Fragmentation Mix (ONT) in a final volume of 10 ul with nuclease-free water and incubated
at 30 °C for 1 min followed by 75 °C for 1 min. 1 ul Rapid Adapter (ONT) was added to the
tagmented DNA, gently mixed and 0.2 pl Blunt/TA Ligase Master Mix (New England Biolabs)
added, mixed and incubated for 5 min at room temperature.

The sequencing mix was prepared with 11 pl of DNA library, 3.5 ul nuclease-free water,
35 pl Running Buffer with Fuel Mix (ONT) and 25.5 pl Library Loading Beads (ONT).

ONT MinlION sequencing and base calling

To assess the number of active pores on a R9.4 flow cell (FLO-MIN106; ONT), platform
QC was carried out according to the manufacturer’s protocol by running the MinKNOWN
platform QC (ONT). The sequencing mix was added to the flow cell R9.4 for a 24 h run.

Base calling of raw MinION reads was performed automatically with the Metrichor
Agent v1.4.2 (ONT), the resulting data were retrieved in fast5 format and reads sorted into

‘passed’ and ‘failed” automatically.

Read statistics
Read statistics and read quality plots were calculated using PRINSEQ-lite v0.20.4 [208].

Coverage was estimated with a genome size of 4.3 Mbp. Poretools v0.6.0 [209] and NanoOK
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v1.31 [210] was used to calculate and visualize statistics based on the fast5 reads, GC content

in % was calculated with a custom script and visualized with SPSS v24 (IBM).

De novo assemblies

Raw reads for one stilbonematid individual including its symbiont, obtained by Illumina
HiSeq 2 x 100 bp paired-end sequencing as well as a genome draft assembled of these reads
[147] were provided by Harald Gruber-Vodicka (referred to SPAdes Illumina).

For the raw reads, adapters were removed and filtered using bbduk (BBMap v37.22
[211]), with a minimum length of 36 and a minimum phred score of 2. Trimmed reads were
mapped onto the genome draft using the bwa-mem algorithm (bwa v0.7.16a-r1181 [212]).
Reads that did not map back were discarded.

[llumina-nanopore hybrid assembly (referred to as SPAdes hybrid) was done with
SPAdes v3.11 [213] and MaSuRCA v3.2.2 [214] including only ‘passed’ reads obtained from
nanopore. Spades-hybrid assembly was run according to [147] including the --nanopore
option. Contigs lower than 200 bp and a coverage lower than 5X were filtered out with a custom
python script. MaSuRCA-hybrid assembly was run with default parameters (referred to as
MaSuRCA  hybrid). Canu v1.5 [215] was run with -genome=4.7m and
correctedErrorRate=0.105.

All contigs of the Illumina assembly were mapped to the hybrid assemblies using the
bwa-mem algorithm (bwa v0.7.16a-r1181 [212]) and statistics calculated using samtools stats

v 1.6 (using htslib 1.6).

Comparative analysis
Metrics

For SPAdes assembly, SPAdes-hybrid assembly filtered and unfiltered and MaSuRCA-
hybrid assembly, statistics were calculated with GenomeTools v1.5.10 (N50, L50, longest
contig, number of contigs, total contig length) [216]. CPU time for each assembler was
measured using the t ime command as integrated into Linux. User time and system time was
reported. Illustration of the contig sizes, cumulative length, and distribution of GC (%) was
achieved with Quast v4.6.0 [217].

Ribosomal RNAs were predicted with RNAmmer v1.2 (specifying bacteria asa super
kingdom) [218], tRNAs and tmRNAs with ARAGORN v1.2.37 [219], and completeness,
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contamination, and strain heterogeneity checked with CheckM v1.0.7 [220] using a lineage-
specific marker gene set. Average GC content was calculated with a custom python script. Non-
coding RNAs (ncRNAs) were predicted using Infernal v1.1.2 [221] with Rfam database v12.2
[222], clustered regularly interspaced short palindromic repeats (CRISPR) found with
MinCED v2.0 [223] and number of signal peptide cleavage sites with SignalP v4.1 [224] (after
[207]).

Homopolymers (5-mers) were counted with a custom script and visualized with

SPSS v24 (IBM).

Whole genome alignment

For aligning the SPAdes assembly against the SPAdes-hybrid filtered assembly and the
SPAdes-hybrid filtered assembly against the MaSuRCA-hybrid assembly, MUMmer v3.23
[225] with the nucmer alignment script, suitable for aligning two draft genomes, was used. The
alignment file was converted to contain coordinates and filtered in ‘contigs with high similarity’
with a nucleotide identity > 99 % and a coverage of > 90 %, and in ‘contigs with medium
similarity’ with a nucleotide identity < 99 % and a coverage of < 90 %. Alignments were
illustrated with Circos v0.69-6 [226].

Whole-genome based average nucleotide identity was calculated with ANIcalculator v1.0
[227]. Hierarchical clustering using euclidean distance and the UPGMA method and plotting

of the heatmap was performed in R v3.3.2 [228] using heatmap . 2 of the gplots library [229].

Genome annotation

Contigs of the SPAdes-hybrid assembly were annotated using Prokka v1.12 (presets
genetic code 11, gram neg., kingdom Bacteria) [230]. Venn diagrams were generated
with jvenn [231]. Assignment of the predicted proteins to Clusters of Orthologous Groups
(COGs) was done using rpsblast of the NCBI package blast v2.6.0 [232,233] against NCBI’s
COG database (ftp://ftp.ncbi.nih.gov/pub/mmdb/cdd/little_endian/Cog_LE.tar.gz, as of
March 28, 2017) with a 10 e-value cutoff and only the top hit retained, followed by manually
assigning functional categories (ftp://ftp.ncbi.nih.gov/pub/COG/COG2014/data/fun2003-
2014.tab) to COG numbers (after [234]). Protein family (Pfam) domains were assigned using
hmmscan of the HMMER v3.1b2 [235] package against Pfam HMM v31.0 database [236] with

a 10~ e-value cutoff. Clans were assigned to Pfam domains with a custom script. CRISPR loci
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were predicted with the CRISPR finder tool [237] only reporting confirmed CRISPRs with
more than 3 spacers. Proteins with signal peptides were predicted using SignalP 4.1 Server
[224], PECAS (genomics.cicbiogune.es/PECAS/index.php) and Phobius v1.01 [238], and
reported if it was predicted with at least two of the methods. Proteins containing
transmembrane helices were identified with TMHMM Server v2.0 [239]. For screening of
carbohydrate-active domains, proteins were compared using hmmscan against the dbCAN
database v6 [240] containing profile hidden Markov models (HMM). Overlapping hits were
discarded using the micropan package [241] in R v3.3.2, and the hit with the lowest e-value
retained. After filtering, an e-value cutoff of 10 was applied for alignments longer than 80
amino acids and an e-value cutoff of 10° for alignments shorter than 80 amino acids.
Localization of predicted proteins was done by PSORTD v3.0 [242]. RepSeek [243] has been
used to detect approximate repeats. Repeats, non-coding genes, and protein-coding genes
(found by Prokka) were mapped back onto the draft genome using blastn and tblastn of the
NCBI package blast v2.6.0 [232,233] and visualized with Circos v0.69-6 [226]. The same
pipeline was applied to Escherichia coli K12 substr. MG1655 (RefSeq acc. no. NC_000913.3)
and Shigella dysenteriae Sd197 (RefSeq acc. no. NC_007606.1). Pathways were reconstructed
by assigning Kyoto Encyclopedia of Genes and Genomes (KEGG) K-numbers [244] to the
protein sequences using BlastKOALA Server v2.1 [245]. Nif gene cluster was plotted using

DNAfeaturesViewer (Edinburgh Genome Foundry, unpubl.).

Habitat characterization of Laxus oneistus and Stilbonema sp.

Sampling of sediment cores

Sediment cores were collected in July 2017 in a Caribbean Sea shallow (~0.5 m depth)
sand bar off Carrie Bow Cay, Belize (16.803058, -88.081783) and in September 2017 in a
Mediterranean Sea sand bar off the coast of Piran, Slovenia (45.514848, 13.571020). Plexiglas
cores (60 mm inner diameter) were forced into the sediment down to a depth of 30 cm (for
Carrie Bow Cay) and 10 cm (for Piran), in total 15 cores for Carrie Bow Cay and seven cores
for Piran were retrieved. For the Carrie Bow Cay cores, sediment cores are grouped into cores
away from seagrass beds (approx. 1 m from Thalassia sp. beds [246]) and cores in proximity to
seagrass (at the sand - Thaliassia sp. bed interface). Corers were closed with rubber lids and
brought immediately to the laboratory without further disturbance. Pore water was extracted

in 6 cm (for Carrie Bow Cay cores) and 3 cm (for Piran cores) intervals using 0.15 um pore-
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size Rhizon MOM samplers (Rhizosphere) within 1 h (Figure 3). For each measurement point,
6 ml (Carrie Bow Cay cores) and 9 ml (Piran cores) pore water was taken, starting from the top
hole. Oxygen (O;) was measured using Fibox 4 trace (PreSens Precision Sensing) with a flow-
through cell FTC-PSt3 (PreSens Precision Sensing). The sample for sulfide measurement was
immediately analyzed, the sample for nitrate measurement stored was at -80 °C. For assessing
the nematode distribution, animals were extracted after the sampling of pore water by
subdividing the core in 6 cm fractions (for Carrie bow Cay) and 3 cm (for Piran), stirring the
sediment in seawater and pouring the supernatant through a 212 um pore-size sieve for three
times. Nematodes were identified and counted under a dissecting microscope. The volume of

extracted sediment was 169.64 cm’ (6 cm core diameter, 6 cm length).

Figure 3. Image showing the sampling of pore water from sediment cores.
The Plexiglas tube was sealed with waterproof tape before forcing it into
the sediment. Pore water was taken with Rhizon MOM samplers
(Rhizosphere) connected to a syringe. For oxygen measurements, a flow-
through optical oxygen sensor (PreSense Precision Sensing) was
connected in between.

Pore water chemistry measurements
Sulfide (S;—, HS, H.S) was measured in triplicates using a quantitative colorimetric assay

after Cline (1969) [247] that is based on the conversion of total sulfide into methylene blue. In
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short, 670 ul of a 2 % zinc acetate solution was mixed with 335 pl sample and subsequently 335
ul 0.5 % N,N-Dimethyl-p-phenylenediamine and 17 pl 10 % ferrous ammonium sulfate added
and incubated for 30 min in the dark. Blank was superficial seawater instead of the sample.
After measuring the absorbance at 670 nm, the concentration was calculated from a standard
curve. Nitrate (NOs™) and nitrite (NO,~) concentrations were determined according to the
Griess method [248] with Vanadium(III) chloride [249]. For NO,™ measurements, 900 pl
sample was mixed with 90 pl Griess reagent (50:50 2 % sulphanilamide : 0.2 % N-(1-naphtyl)-
ethylenediamine dihydrochloride) in triplicates and left 15 min at 30 °C in the dark before
measuring the absorbance at 540 nm in a Tecan Sunrise microplate reader. NO;~ was measured
in triplicates by adding 350 pl Griess reagent and 350 ul 8.3 % Vanadium(III) chloride to 350
ul sample, incubated for 15 min at 30 °C and measuring absorbance at 540 nm in a Tecan
Sunrise microplate reader. Ammonium (NH,4") was measured according to [250] by mixing 1
ml of sample with 40 ul phenol-nitroprusside (3.5 % phenol & 0.04 % sodium nitroprusside)
and alkaline hypochlorite (28 % Na;CsHsO7, 2.2 % NaOH, 4 % NaClO), incubating for 6 h in
the dark at room temperature and measuring the absorbance at 630 nm in a Tecan Sunrise
microplate reader. For all three measurements, a standard curve using NaNO,, KNO;, and
NH,CI, respectively, was prepared fresh for each measurement with artificial seawater [251]
and measured in triplicates. As blank artificial seawater was used instead of the sample. For the
Piran cores, sample and reactant volume were increased proportionally for measuring on a
spectrophotometer DR1900 (Hach). Concentration of dissolved organic carbon (DOC) was
determined by Andreas Maier (Department of Geography and Regional Research, University
Vienna).

The total number of recorded measurements (O,, total sulfide, NH,*, NO,—, NO;—, DOC,
the abundance of Stilbonema sp. and Laxus oneistus) is given in Table 1. For the Piran cores,
measurements (oxygen, total sulfide, ammonium, nitrite, nitrate) were taken for all 7 cores.

Approx. water holding capacity was determined by first slicing the cores at 5 cm intervals

and drying the sediment at 80 °C for 24 h, then adding seawater until saturation was reached.
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Table 1. Number of measurements taken away from and in proximity to seagrass beds in Carrie
Bow Cay, Belize.

Abundance
] _ _ Stilbonema  Laxus
Location Depth O, Sulfidle NH,* NO,~ NO;~ DOC .
oneistus
away from 0 9 9 4 4 4 5 10 10
seagrass -6 9 9 4 4 4 5 10 10
-12 9 9 4 4 4 5 10 10
-18 9 9 4 4 4 5 10 10
24 9 9 4 4 4 5 10 10
-31 5 5 4 4 4 4 3 3
in 0 5 5 1 1 1 5 5 5
proximity -6 5 5 1 1 1 5 5 5
to seagrass -12 3 3 1 1 1 3 5 5
-18 5 5 1 1 1 5 5 5
-24 5 5 1 1 1 5 5 5

Statistical analysis

For the Carrie Bow Cay cores, an unpaired two-tailed Welch’s test (for unequal
variances) was performed in Microsoft Excel 2016 v15 to test a significant difference of
measurement points with 1 cm distance. If the result was insignificant (p > 0.05), the
measurement points were shifted to 0, 6, 12, 18, 25, 31 cm final depth. Plots for concentrations
of the chemical compounds were generated with Microsoft Excel 2016 v15.

The abundance and distribution of Laxus oneistus and Stilbonema sp. across the
sediment layers were expressed in percentage and calculated relative to the total abundance of
nematodes found in one sediment core.

SPSS v24 (IBM) was used for statistical testing and for generating the bar plots. A
Kolmogorov-Smirnov test was used to inspect the sample distribution and equality of variances
checked with Levene’s test (o0 = 0.05). An independent two-sample Student’s t-test was used if
the variable distribution was normally distributed and variances were equal. If the variable was
not normally distributed, a Kruskal-Wallis H-test was used, if variances were unequal, a
Welch’s t-test was used. If applicable, Dunn-Bonferroni post hoc multiple comparison test was
used. A correlation of the distribution of Laxus oneistus and Stilbonema sp. was calculated using
Spearman’s rho (no normal distribution could be assumed according to one-sample
Kolmogorov-Smirnoff test). 3D scatter plots were generated in R v3.3.2 [228] using the
scatterplot3D library [252].
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Quantitative PCR

RNA extraction, gDNA digestion, cDNA synthesis (by reverse transcription PCR),

quality control and qPCR were carried out by the author and by Gabriela Paredes following the

same protocol (see below).

Preparation of standard plasmids

Table 2. Overview of sample list, duration of incubation, and from which sediment the

nematodes originated.

Sample

Incubation

Sediment extraction

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
21
22
23

oxic
oxic
oxic
oxic
hypoxic
hypoxic
hypoxic
hypoxic
oxic
oxic
oxic
oxic
hypoxic
hypoxic
hypoxic
hypoxic
oxic
oxic
oxic
hypoxic
hypoxic
hypoxic

24h
24h
24h
24h
24h
24h
24h
24h
48 h
48 h
48 h
48 h
48 h
48 h
48 h
48 h
72h
72h
72h
72h
72h
72h

A

ooooooo000000mwmwmE®E > > >

Primer design

Sequences for aprA, dsrA, norB, cbbL, nifH, rpoB, and 16S rDNA were retrieved from the

genome draft ‘Cand. Thiosymbion Catanema 'bump' GU16 SB19’ annotated by the RAST

server [253]. To ensure a correct annotation, sequences were compared with the NCBI non-

redundant protein sequences database (nr-protein) using blastx of the NCBI package blast

v2.6.0 [232,233]. Primers were designed by using the web-based tool Primer3Plus

(www.bioinformatics.nl/primer3plus) [254], modifying the settings as follows: product size

ranges: 150-250 bp, primer size 18-27 bp (opt. 20 bp), primer melting temperature (Tw) 58-
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60 °C (opt. 59 °C), 40-60 % primer GC, max. Ty, difference 2 °C, 1 GC clam. Suggested primers
were evaluated based on the formation of hairpin structures, homo-dimers, and hetero-dimers
as calculated by OligoAnalyzer 3.1 (https://eu.idtdna.com/calc/analyzer). Specificity of primers
was assessed by blasting the primer sequences against the genome draft using blastn of the
NCBI package blast v2.6.0 [232,233]. Synthesis of primers (desalted, genomics synthesis scale;
Table 3) was done by Microsynth AG.

Table 3. Primer sets used for the preparation of standard plasmids and quantitative PCR.

Target Primer name Primer sequence (5’-3’) GC T. Amplicon

gene (%) (°C) length

aprA aprA_qCat_ F AGAACTACCACCGCATCCTC 55 59.2 177
aprA_qCat_ R TGAAGCAGGTCCACTTTTTG 45 589

dsrA dsrA_gLlo_F TCCTACTCAGGCATTGACCC 55 589 214
dsrA_glo_R GGACTCGTAGTCTTCCTCGG 55 59.2

norB norB_qCat F TGCTGGAGATGTGGAGTTTC 50 58.8 166
norB_qCat R TCACGCAGCCAGTAGAAGAG 55 59.3

cbbL cbbL_qCat_F GACTTACTGGATGCCCGATT 50 59.0 239
cbbL_qCat_ R CGACGAAGGCGTAGTAACAC 55 58.5

nifH nifH_qCat F CCTACGACGAGGACCTGAAC 60 59.7 165
nifH_qCat R CGATCCCCTTGGAGATATTG 50 59.3

rpoB rpoB_qCat_F GCCTACGGTTCCTCCTACAC 60 58.7 177
rpoB_qCat_R CTCCACATTGATACCCAACG 50 58.8

16S 16S_qCat F  TAGCGGTGAAATGCGTAGAG 50 54.7 76

165_qCat R CCTCAGCGTCAGTATTGGTCC 57.1 575

PCR ampilification

Methanol-fixed nematodes were washed 3 times for 5 min each in 1X PBS (136.9 mM
NacCl, 2.7 mM KCl, 10.0 mM Na,HPOs, 2.0 mM KH,PO,, pH 7.6) for hydration and removal
of methanol. Single nematodes were sonicated 45 s in 6 ul 1X PBS for dissociation of bacterial
ectosymbionts. PCR reactions were set up with nuclease-free water, containing 1X Green
GoTaq Reaction Buffer (contains 1.5 mM MgCl,; Promega), 0.2 uM forward Primer, 0.2 uM
reverse primer, 0.2 mM dNTP-Mix (Thermo Fisher Scientific), 0.025 U GoTaq G2 DNA
polymerase (Promega) and 2 pl of the bacterial solution was used as a template in 25 pl final
volume. The negative control contained 2 pl nuclease-free water instead of the bacterial
solution. Hot start PCR conditions were as follows: 95 °C 5 min, followed by 30 cycles at 95 °C
1 min, 55 °C for 1 min, 72 °C for 30 s, and a final elongation step for 6 min at 72 °C. For

evaluating the PCR products, amplicons were visualized by gel electrophoresisona 1 - 1.5 %
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agarose in 1X TAE Buffer (40 mM TRIS, 20 mM acetic acid, 1 mM EDTA, pH 7.6) with in-gel
stain ethidium bromide. The electrophoresis was run for 40 min at 100 V and an image of the
gel taken with Gel Dock XR+ (Bio-Rad). If the amplicon size and the primer specificity were
adequate (i.e. no primer dimers), DNA was purified using Monarch PCR & DNA Cleanup Kit
(New England Biolabs) according to manufacturer’s protocol. Purity and approx. quantity was

assessed on NanoDrop (ND-1000, PeqLab).

Cloning, colony PCR and sequencing

Purified amplicons were ligated using either pPGEM-T Easy Vector System (Promega) or
CloneJET PCR cloning kit (Thermo Fisher Scientific) according to the manufacturers’
protocols. For transformation, TOP10 E. coli competent cells (Thermo Fisher Scientific) were
thawed for 30 min on ice. 1 pl ligation mix was incubated with 10 ul Top10 cells for 15 min on
ice. Heat shock was performed for 45 s at 42 °C and cooling down for 5 min on ice. The entire
mix was incubated at 37 °C for 1h at 150 rpm with 200 ul SOC (2 % tryptone, 0.5 % yeast extract,
10 mM Na(l, 2.5 mM KCIl, 10 mM MgCl,, 10 mM MgSOs, 20 mM glucose), plated on LB-agar
plates containing 100 mg/L ampicillin, 0.1 mM IPTG and 60 mg/L X-Gal, and incubated at
37 °C overnight. White clones were picked and used as a template in PCR. Hot start PCR
conditions were as follows: 94 °C 5 min, followed by 31 cycles at 94 °C 15 s, 55 °C for 20 s, 72
°C for 1.5 min, and a final elongation step for 10 min at 72 °C. Amplicons were visualized by
gel electrophoresis as stated above, purified using Monarch PCR & DNA Cleanup Kit (New
England Biolabs) and the purity and approx. quantity were checked on NanoDrop (ND-1000,
PeqLab). Amplicons were sent to Eurofins Genomics for sequencing with primer pairs M13F/R
(for pGEM-T Easy Vector System) or PJET12_blunt FWD/REV (for CloneJET PCR cloning
kit) (Table 4).

Table 4. Sequencing primers used for sequencing.

Primer name Primer sequence (5’-3’)
M13F GTTTTCCCAGTCACGAC
M13R CAGGAAACAGCTATGAC

pJET12_blunt FWD CGACTCACTATAGGGAGAGCGGC
pJET12_blunt REV  AAGAACATCGATTTTCCATGGCAG
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Sequences were checked with CodonCode Aligner 3.7.1 software (CodonCode
Corporation) and blasted against the genome draft using blastn of the NCBI package blast
v2.6.0 [232,233]. Only cloned sequences which were full length and had > 99 % nucleotide

identity were further processed.

Clone inoculation and restriction digest

Clones that passed the sequence control were inoculated in 10 ml liquid LB medium
containing 100 mg/L ampicillin at 37 °C overnight. Plasmid DNA was isolated using PureYield
Plasmid Miniprep System (Promega). Plasmids were linearized with the restriction enzymes
Pst1-HF (for aprA, dsrA, cbbL, nifH, rpoB, 16S; New England Biolabs) or HindIII-HF (for norB;
New England Biolabs) in 1X CutSmart Buffer (New England Biolabs). DNA was separated on
a 0.8 % agarose gel in 1X TAE buffer. Linearized plasmids with the correct length were cut out
from the gel and purified using Monarch DNA Gel Extraction Kit (New England Biolabs), and
sent again for sequencing with the respective primers, applying the same sequence quality
cutoffs as above. The concentration of plasmid DNA was assessed on Qubit 2.0 Fluorometer

(Life technologies).

Gradient PCR

In order to determine the optimal annealing temperature of the targeted genes for
quantitative realtime PCR (qPCR), a PCR reaction was set up using linearized plasmid DNA as
a template (protocol described above). PCR conditions were as follows: 95 °C 5 min, followed
by 30 cycles at 95 °C 1 min, 55 °C + 0.5 °C per lane for 1 min, 72 °C for 30 s, and a final

elongation step for 6 min at 72 °C. Amplicons were visualized on a 1 % agarose gel.

Oxic and hypoxic incubations

Incubations were set up by Jean-Marie Volland. Individuals of Catanema sp. were
collected in May and August 2017 as described above. Batches of 50 Catanema sp. were
incubated for 24 h, 48 h and 72 h in oxic, 0.2 pum filtered natural seawater in the dark without
agitation. Vials were kept open during the incubations. For the hypoxic incubations, an
inflatable, oxygen tight polyethylene glove box was used to create an artificial N, atmosphere.
To deoxygenate, 0.2 um filtered, natural seawater, was bubbled for 30 min with N, gas before

adding 50 Catanema sp. for 24 h, 48 h, and 72 h. Vials were closed and kept in the dark inside
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the glove box. Four biological replicates were carried out for the 24 h and 48 h incubation and
three biological replicates for the 72 h incubation. Oxygen was measured at the beginning and
at the end of each incubation using Fibox 3 (PreSens Precision Sensing GmbH) and NH,,
NO;~, NOs™, pH and salinity at the beginning. At the end of each incubation, worms were
sucked out with plastic single-use pipettes and directly transferred into fresh RNAlater
(13.3 mM EDTA, 16.3 mM sodium citrate, 2 M ammonium sulfate, pH 5.2) and RNAlater

renewed once. Nematodes were stored in fresh RN Alater at -80 °C prior to shipping on dry ice.

Isolation of host & symbiont RNA

Nematodes in RNAlater were centrifuged for 10 min at 16,000 x g to collect the
symbionts. RNAlater was removed and nematodes washed in 400 ul 1X PBS to dilute residual
RNAlater. The sample was again centrifuged for 10 min at maximum speed before removing
all liquid and adding 1 ml 4 °C cool TRIzol (Invitrogen). The mixture was vortexed and
transferred to a bead beating tube Lysing Matrix E (MP Biomedicals). Bead beating was done
in a FastPrep-24 (MP Biomedical) for 2 times 30 s with a 30 s break in between (5.5 m/s speed),
and the lysate incubated for 5 min at room temperature. 200 pl chloroform was added and
vortexed 2 min to better remove protein, and again 3 min incubated at room temperature. The
mixture was centrifuged at 12,000 x g for 15 min at 4 °C. The upper aqueous phase was carefully
transferred into a new tube and 1 volume of 100 % ethanol added and mixed. The sample was
then transferred to RNA Clean & Concentrator-25 column (Zymo Research) and the
manufacturer’s protocol followed. All centrifugation steps were carried out at 10,000 x g and
the final elution done in 30 pl nuclease-free water.

Purity was assessed on NanoDrop (ND-1000, PeqLab), quantity on Qubit 2.0
Fluorometer (Life technologies) and the degree of degradation checked on the 2100
Bioanalyzer using the RN A 6000 Pico Kit (Agilent) and the Eukaryote Total RNA Pico assay.

Genomic DNA digestion and cDNA synthesis

Total RNA was mixed with 1X RQ1 DNase Reaction Buffer (Promega) and 1 U of RQ1
DNase (Promega) and incubated for 60 min at 37 °C. To verify the absence of DNA
contamination, a PCR targeting rpoB with specific primer pairs rpoB_qCat_F/R was carried

out and the amplicon visualized on a 2 % agarose gel (as above) aiming at highly intense bands.
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If no band was visible, DNase was inactivated for 10 min at 65 °C in presence of 3 ul RQ1 DNase
Stop Solution (Promega; containing 20 mM EGTA, pH 8.0).

For first strand cDNA synthesis, the reaction mix was incubated with 1 mM dNTP-Mix
(Thermo Fisher Scientific), 60 uM random hexamer primers (Thermo Fisher Scientific) and
nuclease-free water in a final volume of 30 pl at 65 °C for 5 min. Nuclease-free water, 1X
ProtoScript II Buffer (Promega), 10 mM DTT (Promega) and 10 U ProtoScript II RT
(Promega) was mixed in a final volume of 50 pl and incubated for 5 min at 25 °C, 1 h at 42 °C
and 20 min at 65 °C. Single-stranded DNA yield was assessed on a Quibit 2.0 Fluorometer

(Thermo Fisher Scientific).

Quantitative PCR cycling conditions

Standard plasmid DNA dilution series ranging from 10° to 10' ng/ul DNA was prepared
with nuclease-free water. The reaction mix for quantitative PCR (qPCR) was prepared as
follows: 1X GoTaq qPCR Master Mix (Promega), 0.4 uM of the respective forward and reverse
qPCR primers (see Table 3), 2.5 ng cDNA as PCR template in a final volume of 20 ul with
nuclease-free water. The negative control contained nuclease-free water instead of cDNA.
Standards were carried out in technical duplicates, samples in technical triplicates. The run
protocol included 2 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C with
measurement of fluorescence at the end. The subsequent melting curve analysis at the end of
the 40 cycles consisted of 15 s at 95 °C, 15 s at 55 °C, continuous fluorescence measurement
from 55 °C to 95 °C (temperature increased in regular increments over 20 min), and 15 s at
95 °C. All reactions were carried out on a Mastercycler ep gradient S realplex* (Eppendorf).

qPCR amplicons were purified using Monarch PCR & DNA Cleanup Kit (New England
Biolabs) according to manufacturer’s protocol and sent for sequencing at Eurofins Genomics.
Sequences were checked with CodonCode Aligner 3.7.1 software (CodonCode Corporation)
and blasted against the genome draft using blastn of the NCBI package blast v2.6.0 [232,233].

Data analysis of quantitative PCR

Relative gene expression was calculated according to [255]. In brief, for each biological
replicate an average C, of all technical replicates was calculated, followed by calculating
pairwise AAC, ratios taking into consideration the efficiency of the qPCR. The number of

biological replicates is given in Table 5. All the data were substracted from the respective oxic
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incubation (‘control’) and normalized to rpoB 24 h oxic incubation as a reference gene. The

reference gene was identified by the lowest standard deviation (SD) over all experimental

treatments for each transcript compared.

Table 5. Number of biological replicates used for qPCR data analysis.
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One technical replicate of the biological replicate #2/dsrA 24 h was removed from further

analysis because of a pipetting error, as well as pairwise AAC, values beyond pairwise AAC,

mean * 2 standard deviations (Table 6) in order to reduce the high biological variation. The

average of pairwise AAC, ratios (relative mRNA expression values) and the standard error (SE)

was plotted in SPSS v24 (IBM), a Kolmogorov-Smirnov test used for testing the variable AAC,

against normal distribution. A Kruskal-Wallis test was calculated with Dunn’s test as post hoc

correction.
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Table 6. Number of outliers excluded from data analysis. Outliers were detected by using a
threshold of 2 standard deviations around the mean of pairwise AAC,.

Gene Incubation Outliers excluded
aprA  24h
48 h
72 h
dsrA  24h
48 h
72 h
norB 24h
48 h
72 h
cbbL 24h
48 h
72 h
nifH 24h
48 h
72 h

(e = T R R N T e R R
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Results

Oxford Nanopore sequencing of symbiont Cand. Thiosymbion oneisti
[llumina HiSeq 2 x 100 bp paired-end raw reads of a Laxus oneistus/ Cand. Thiosymbion
oneisti single worm metagenome and an assembly of the symbiont were provided by Harald
Gruber-Vodicka. For long-read sequencing with ONT, genomic DNA extraction and
subsequent purification yielded in 52.4 pg/ul DNA (1,048 ng) with a purity of 1.38 A,s0 ratio.

As determined by agarose gel electrophoresis, the majority of fragments were about 30 kbp.

Read statistics

With ONT, a total of 1,602 reads with a total size of 5,250,548 bp was generated with a
mean phred score of 5, being equivalent to 1 in 30 wrong base calls. The basecaller
automatically classifies reads into ‘passed’ and ‘failed’ reads, depending whether base calling
was successful and are high-quality reads. Taking only the ‘passed’ reads, the longest read was
121,466 bp (mean = 3277.50 bp, standard deviation = 6603.54 bp; Table 7, Figure 5A). Based
on the SPAdes-assembled draft genome, the coverage produced by ONT sequencing was 1.22X.
The mean GC content was 52.62 % (Figure 5B).

By mapping the trimmed Illumina reads back against the SPAdes draft genome,
7,280,712 reads of symbiont origin were obtained (19.60 %), with an average length of 99.98 bp
and an average phred score of 36 (99.975 % base call accuracy; Figure 4). The symbiont genome

was 169X covered.

Table 7. Statistics of short-read Illumina data after trimming and long-read ONT data.

Trimmed & mapped Illumina reads ONT reads

Number of reads 7,280,712 1,602
Length (mean + SD) 99.98 + 1.12 nt 3277.50 + 6603.54 nt
Maximum length 100 nt 121,466 nt
Minimum length 30 nt 23 nt
Coverage 169X 1.22X
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A 740- B 931,664~

Number of sequences
Number of sequences

Mean of quality scores per sequence Mean of quality scores per sequence
Figure 4. ONT reads and Illumina quality histogram. Mean quality scores (phred score) for
(A) ONT reads and (B) Illumina reads after trimming. ONT sequencing resulted in reads
with a mean phred score of 5, being equivalent to a 32 % error rate. Illumina HiSeq reads
passed ONT read quality by far with a mean phred score of 36 (error rate 0.025 %).
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Figure 5. Distribution of read length (A) and GC content (B) of ONT reads. (A) The 1,602
reads ONT reads had a mean length of 3,277.5 bp, ranging from 23 to 121,466 bp. (B)
Distribution of the GC content resulted in one clear maximum at 52.62 %, which indicates

that only one organism was sequenced.

De novo assemblies

Tree separate assemblies were performed: one non-hybrid assembly (canu) using ‘passed’
ONT reads, and two hybrid assemblies (MaSuRCA, SPAdes) with the trimmed and mapped

[llumina reads. Canu failed at the correction-trimming step and could therefore not be
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pursued. The MaSuRCA Illumina-ONT hybrid assembly was made of 2,202 contigs with an
N50 of 2,300 and a total contig length of 3.5 Mbp (Table 8). The hybrid assembly with SPAdes
yielded the highest N50 value (27,060 bp, longest contig 96,688 bp) and the lowest number of
contigs 401 (Figure 6, Figure 7A) after filtering out 446 low coverage, short contigs (coverage
< 5X, length > 200 bp). Total contig length is 4.37 Mbp. The Illumina assembly were mapped
to the hybrid assemblies. For the Illumina-ONT-hybrid assembly, 100 % of the Illumina contigs
mapped, whereas only 86 % mapped to the MaSuRCA hybrid assembly. Three protein-coding
genes were removed from the assembly by the filtering step, namely two hypothetical proteins
and the Zinc transporter ZitB. MaSuRCA hybrid assembly was substantially faster than SPAdes
hybrid assembly (37 min and 145 min user time, respectively). The average GC content was
58.5 % for the SPAdes hybrid assembly. As for the GC content, Figure 5A shows a Gaussian
curve indicating the absence of contaminants [256]. In the cumulative length plot (Figure 5B)
ordered from largest to smallest, the SPAdes hybrid assembly reached the plateau in a smaller
number of contigs than the other two, representing many large contigs and a relatively low
number of short contigs. GC content for SP

Ades hybrid and SPAdes Illumina assembly was similar, but was generally lower for the
MaSuRCA hybrid assembly (Figure 7B).

55, 16S and 23S rRNA genes were detected in all assemblies (16S and 23S only partially),
but the highest number of tRNA coding genes was detected in SPAdes hybrid assembly (53
tRNAs; Table 8). Additionally, CheckM reported the highest completeness for SPAdes Illumina
assembly and SPAdes hybrid assembly (94.28 %) and low contamination (0.8 %), whereas the
MaSuRCA hybrid assembly was highly contaminated (7.06 %) and had a high strain
heterogeneity (68.29 %). The two SPAdes assemblies were therefore high-quality drafts [257].
The filtering step did not decrease the number of marker genes present (Table 9). Using a total
number of 581 gammaproteobacterial marker genes, 63 were only found in the SPAdes

[llumina and SPAdes hybrid assembly (Figure 8).
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Figure 6. Contig overview of the assemblies SPAdes Illumina, SPAdes hybrid unfiltered and
filtered, and MaSuRCA hybrid. The N50 values for the first three were comparable, only the
MaSuRCA hybrid assembly yielded a lower N50 value. Grey regions indicate very short

contigs (< 170 bp).

Table 8. Comparison of provided SPAdes Illumina assembly with MaSuRCA hybrid, SPAdes
hybrid de novo assemblies. The filtering step for the SPAdes hybrid assembly removed 446
short (< 200 bp) contigs. Assembly metrics include N50 (sequence length at 50 % of the total
genome), L50 (number of contigs that produces the N50 value), largest contig length (‘longest
contig’), number of contigs, total contig length. Run time was reported as user time (time spent
outside the kernel within the process) and system time (amount of CPU time; all assemblies
have been run on the same number of CPU). Three CRISPR for the SPAdes Illumina were
predicted, consisting of 3, 3 and 4 spaces and only one CRISPR for the SPAdes hybrid assembly,
consisting of 10 spacers. Thus, CRISPR was not well resolved in the SPAdes Illumina assembly.

MaSuRCA SPAdes SPA(.ies SPAdes hybrid
hybrid Illumina hybrid unfiltered
Item filtered
assembly N50 (bp) 2,300 11,049 27,060 27,005
metrics L50 488 117 48 49
longest contig
(bp) 10,156 47,141 96,688 96,688
number  of
contigs 2,202 2,026 401 847
total  contig
length (bp) 3,476,084 4,440,236 4,312,079 4,365,553
Run time user time 37 min n.d. 145 min n.d.
system time 1 min n.d. 13 min n.d.
number of 58 1 1 1 1
rRNAs*® 16S 1 1 1 1
23§ 1 1 1 1
number of tRNAs 27 47 53 53
number of tmRNAs 1 1 1 1
GC % 59.3 58.7 58.7 58.5
Number coding sequences 3,604 3,918 3,966 3,970
Number of ncRNAs 24 43 35 35
Number of CRISPR 0 3 1 1
Number of signal peptide
cleavage sites 85 164 171 171

* partial and full sequences
n.d. not determined
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Figure 7. GC content in the contigs calculated in non-overlapping 100 bp windows (A) and
cumulative length plots (B) for the assemblies SPAdes Illumina, SPAdes hybrid and
MaSuRCA hybrid.

Table 9. Presence or absence of 581 gammaproteobacterial marker genes as determined by
CheckM. % completeness indicates presence/absence of marker genes, taking into account a
possible co-localization; % contamination indicates whether a marker gene was present more
than once in the assembly, and strain heterogeneity whether multiple copies were found with
a > 80 % amino acid identity.

marker gene

present Complete- Contami- Strain
Assembly Ox 1Ix 2x 3x ness nation heterogeneity
MaSuRCA
hybrid 85 457 38 1 82.44 % 7.06 % 68.29 %
SPAdes
[lumina 22 555 4 0 94.28 % 0.80 % 0.00 %
SPAdes
hybrid filtered 22 555 4 0 94.28 % 0.80 % 0.00 %
SPAdes
hybrid
unfiltered 22 555 4 0 94.28 % 0.80 % 0.00 %
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SPAdes lllumina SPAdes hybrid

MaSuRCA hybrid

Gammaproteobacterial marker genes

Figure 8. Venn diagram of number of putative single copy genes identified by CheckM.

Of the 581 gammaproteobacterial marker genes, 22 were absent in each assembly (Figure
8). The MaSuRCA assembly was not resolving the genome sequence well, as 39 genes were
found more than once, resulting in a strain heterogeneity of 68.29 %.

Whole genome based average nucleotide identity revealed highest sequence identity
percentage of the SPAdes hybrid assembly to the SPAdes Illumina (99.98 %; Figure 9). Both
SPAdes assemblies aligned to 98.94 % to the MaSuRCA hybrid assembly.
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Figure 9. Genomic average nucleotide identity (gANI) for the three assemblies. gANI is a
measure of nucleotide similarity between two genomes and used for species delineation
based on bi-directional-best-blast hits (i.e. at a cutoff of 95 % [258]). SPAdes hybrid and
SPAdes Illumina are identical at 99.98 % gANI, the MaSuRCA hybrid and the SPAdes

assemblies only at a 99.94 %.

Only 15 contigs of the MaSuRCA hybrid assembly showed good alignment to the SPAdes
hybrid assembly compared to the SPAdes Illumina assembly. The number of alignments was

substantially higher (115) when aligning the SPAdes Illumina assembly to the SPAdes hybrid

(Figure 10).
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Figure 10. Whole genome alignments of SPAdes hybrid assembly against SPAdes Illumina
assembly (A, B) and MaSuRCA assembly (C, D). Links are split into ‘high alignment’, if
nucleotide identity was more than 99 % and more than 90 % of the contig covered (A, C),
and ‘low alignment’, if nucleotide identity was less than 99 % and less than 90 % of the contig
was covered (B, D). Contigs produced by the SPAdes Illumina assembly clearly showed a
higher number of alignment (120) compared to the MaSuRCA assembly (15). Links with low
alignment were similar (887 links for SPAdes Illumina assembly, 726 for MaSuRCA hybrid
assembly).

Homopolymeric 5-mers were not well resolved in the MaSuRCA hybrid assembly,
particularly AAAAA and TTTTT (Figure 11). SPAdes hybrid assembly yielded a comparable
amount of 5-mers, with Illumina short-reads and Illumina short-reads complemented with

ONP long-reads.
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Figure 11. Counts of homopolymeric 5-mers in the SPAdes Illumina, the SPAdes hybrid and
MaSuRCA hybrid assembly.

In summary, de Bruijn graph assembler SPAdes was most successful for an Illumina-
ONT hybrid approach with highest N50, highest completeness, number of annotated features

and information transferred from an Illumina-only assembly.

Genome annotation

As the filtered SPAdes hybrid assembly was superior to the other two in terms of
assembly metrics, completion/contamination and number of annotated features, a full genome
annotation pipeline was applied to annotate the 4.37 Mbp genome (Table 10). In total, 4,023
genes were predicted, of which 98.58 % protein-coding and 1.41 % RNA genes. Of all protein-
coding genes, 69.77 % could be at least annotated other than ‘hypothetical protein’ or at least
one Pfam domain or COG function other than ‘unknown’ or ‘general function prediction only’
could be assigned. For 55.87 % of proteins, a subcellular localization could be predicted and for
19.19 % a transmembrane helix predicted. Two CRISPR arrays with 5 and 9 spacers were
predicted. Only one copy of 5, 16S (partial) and 23S (partial) rRNAs were found with 109 bp,
1049 bp and 2001 bp, respectively.

When compared to the SPAdes Illumina assembly, 48 new proteins were identified, of
which only 6 could be functionally annotated (Figure 12). The elongation factor Tu (thermo

unstable) was lost in the SPAdes hybrid annotation.
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Figure 12. Venn diagram comparing protein annotations of SPAdes Illumina and SPAdes
hybrid assembly. In total 49 new proteins were identified with the SPAdes hybrid assembly,
including 6 with functional annotation (D-glycero-alpha-D-manno-heptose-1,7-
bisphosphate 7-phosphatase, outer membrane porin protein 32, major outer membrane
protein P.IB, pyruvate-flavodoxin oxidoreductase, tRNA 2-thiocytidine biosynthesis protein
TtcA, zinc transporter ZitB). The essential protein elongation factor Tu [259] could not be

recovered by the SPAdes assembly.

Table 10. Cand. Thiosymbion oneisti genome statistics.

Attribute Value %
Total genes 4,023 100.00
Protein-coding genes 3,966 98.58
RNA genes 57 1.41
Proteins with function prediction * 2,767 69.77
Proteins with COG assignment 2,916 73.52
Proteins with Pfam domains ° 2,774 69.42
Proteins with signal peptides 211 0.53
Proteins with predicted localization 2,216 55.87
Proteins with transmembrane helices 761 19.19
Proteins with KEGG assignment 1,556 39.20
Proteins with CAZy domain 152 0.04
CRISPR repeats 2

* All protein-coding genes plus proteins with annotation ‘hypothetical protein’ that either
fall into COG category other than R (general function prediction only) or S (unknown
function) or proteins where at least one Pfam domain could be assigned to, or both

® All proteins where at least 1 Pfam domain could be assigned to
¢ Hit only reported if signal peptide was predicted with 2 out of the 3 tools

COG numbers were assigned to 73.53 % of protein-coding genes (Table 11). Considering

only COGs with more than 5 hits, most abundant COG numbers were affiliated with

transposases/retrotransposons (129) or toxin-antitoxin systems (TA) (53). Sulphatase-
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modifying factor protein (COG1262) and tir protein (COG4916) were another two highly
abundant hits with 10 and 12 assignments, respectively. 8 proteins were assigned to TRAP
transporters (COG2358, COG4644). When grouping COGs into functional categories, the top
three abundant categories were ‘Replication, recombination and repair, ‘Cell
wall/membrane/envelope biogenesis’ and ‘Energy production and conversion’ (Figure 13B). If
the e-value for assigning COG numbers through rpsblast was set less restrictive (i.e. 10”), only
the functional classes ‘unknown’ and ‘general function prediction only’ did increase (data not

shown).

Table 11. COG functional category and number of genes associated with each of it.

Code, Functional category Value %
A RNA processing and modification 2 0.05
B Chromatin structure and dynamics 1 0.03
C  Energy production and conversion 207 5.22
D  Cell cycle control, cell division, chromosome partitioning 64 1.61
E  Amino acid transport and metabolism 170 4.29
F  Nucleotide transport and metabolism 55 1.39
G Carbohydrate transport and metabolism 100 2.52
H Coenzyme transport and metabolism 127 3.20
I Lipid transport and metabolism 65 1.64
J  Translation, ribosomal structure and biogenesis 149 3.76
K Transcription 111 2.80
L  Replication, recombination and repair 279 7.03
M  Cell wall/membrane/envelope biogenesis 214 5.40
N  Cell motility 18 0.45
O Posttranslational modification, protein turnover, chaperones 150 3.78
P Inorganic ion transport and metabolism 115 2.90
Q Secondary metabolites biosynthesis, transport and catabolism 34 086
R General function prediction only 318 8.02
S  Function unknown 551 13.89
T  Signal transduction mechanisms 79 1.99
U Intracellular trafficking, secretion, and vesicular transport 64 1.61
V' Defense mechanisms 43 1.08
W Extracellular structures 0 0.00
X  Mobilome: prophages, transposons 0 0.00
Y Nuclear structure 0 0.00
Z  Cytoskeleton 0 0.00
Proteins without COG assignment 1,050  26.47
Total proteins 3,966 100.00
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Of the protein-coding genes, 69.42 % were aftiliated with at least one Pfam domain. The
most abundant domain is WD40, a ~40 aa long domain that often terminates with Trp (W)
and Asp (D), and second largest a putative endoribonuclease domain uma2 (PF05685), of
which all were annotated as COG4636. Other highly prominent domains were the integrase
core domain rve_3, the cro/C1-type helix-turn-helix domain (HTH_3), and the PIN domain,
the latter is mostly associated with toxin-antitoxin components [260]. Two proteins had sulfur
globule domains (SGP). When grouping related domains into clans, P-loop containing
nucleoside triphosphate hydrolase superfamily was the largest group (Figure 13A). Among the
top 5 % abundant clans also the PD-(D/E)XK nuclease superfamily were represented. An ABC-
transporter domain (ABC_tran) was identified in 35 proteins. 8 proteins were annotated with
an ACR_tran domain, a cation or multi drug efflux protein, of which all were presumably
located in the cytosolic membrane, have 9 to 13 transmembrane helices, and were heavy metal
efflux pumps or acriflavin resistance proteins by COG annotation (COG3696 & COG0841).
The toxin clan ‘Plasmid toxin-antitoxin system’ was another well-represented clan with 56
member families, including the PhdYeFM_antitox domain, that act in a type II TA-system,
ParE toxin domains and RelE domains (11 and 17, respectively). The corresponding antitoxin
clan ‘Met]/Arc repressor’ with the domains ParD, RelB, HicB were detected as well. The HicA
domain was not covered by any clan but could be detected in 5 protein-coding genes. The MazE

and MazF TA domains were present in 8 and 8 proteins, respectively.
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Figure 13. Pie charts showing numerical proportions of protein assigned Pfam clans (A) and

COG functional category (B). (A) Only Pfam clans among the top 5 % are shown, others
were summarized to ‘other clan’.

152 Proteins with Carbohydrate-Active Enzymes (CAZymes) were identified, of which
glycosyl transferase GT41 is the most predominant (Figure 14). Generally, over 49 % of all
identified CAZymes are glycosyl transferases.
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Figure 14. Families of carbohydrate-active enzymes (CAZy) identified in the SPAdes hybrid
assembly. In total, Cand. T. oneisti contains 152 CAZy domains, of which 5 are predicted to
be extracellular enzymes. CAZy degrade, modify, or create glycosidic bonds. The majority of
CAZy are glycosyltransferases (68 proteins) that catalyze the formation of glycosidic bonds
from phosphorylated sugar donors [261].

Only 0.53 % of all protein-coding genes encode for a signal peptide. SignalP was the most
conservative tool and identified only 171 signal peptides in comparison to Phobius (485
predicted signal peptides). Most of the proteins were predicted to be localized in the cytoplasm
(1,809 proteins; Figure 15) or in the cytoplasmic membrane (576 proteins). Only 27
extracellular proteins were predicted, including the penicillin-binding protein 1A and three
esterase PHB depolymerase, the latter annotated by Pfam domain Esterase_phd and CAZy
domain CEL.
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Figure 15. Pie chart visualizing the cellular localization of Cand. T. oneisti proteome as
predicted by PSORTb. While only 20 proteins were predicted to be extracellular, 654 proteins
were predicted to be associated with the membrane, out of which 27 were outer-membrane
associated, 51 were periplasmatic and 576 were inner-membrane associated proteins.

Approximate repeats were predicted, resulting in all possible repeats accepting
substitutions and indels. Notably, the genome of Cand. T. oneisti was richer in repeat sequences
(17.33 % of the genome size; (Figure 16B) than the model gram-negative bacterium E. coli
(4.83 % of the complete genome assembled in 1997 [262] (Figure 16A) and of the human
pathogen S. dysenteriae (16.26 %). Average repeat length for E. coli was 618 bp, for Cand. T.
oneisti 277 bp (ranging from 39 bp to 2,945 bp) and for S. dysenteriae 1,008 bp. The repeats of
Cand. T. oneisti were more densely distributed with respect to S. dysenteriae, and were spread

over protein- and non-protein-coding genes.
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Figure 16. Circular view of E. coli K12 substr. MG1655 genome (A), of Cand. T. oneisti genome
draft (B) and of S. dysenteriae Sd197 (C). Circle 1 (outer circle) represents contigs, circle 2
regions on the genome with protein-coding sequences, circle 3 repeat regions identified by
RepSeek and circle 4 (inner circle) represents non-protein-coding genes.

50



RESULTS

Metabolic reconstruction

The Kyoto Encyclopedia of Genes and Genomes (KEGG) was used to further annotate
protein-coding genes and for metabolic reconstruction. 1,556 protein-coding genes were
annotated, corresponding to 39.2 %.

Cand. Thiosymbion oneisti possesses the complete reductive pentose phosphate cycle
(Calvin cycle) for carbon fixation, and although fructose-1,6-bisphosphatase (EC 3.1.3.11) and
sedoheptulose-7-phosphatase (EC 3.1.3.32) are absent, they encode for an ATP-dependent 6-
phosphofructokinase (EC 2.7.1.90 and EC 2.7.1.11) and can perform nitrogen fixation. One
contig compromising nifA and nifL (transcriptional regulation), nifB (formation of a functional
Mo-Fe protein), nifHDK (dinitrogenase reductase subunit; iron-molybdenum dinitrogenase),
two ferredoxins, and the Rnf electron transfer proteins upstream of the nitrogen fixation (nif)
operon could be retrieved (

Figure 17). The Rnf transfer proteins might engage in electron transport to the

nitrogenase. Remarkably, three components of TA systems were found inside the gene cluster.

nifK nifD nifH nifB nifA nifL rnfB C DG E
I 1 I

20000bp 30000bp 40000bp

Figure 17. Nitrogen fixation gene cluster in Cand. T. oneisti of contig 14. fd, ferredoxin, nifA,
transcriptional regulator, nifB, FeMo-cofactor synthesis, nifH, nitrogenase reductase and
maturation protein, nifD, nitrogenase alpha chain, nifK, nitrogenase beta chain, nifL,
nitrogen fixation regulatory protein, rnf, electron transport complex.

As energy sources, sulfide and thiosulfate can be oxidized to sulfate via the SOX complex
and the reverse dissimilatory sulfite reductase/APS-Sat pathway (dsrAB, AprABM, Sat),
whereas nitrate (via denitrification - membrane-bound and periplasmatic nitrate reductase
(NarGHI/NapAB and NirS§, respectively), membrane-bound nitric oxide reductase (NorBC,
with cytochrome bc complex) and periplasmatic nitrous-oxide reductase (NosZ)) and oxygen
can be used as electron acceptors. The TCA cycle and the glyoxylate cycle are complete. Sulfide

can also be oxidized to elemental sulfur using a membrane-bound flavocytochrome c-sulfide
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Dehydrogenase. A cytoplasmic membrane-bound pyrophosphatase can pump inorganic H+ to
generate proton motif force and oxidative phosphorylation to generate ATP.

Fatty acids can be synthesized and degraded via beta-oxidation and phospholipids
(phosphatidic acid, phosphatidylserine, phosphatidylethanolamine, cardiolipin) produced.
Cand. T. oneisti can fully synthesize heme, folate, biotin, and riboflavin, polyhydroxybutyrate
(PHB) and fully encodes for a heme transport system. The symbiont can transport phosphate,
urea, zingc, lipoproteins, LPS using ABC-transporters, acetate via cation/acetate symporter, and
ammonium using ammonium channel proteins across the cell membrane, but lack one enzyme
each in ABC-transporters of molybdate and L-amino acids.

A type VI secretion system, the general secretion (Sec) and twin-arginine translocation
(Tat) pathways and a type IV pilus are completely encoded. The majority of proteins of the type
II secretion systems are present. Nitrogen and phosphate can be sensed using the GInL-GInG

and PhoR-PhoB two-component system.

Habitat characterization of Laxus oneistus and Stilbonema sp.

Physicochemical conditions of a tropical subtidal shallow water sediment in Carrie Bow
Cay, Belize, and of subtidal sediment in 3 m depth in the temperate Northern Adriatic Sea near
Piran, Slovenia, were taken in the rainy season (July) and in September, respectively.

In the sediment in Piran, pore water content in the first 16 cm below sea floor was varying
between 7 and 14 ml per 28.27 cm’ sediment (mean water holding capacity 11 ml per 28.27 cm’
sediment), depending on the layer. In the Carrie Bow Cay, pore water content was between 8
and 16 ml per 28.27 cm’ sediment (mean value across first 30 cm below sea floor
11.66 ml/28.27 cm?).

Pore water concentrations varied substantially between cores collected away from- and
adjacent to seagrass beds, but also between cores collected close to one another.

For the Carrie Bow Cay sediment cores away from seagrass beds, oxygen was saturated
right above the sediment (202.00 uM + 12.16), but decreased throughout the sediment column
to 11.54 pM + 1.20 at 31 cm below sea floor (Figure 18A). At a salinity of 32 and a temperature
of 27.6 °C, as it was measured in Carrie Bow Cay, 195.5 uM oxygen is equal to fully oxygen
saturated sea water [263]. Sulfide concentrations varied but generally increased up to a mean
concentration of 12.07 uM + 551 at 31 cm below sea floor (bsf). Nitrate and nitrite

concentrations were detected up to 0.76 uM and 0.09 pM, respectively (Figure 18B).
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Ammonium concentrations ranged between 5.98 uM and 18.78 uM, DOC between 2.37 uM
and 16.54 uM. Regarding cores adjacent to seagrass beds, a similar steepness of the gradient of
oxygen and sulfide could be observed, although sulfide reached an average maximum
concentration of 43.95 uM + 19.19 (Figure 19A). Nitrate and nitrite concentrations were low
with up to 1.41 uM nitrate and ammonium concentrations were considerably higher with a

maximum of 126.32 uM (Figure 19B).
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Figure 18. Depth gradients of sulfide and oxygen (A) and ammonium, nitrite, nitrate, and
DOC (B) in cores away from seagrass beds in the Carrie Bow Cay sediment. For 0 to 24 cm
bsf, each oxygen and sulfide measurement shows the mean and standard error of 9 sediment
cores and the standard error; for 31 cm bsf only 5 measurements were taken. The N-species
and DOC were measured in four and five replicates, respectively.
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Figure 19. Depth gradients of sulfide and oxygen gradients (A) and ammonium, nitrite,
nitrate, and DOC in cores adjacent to seagrass beds in the Carrie Bow Cay sediment. Each
oxygen and sulfide measurement shows the mean of 5 sediment cores and the standard error.
For only 1 core N-species were measured, DOC was measured in 5 replicates per depth.
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Subtidal sediment in the Northern Adriatic Sea near Piran, Slovenia, was considerably
enriched in sulfide (131.96 uM + 68.20) and ammonium (throughout the sediment column
29.67 uM £ 5.65 puM; Figure 20). Oxygen concentrations decreased more rapidly from
185.06 uM £ 5.05 at 2 cm above sea floor down to 5.89 uM * 1.67 at 10 cm bsf. Nitrite
concentrations were low (maximal value 1.31 pM + 1.06 at 10 cm bsf) as well as nitrate

concentrations (throughout the sediment column 0.5 pM * 0.36).
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Figure 20. Depth gradient of sulfide, oxygen,
ammonium, nitrite and nitrate in costal subtidal
sediments of the Northern Adriatic Sea near Piran,
Slovenia. Each measurement represents the mean
concentration and standard error of 5
measurements.

In the Carrie Bow Cay cores away from seagrass beds, Laxus oneistus and Stilbonema sp.
were found throughout the sand column. However, the maximum abundance of L. oneistus
was observed at 18 to 24 cm bsf (mean abundance of 34.43 % + 8.46; Figure 21A), where oxygen
is low (17.56 pM to 12.29 pM), as well as sulfide (5.51 uM to 11.89 uM). A one-sample
Kolmogorov-Smirnov test failed to reject the hypothesis that the nematode abundance was
normally distributed (D(43) = 0.186 for L. oneistus; D(43) = 0.186 for Stilbonema sp.; p < 0.01),
therefore an independent samples Kruskal-Wallis test was performed. There was a statistically
highly significant difference in L. oneistus distribution across sediment layers (H(4) = 17.031,
p <0.01). A Dunn-Bonferroni post hoc test revealed that the distribution in the layer 3 (12 to
18 cm bsf) and layer 4 (18 to 24 cm bsf) were statistically higher than in the oxygenated
subsurface layer (0 to 6 cm bsf; p < 0.01 each) with a mean distribution of 30.80 % + 3.74 (layer
3), 34.43 % + 8.46 (layer 4) and 4.09 % * 1.36 (layer 1). On the other hand, there was no
significant difference in the Stilbonema sp. distribution between layers (H(4) = 8.543, p > 0.05).

A similar trend was observed in cores adjacent to seagrass beds, although L. oneistus was
absent in layer 1 (n = 5; Figure 21B), where oxygen concentrations range from 255 to 138 pM.

Since the data were not normally distributed (D(23) = 0.278, p < 0.001 for L. oneistus; D(23) =

0.182, p < 0.05 for Stilbonema sp.), a Kruskal-Wallis test with post hoc test Dunn-Bonferroni
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correction showed a significant difference between layer 1 and layer 3 for L. oneistus (p < 0.05)
with a mean concentration of 60.71 % * 17.40 in layer 3. Intriguingly, when sulfide levels are
increased up to a concentration of 50 uM or 120 uM (supplementary Figures, core N & M), the
abundance of L. oneistus and Stilbonema sp. decreased down to a mean abundance of 10 % for

L. oneistus while Stilbonema sp. is absent at all (n = 2).
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Figure 21. Sand column distribution of Laxus oneistus and Stilbonema sp. in cores away from
seagrass beds (A) and cores adjacent to it (B). Distribution is plotted in percent (calculated
based on the total number of individuals for each core) across 5 and 4 layers, respectively. A
total of 345 L. oneistus and 244 Stilbonema sp. was found in cores away from seagrass beds
and a total of 176 and 162, respectively, in seagrass adjacent cores. *, p < 0.05, **, p < 0.01.
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A communality that is observed in both away from seagrass and adjacent to it is a low
abundance of L. oneistus (mean abundance 2.05 % + 0.68; Figure 22) and of Stilbonema sp.
(7.21 % £ 2.71) in the most oxygenated layer. The abundance increased with depth and reached
amaximum at low sulfidic (< 20 pM) and hypoxic (< 20 uM) conditions. The color of the coarse
calcareous sediment changed from yellowish in the upper, oxygenated layer, to a grey zone at
gradually at approx. 20 cm below sea floor. The chance to encounter a hot spot with high sulfide

concentrations (defined acc. to [10]) is higher close to the seagrass.
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Figure 22. 3D scatter plot of oxygen and sulfide concentrations and abundance of L. oneistus
colored according to the layer they were retrieved. bsf, below sea floor.

Nematodes of the subfamily Stilbonematinae could not be retrieved by taking sediment
cores in Piran, Slovenia. Only some individuals of the genus Eubostrichus GREEF [184,264-267]
have been collected with a bucket so far (Bulgheresi, pers. communication). The grain size of
the sediment reached from small gravel at the upper layers to silt and clay, as well did sediment
color change from brown/grey because of the high content of detritus to black in the lower

parts of the sediment core.
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Figure 23. All individual of the genus Eubostrichus carry ectosymbiotic bacteria on their
cuticule. Taken from Giere (2008) [8].

A Spearman's rank-order correlation was used to determine co-occurrence of L. oneistus
and Stilbonema sp. In the cores away from seagrass beds, we found the correlation of the
abundances of the two species to be highly significant (rs (43) = 0.509, p < 0.001; Figure 24A).
However, this was not the case in proximity to seagrass beds (rs (20) = -0.089, p > 0.05; Figure
24B).
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Figure 24. Correlation of L. oneistus and Stilbonema sp. in cores away from seagrass (A) and
in proximity to it (B). (A) There was a moderate, statistically highly significant co-abundance
of the two species. A regression line was fitted through the data (R*> = 37.6 %, red line) and
95 % confidence interval (dashed lines). (B) There was no significant correlation (p < 0.05)
between the two organisms in seagrass proximity.

In summary, vertical gradients of sediment chemistry were highly dynamic but were
characterized by oxygen decreasing with depth and sulfide increasing in Carrie Bow Cay and
Piran. Nitrate and nitrite concentrations are in a nanomolar range, although ammonia can be
up to 120 pM. Both genera of Stilbonematinae, namely Laxus oneistus and Stilbonema sp.

showed a maximum abundance at low oxic, low sulfidic concentrations.
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Quantitative PCR-based assessment of Cand. Thiosymbion quadrati
metabolic response to different oxygen regimes

Incubations

To detect differential expression of key metabolic genes involved in sulfur oxidation
(aprA, dsrA), denitrification (norB), nitrogen fixation (nifH) and carbon fixation (cbbL), the
symbiotic nematodes were incubated in oxic and hypoxic seawater for 24 h, 48 h and 72 h. For
the oxic 24 h and 48 h incubations, the medium had an initial oxygen value close to saturation
(184.18 uM and 205.29 pM, respectively; Table 12). For the oxic 72 h incubations, oxygen
decreased from 202.69 pM to 79.52 uM + 11.93 (see discussion). The hypoxic 72 h incubations
had on average 4.24 uM oxygen at a salinity of 34.7. The preparation of the hypoxic seawater
through gassing with CO, decreased the pH from 8.95 to 8.46. Since the water used for
incubation originated from the same tank, only the hypoxic medium (48 h incubation) was

measured. It contained 3.36 uM ammonium, 0.29 uM nitrate, and 0.24 uM nitrite.

Table 12. Chemical monitoring of the nematodes’ incubations medium.

sample incubation O, (uM)* NH," (uM)* NO;~ (uM)* NO, (uM)* pH

1 oxic 24h 184.18 n.d. n.d. nd. nd.

9 oxic 48h 205.29 n.d. n.d. nd. nd.
13 hypoxic 48h 6.4 n.d.
14 hypoxic 48h n.d. n.d.
15 hypoxic 48h n.d. 336 0.29 0.24 n.d.
16 hypoxic 48h n.d. n.d.
17  oxic 72h 68.24 n.d. n.d. nd. 8.95
18 oxic 72h 78.31 n.d. n.d. nd. 8.95
19 oxic 72h 92.00 n.d. n.d. nd. 8.95
21 hypoxic 72h 3.71 n.d. n.d. nd. 8.45
22 hypoxic 72h 4.53 n.d. n.d. nd. 8.45
23 hypoxic 72h 4.49 n.d. n.d. nd. 8.45

*measured at the end of incubation
n.d. not determined

RNA extraction

Host and symbiont RNA extraction yielded 11.07 ng/pul on average, ranging from
6.25 ng/ul to 14.6 ng/ul with an average purity of 1.61 Axeo2s0 (1.52 to 1.82). Electropherograms
of all samples obtained by Agilent Bioanalyzer 2100 showed peaks for both host and symbiont

59



RESULTS

(as a representative electropherogram see Figure 25); the calculation of RNA integrity values

(RIN) was therefore obsolete, although RN A was not degraded in any of the samples.
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Figure 25. Total RNA was run on a 2100 Bioanalyzer (Agilent) for quality and quantity
check. (A) The electropherogram shows an undegraded RNA sample as visible through
intact rRNA peaks. The approx. sizes for Cand. T. oneisti rRNA are 109 bp (5S), 1598 bp
(16S), 3,335 bp (23S); source: SPAdes Illumina and hybrid annotation; approx. sizes for
Caenorhabditis elegans rTRNA are 153 bp (5.8S), 1,760 bp (18S), 3,509 bp (26S); source:
RNAcentral since no host genome is available. Dashed green lines (A) and bold line (B) are
marker bands. (B) Virtual gel representation of the electropherogram data.

Data analysis of quantitative PCR
The rpoB gene showed the most constant expression (lowest standard deviation of 1.23;
Table 13, Figure 26) independently of the treatment. rpoB was therefore selected as a reference

gene.

Table 13. Standard deviation of C, over all treatments for each transcript.

transcript Cgstandard deviation

aprA 1.69
dsrA 2.99
norB 1.58
cbbL 1.55
nifH 1.30
rpoB 1.23

168 1.60
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Figure 26. Boxplot displaying the distribution of C, values across all experimental
treatments.

Relative expression values (AAC,) were defined as the expression of the gene-of-interest
(aprA, dsrA, norB, cbbL, nifH) in the sample-of-interest normalized against the expression of
reference transcript rpoB in the 24 h incubation (relative quantification). There was generally
a high natural variability between biological replicates that was reflected by the standard error
of AAC, (Figure 27). The number of biological replicates varied because some samples did not
show any amplification.

Given that the AAC, values (Table 14) were not normally distributed (Kolmogorov-
Smirnov test; D(171) = 0.363, p < 0.001), a Kruskal-Wallis H test showed a statistically
significant difference in AAC, values between the time points for the transcript aprA (H(26) =
9.960, p < 0.01) and a highly significant difference for dsrA (H(34) = 20.052, p < 0.001). The
two transcripts for sulfur oxidation were upregulated in the hypoxic incubation and the level
of transcription decreased over time. However, dsrA was not differentially expressed after 48
h. A post hoc test using Dunn's correction revealed that in the 48 h and 72 h incubations the
dsrA relative expression elicited a highly significant reduction down to a median AAC, of 1.56
+ 0.34 (p < 0.001 for 48 h time point, p < 0.01 for the 72 h compared to 24 h). aprA mRNA
expression levels significantly decreased in the 72 h compared to the 24 h time point (median
AAC, of 3.00 £ 0.85, median AAC, of 16.47 + 3.38, respectively; p < 0.01).

Expression levels of nitric oxide reductase subunit B (norB) which is involved in

denitrification as an electron acceptor showed a significant decrease over time (H(37) = 6.360,
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p < 0.05), with a significant reduction from 48 h to 72 h from a median AAC, of 9.09 + 4.28 to
2.38 + 1.17 (p < 0.05), but its expression was upregulated even then.

The overexpression of cbbL was not significantly different between the time points
(H(39) = 1.693, p > 0.05) with a median relative mRNA expression of 2.38 throughout the time
points.

Expression levels of nifH mRNA showed a highly significant increase (H(35) = 21.785,
p < 0.001), especially at 72 h, expression levels increased and turned to a highly significant
upregulation from a 24 h median AAC,0f0.77 £ 0.15to a 72 h 9.09 + 4.28. (p < 0.001), whereas
at 24 h and 48 h nifH was not differentially expressed compared to the oxic incubation as
relative nifH mRNA levels are close to 1.

Sanger sequencing and melting curve analysis of QPCR amplicons confirmed the
specificity of the amplification. The investigated transcripts showed qPCR efficiencies from

0.53 (dsrA 24 h/48 h) to 1.01 (norB 72 h).

Table 14. Mean pairwise AAC, for each transcript, standard error (SE) and efficiency in
amplification (E).

aprA dsrA norB cbbL nifH
AACq SE E AACq SE E AA  SE E AACq SE E AACq SE E

24h 1434 339 097 4492 2617 053 9.67 255 0.88 2.87 0.62 091 0.57 0.11  0.92
48h 2442 739 097 191 0.46 0.53 8.87 198 088 1.71 092 091 1.39 0.2 0.92
72h  3.66 085 094 1.7 0.42 0.67 3.58 117 1.01 2.46 0.8 0.71 5.71 1.55 0.85
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Figure 27. Relative mRNA expression values of key metabolic genes aprA (adenosine-5'-
phosphosulfate reductase alpha subunit), dsrA (dissimilatory sulfite reductase subunit A),
norB (nitric oxide reductase subunit B), cbbL (RuBisCO large subunit), nifH (nitrogenase
iron protein) in the hypoxic treatment relative to the oxic treatment. Cq values were
normalized to the rpoB gene expression levels (reference gene). AAC, values with a value of
1 (black line) are not differentially expressed, values above 1 imply an upregulation in the
hypoxic treatment relative to the oxic treatment. Bars represent the mean of pairwise AAC,
values * standard error (n > 8). Two to four biological replicates (for details see Table 5) were
measured in triplicates each. Significance was determined by a Kruskal-Wallis H test
following a post hoc test using Dunn-Bonferroni correction. *, p < 0.05, **, p < 0.01, ***, p <
0.001.

In summary, mRNA expression of sulfur oxidation genes (aprA, dsrA) decreased over
time and was accompanied by a decrease in mRNA expression of denitrification (norB).
Expression levels for inorganic carbon is fixation (cbbL) were upregulated throughout the 72 h
incubation period, while the targeted gene for nitrogen fixation (nifH) was only highly

significantly upregulated after 72 h.
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Discussion

Draft genome assembly of short and long reads reveals adaptions and

metabolic versatility in a stilbonematid symbiont

Cand. T. oneisti dissociated from approximately 500 Laxus oneistus nematodes from
Carrie Bow Cay was sequenced with long-read sequencing technology ONT by which reads
with a maximum read length of 121,466 bases and a mean phred score of 5 were obtained.
Currently, the longest read obtained with ONT was 1 Mbp (Martin Smith, unpubl.). The third-
generation sequencing technology ONT MinION has a similar high error rate compared to
PacBio, but its throughput currently is much smaller [203]. However, if coverage is deep
enough, error correction is possible by using the generated reads themselves or the Illumina
reads [268,269]. Although ONT sequencing is still being actively developed, it is already a
powerful tool that yields highly accurate (99 %) de novo genome assemblies when compared to
[llumina-assembled reference genomes [203,270,271]. Closing of Illumina-based assembly
gaps is enabled by a complementing it with long reads [268]. Moreover, due to its low cost
($1000 for the sequencer; $62.5/Gb reads) and high portability [272], real-time genomic data
acquisition in resource-limited environments is possible as it was demonstrated in surveillance
of Ebola outbreaks [273], for species identification in a remote rainforest [274] or metagenome
sequencing on-board of the the TARA Oceans expeditions or at the International Space Station
[275]. In particular, DNA methylation can be detected by single molecule sequencing [276] and
long reads are critical for resolving structural variation [277,278]. Direct RNA sequencing
(without cDNA synthesis) was made available through ONT [279].

Intriguingly, independent of the assembler used, we showed that ONT reads can
overcome the high fragmentation of Illumina-based assemblies even at a low sequencing
coverage (1.22X coverage). De Bruijn graph-based assemblers originally were written to
overcome repetitive sequences in genomes [280]. SPAdes is one of those and includes an initial
error correction step, followed by generating and solving an assembling graph and finally
scaffolding with long-reads if provided [213]. In contrast, MaSuRCA is a combination of de
Bruijn graph and overlap consensus assemblers, and scaffolds are generated by assembling
mega-reads out of short (e.g. Illumina) and long reads [214]. Although both assemblers
performed best when benchmarked with other assemblers, SPAdes showed over again better

performance when larger reads were provided [281,282], because of the above strategy [268].
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A promising OLC approach that includes an initial error correction step of long reads through
[llumina short reads was implemented in PBcR [268]. In terms of highest N50, completeness,
number of annotated features and resolution of homopolymers, this was also shown in this
study. Because ONT sequencing relies on measuring the change in voltage when a DNA
molecule enters the pore, homopolymers pose a problem because there is no change in signal
over time [283]. Canu was written as a de novo assembler of high noise sequencing data [215]
but failed in our hands, possibly due to the low coverage. With hybrid assembly, it was possible
to reach a N50 of 27 kbp with 94.28 % completeness (based on putatively single copy genes)
and 99.98 % nucleotide similarity. MaSuRCA hybrid assembly failed in correctly resolving
homopolymeric 5-mers, a common problem in ONT. The good accuracy of using Illumina
reads together with the continuity that is by using long-reads in a hybrid approach was shown
previously [284]. As determined by mapping, there was a substantial loss in information by
using MaSuRCA for the assembly. The SPAdes hybrid assembly is smaller because repeats are
better resolved. Number of protein-coding sequences and tRNAs was highest in the SPAdes
hybrid assemblies. For further improvement of the assembly, a polishing step with racon [285],
pilon [286] or nanopolish [270] would be necessary as long as homopolymeric k-mers are not
successfully resolved by ONT. New basecallers based on neural networks that are in
development are aiming at settling this problem and thus increasing the accuracy.

As the SPAdes hybrid assembly represents a high-quality draft genome [257,258], a
comprehensive annotation pipeline was applied to it. The sequence consists of 401 assembled
contigs. The genome has a size of 4,312,079 bp and contains 4,023 open reading frames
encoding for 3,966 protein-coding genes, 53 tRNA genes for all proteinogenic amino acids (1
to 7 for each type), one incomplete rRNA operon and has an average GC content of 58.7 %.
Since this genome is not diminished, it does not point to an obligatory dependence on its host
[287].

Functional categorization of the genomic repertoire using clusters of orthologous genes
revealed that 16.87 % of all protein-coding genes are devoted to metabolism-related functions
(categories CEGHI), whereas conserved functions such as replication, recombination,
translation or transcription are represented to a lesser extent [288]. Specifically, transposases
and TA proteins were most abundant in the dataset. Expression data suggests that many of
these are also actively transcribed (Lena Konig, pers. comm.). Both protein families might

represent key mechanisms for adaption to dynamic environments and host environment [289-
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291] by generating genomic diversity [292-294]. High transposon abundances have also been
reported in other Cand. Thiosymbion symbionts [290,295] such as those of Olavius algarvensis
[167,296].

Second biggest COG is related to TA systems that point to a putative role in defense [297],
stress response [298] or host interaction [299]. In Bathymodiolus symbionts or the sponge
microbiome, protection of the host against parasites or phages was hypothesized [300,301].
Pfam domain annotation is also covering TA systems as PIN domains, now referred to as
VapBC (virulence associated proteins) with VapC as a ribonuclease and inhibited by VapB
[302,303]. It was shown that under stressful conditions VapC acts as a 23S rRNA-specific
endonuclease and thus inhibiting translational initiation [304,305] so that metabolic levels are
adjusted [303,306-308]. Other type II TA systems present in the genome are ParE/ParD,
RelE/RelB, and MazE/MazF [309]. ParE inhibits cell division if a DNA fragment (e.g. a phage
plasmid) has not been inherited [310], whereas RelE and MazF cleave RNA if cells undergo
nutritional stress such as lack of glucose or amino acids [311]. Specifically, unless RelE is
inactivated by its antitoxin RelB, it cleaves mRNA codons (preferentially stop codons) at the
ribosomal A site [312], thus creating truncated mRNAs that arrest translation and therefore
translational rates decrease [313]. In contrast, MazF reversibly cleaves off the Shine-Dalgarno
sequence of mRNA and 16S rRNA, thus enabling a cell to selectively translate leaderless
mRNAs [298,314]. Bacterial adaptation by transposons and defense mechanisms by TA-
systems was also shown for sponge microbiota [315-318].

Presence of sulfatases could be involved in sulfur scavenging [319], although in humans
sulfatases are involved in sulfolipid turnover [320,321]. Intriguingly, most abundant lipid in
phylogenetically closely related S. majum symbionts are sulfolipids (Michaela Mauf3, pers.
comm.). Toll/interleukin-1 receptor/resistance protein (TIR) are widespread in pathogenic and
non-pathogenic bacteria where they function in suppression of host immunity and more
generally in protein-protein interactions [322]. In rhizobia, evasion of host immunity through
TIR-domain containing proteins is important for the establishment of the symbiosis [323].
TRAP transporters (tripartite ATP-independent periplasmatic transporters) as the genome is
encoding for six of them are driven by a gradient of electrochemical ions and not by ATP as
ABC transporters [324], but elucidation of substrates is mostly lacking. The high abundance of
hypothetical proteins with the domain rve_3 (conserved core domain of retroviral integrase)

points to a previous encounter with phages [325]. Sulfur globule domains form an envelope
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around sulfur globules [326] and are among the most transcribed (Lena Konig, pers. comm.).
The family of Acriflavin resistance proteins are a component in multi-drug efflux systems and
serve as a protection against a wide range of hydrophobic inhibitors [327] or antibiotics (e.g.
tetracycline, streptomycin, chloramphenicol) [328]. Their expression was confirmed by
transcriptomics (Lena Konig, pers. comm.). Most abundant Pfam clans were identified as
conserved clans in fully sequenced bacteria. Due to the low number of CAZymes and
extracellular enzymes identified, Cand. T. oneisti does not seem to degrade mucus
polysaccharides it is embedded into as it is the case for gut microbiota [329,330].

The high number of repeats is supposedly due to the fact that the draft genome was
assembled mostly from short-read sequencing reads and scaffolding was only possible with few
long reads. Long repeats might therefore be underrepresented. Repeats are a form of genome
plasticity and can give rise to differential phenotypes. They are a sign of rearrangements within
a genome, through with new functions can evolve, provided that genome integrity is not
threatened [331]. Source of repeats are mostly transposable elements [332] and number of
repeats ranging from 0 to 21 % is correlated with an organism’s lifestyle so that the genomes of
intracellular, obligate bacteria contain less mobile elements independent of their phylogenetic
placement [295].

Genome size could be underestimated due to the short-read sequencing data as
Williamson et al. (2016) [333] showed. In contrast, long-read sequencing technology was used
for de novo assembly of C. elegans genome and led to the identification of 2 Mbp of sequences
(mostly long repeats) that were missed in the reference genome sequenced in 1998 [334].

All pathways necessary for a host-independent lifestyle are complete. Identified
metabolic pathways (i.e. auto- and heterotrophy, sulfur oxidation, denitrification) are
consistent with experimental studies of Cand. T. oneisti and pathway reconstruction
[11,118,147,195]. No fermentative or nitrifying enzymes have been identified. The Calvin cycle
possesses the same enzymatic repertoire as in R. pachyptila or O. algarvensis [296,335].
Oxidation of reduced sulfur compounds occurs via a truncated SOX system with soxCD
missing and a reverse-acting DsrAB (Lena Konig, pers. comm.). ABC-transporters have largely
been confirmed by the Pfam ABC-transporter domains. Excretion products, in particular
ammonium and urea can be used as nitrogen source by the symbiont. Cand. T. oneisti might
engage in nitrogen fixation as the nif operon potentially was horizontally acquired [147], in

combination with the nitrogen regulatory system GInL-GInG (NtrC) which is present. Analysis
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of the nif operon revealed presence of components of TA systems (pemI, mazF, higB-1; Harald
Gruber-Vodicka, pers. comm.). This mechanism might act as a selective marker and ensures
stable maintenance of the nif operon [336]. Ammonium can be assimilated through the
GS/GOGAT pathway. Storage compounds such as glycogen, PHA, sulfur granules and poly-
phosphate [147] may function primarily as energy reserve [337] and can be mobilized via
amylases, PHB depolymerases, the sulfur oxidation pathway, and phosphatases. The presence
of carboxysomes was stated [12]. Besides other cofactors, heme can be synthesized and
transported. Intriguingly, the nematode C. elegans lacks heme synthesis (Lena Konig, pers.
comm.; [338]), thus an obligate association could have been established with the symbiotic
bacteria providing heme to the host since it is scarce in marine habitats [339]. Heme-containing
proteins might also engage in sulfide detoxification [45]. The membrane might be primarily
composed of phospholipids (phosphatidylserine/ethanolamine, cardiolipin) as it is the case for
many diverse marine bacteria in phosphorus-unlimited environments [340]. The genes for
sulfolipid biosynthesis that are canonical for photosynthetic bacteria are absent [341].

In addition to host-secreted Mermaids, bacterial Type IV pili might be required for
successful colonization, as it is the case for the attachment of the symbiont Verminephrobacter
eiseniae to earthworm nephridia [342] or Vibrio fischeri to its squid host [343]. Twin-arginine
translocation pathway and the Sec pathway complementing the type II secretion pathway
might export folded and unfolded proteins, respectively, for a symbiosis-specific function or
for defense. Cand. T. oneisti fully encodes for a type VI secretion system. Although the
significance of the T6SS focused on human pathogens, its role extends to a wide range of
interbacterial interactions and host environments [344,345]. It acts as a contractile, cell-
puncturing system that attaches to bacterial cells via the VgrG subunit [346] and injects effector
proteins that have an inter-kingdom role in signaling, host interaction (modification of host
cytoskeleton or modulation of inflammatory response) or defense against pathogens [347-
349]. The biological effect of the T6SS in light of the symbiosis with ectosymbiotic nematodes

might elucidate context-dependent interactions.

Vertical field distribution of symbiotic stilbonematid nematodes and

availability of nutrients
The vertical field distribution of two species of Stilbonematinae, Laxus oneistus and

Stilbonema sp., was assessed by taking sediment cores together with physicochemical
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properties of the respective layers in which they reside. The volume of interstitial water taken
for measurements was lower than the water holding capacity of the sediment, therefore the
measurements represented the actual properties of the respective layer.

The vertical distribution of Stilbonematinae, in particular L. oneistus, shows a distinct
maximum at low sulfidic (< 20 uM) and low oxygen (< 20 uM) concentrations, although their
presence cannot be excluded in normoxic pore water in the upper layers. There is a trend that
water above the RPD layer (chemocline) has a higher oxygen content and vice versa, but this
correlation has to be taken with care since multiple abiotic parameters influence the position
of this layer [350]. Generally, the RPD layer constitutes the lower limit of depth for strictly
aerobic organisms with small amounts of oxidized and reduced compounds, also because toxic
sulfide is produced. In contrast, some species such as I. leukodermatus or stilbonematid
nematodes thrive under these conditions and reach a maximum in distribution around the
RPD layer, where sulfide and oxygen co-occur [1,19,199]. This narrow but dynamic niche is
due to oxygen diffusing down from the surface layer and sulfide diffusing up from the deeper
layers and is characterized by the presence of photosynthetic and non-photosynthetic sulfur-
oxidizing bacteria [351]. In this work, the conducted oxygen measurements were most likely
not sensitive enough to distinguish between low hypoxic and completely anoxic (strictly
speaking 0 pM oxygen concentration) environments, and contamination of oxygen through
the tubes cannot be excluded.

In coarse sediments, the RPD layer is deeper due to the diffusion of oxygen [113].
Therefore, different sediment types influence the physicochemical conditions and, in turn,
nematode vertical distribution. In Piran, Slovenia, the low porosity and low permeability due
to the increase of clay and silt in the sediment determine the nutrient-rich conditions [21],
since oxygen can only penetrate the first few cm [352-354]. As apparent in the Piran sediment
cores, sulfur leakage and oxygen consumption because of microbial degradation of organic
matter (e.g. DOC) lead to a subsurface layer with less than 100 % oxygen saturation (Figure 20.
Depth gradient of sulfide, oxygen, ammonium, nitrite and nitrate in costal subtidal sediments
of the Northern Adriatic Sea near Piran, Slovenia. Each measurement represents the mean
concentration and standard error of 5 measurements.).

Another feature of deeper sediment layers is the stability of temperature, salinity, pore
water content and lack of temporal/seasonal variation that influences meiobenthic distribution

[355]. In contrast, upper layers undergo surface cooling and wind action causing a
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homogenization of the physical and chemical profiles [351]. A vertical migration of
meiobenthic animals might, therefore, be the case if the environment is disturbed [198]. Non-
symbiotic nematodes showed directed geotaxis to high CO, concentrations or to end products
of fermentation [356,357] since these small animals cannot span oxygenated and sulfidic layers
as bivalves and pogonophores do.

The upper few centimeters are mostly inhabited by autotrophic bacteria due to light and
presence of free oxygen, but their abundance decreases with depth. Since sulfate is highly
available throughout the sand column, sulfate reduction is the dominating process [358].
Nitrification processes contribute to nitrate and nitrite concentrations which were low
throughout the sand columns. Uptake of nitrate in low concentrations is known from
photoautotrophic symbioses [359]. In Piran and CBC, ammonia concentrations generally
increased with depth, whereas nitrate and nitrite showed irregular patterns [355]. Ammonia
concentrations varied as previously reported [360,361], but is the main nitrogen source for
bacteria besides free amino acids in tropical sands [148,362]. Ammonia leaking from hosts and
recycling within the symbiosis are other typical sources [363-366].

Throughout the world, sulfide is present in all deeper layers in marine sediments
[1,367,368], although stilbonematid nematodes do not encounter high sulfidic habitats [10,11].
In addition, H,S can precipitate as ferrous sulfide (pyrite) that appears black in deeper layers
where no oxygen is present [1]. The yellow color of the sediment in the upper layers is mostly
due to ferric iron [1]. Since oxygen is rapidly consumed in the lower layers, organisms rely on
alternative electron acceptors such as nitrate, manganese (Mn*") or iron (Fe**) for sulfide
oxidation. Since the potential for denitrification or usage of other electron acceptors was not
known at that time, a temporal and spatial separation in oxygen and sulfide consumption was
postulated [199,369,370].

All Stilbonematinae described so far develop in the interstitial waters of coarse sands and
harbor chemoautotrophic bacteria [131,185,371]. Therefore, a common vertical migration and
thus co-occurrence was assumed [10,11]. This co-occurrence holds true for Laxus oneistus and
Stilbonema sp., although the latter was more evenly distributed across the layers (Figure 21B).
No stilbonematid nematodes were retrieved from sediment cores taken in Piran, although a
maximum abundance at 4 to 7 cm bsf can be assumed due to the low oxygen and moderate
sulfide concentrations. Stilbonematinae belonging to the Eubostrichus genus were collected

during previous field trips (Silvia Bulgheresi and Harald Gruber-Vodicka, pers. comm.).
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Metabolic response of nematode symbionts to different oxygen

conditions

The holobiont Catanema quadratus with Cand. T. quadrati was incubated in oxic and

hypoxic seawater and the symbiont’s metabolic response measured via qPCR. The incubation
medium contained ammonium, nitrate and nitrite concentrations comparable to those
measured in situ (Figure 18, Table 12). There was a substantial decrease in oxygen for the oxic
72 h incubations which is likely due to the closure of the incubation vials and subsequent
oxygen consumption by the nematodes and bacterial contaminants in the medium.
For normalization of gene expression data, various genes are taken depending on the system
and context [372,373]. Generally, there is a trend that housekeeping genes — genes that are
constitutively expressed despite any fluctuating condition - also essential genes for replication,
translation and central metabolism [372,373]. Between two essential genes, rpoB (RNA
polymerase, subunit p) and 16S rDNA, rpoB was the most stably expressed under the
performed incubations. Although highly context-specific, expression of 16S rDNA is mostly
linked to general activity of a cell [374,375]. The variation in efficiencies is due to PCR
inhibitors that have accumulated during RNA extraction and cDNA synthesis and different
primers [376].

Incubation for 72 h (but not after 48 h) elicits a statistically highly significant reduction
in aprA gene expression. The two genes for sulfide oxidation, aprA (APS reductase, alpha
subunit) and dsrA (dissimilatory sulfite reductase, alpha subunit), showed a decrease upon 72 h
likely because the symbionts’ stored sulfur granules were consumed, as no additional sulfur
source was added. Upregulation of the APS reductase pathway in hydrothermal vent snail
Ifremeria nautilei symbionts and of reverse-type dissimilatory sulfite reductase and APS
reductase pathway in Allochromatium vinosum was shown as a direct response if reduced sulfur
compounds are supplemented [374,375]. The upregulation in Cand. T. quadrati of these two S
oxidation genes is likely connected to the upregulation of norB (nitric oxide reductase
cytochrome, beta subunit), a key enzyme involved in denitrification. Since both oxygen and
nitrate can be used as electron acceptors [118], they both may serve as such. Moreover,
denitrification is not strictly an anaerobic process [377,378] and its gene transcription can be
uncoupled from oxygen concentrations [379]. In contrast, symbioses in vent ecosystems seem
not to rely on nitrate as an electron acceptor because oxygen concentrations can be high [380].

This boost of chemosynthesis by simultaneous respiration of oxygen and nitrate might as well
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explain the upregulation c¢bbL (ribulose bisphosphate carboxylase large chain), and therefore
carbon fixation, in the hypoxic incubations irrespective of the time point. The same response
was also shown in I nautilei symbionts [381] and is supported by incubations with stable
carbon isotopes (Gabriela Paredes, pers. comm.). Since nitrogen fixation is highly sensitive to
oxygen and therefore tightly downregulated in its presence due to irreversible inhibition of the
catalytic center [382,383], nifH (nitrogenase iron protein) is not expressed in Cand. T. quadrati
within the first 48 h. Presence of ammonium in the incubation medium, as well as host-secreted
ammonium might explain this. Nonetheless, after 72 h there is an upregulation that might be

connected to depletion of ammonia in the incubation medium.
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Conclusions

The genome of Cand. T. oneisti was assembled by combining short, highly accurate
[llumina reads (100 bp) and long, error-prone ONT reads (< 121 kbp). The synergy between
the two sequencing techniques drastically improved the available, Illumina-based only
assembly.

Although all pathways for a host-independent lifestyle are present in the Cand. T. oneisti
genome (no evidence of size reduction), putative bacterial adaptations for a symbiotic lifestyle
were identified. These include a high number of transposons and TA-systems, and points to an
importance in fine-tuning the metabolic responses in its dynamic, host-attached environment.
Moreover, the high number of repeats within its genome is indicative of a high level of genome
plasticity and promiscuous ecological lifestyle. However, closure of the genome is crucial to
confirm the presence of repeats. Since repeats and possible within population heterogeneity
pose a problem in the assembly, long-read sequencing approaches have to be pursued, such as
higher ONT-based coverage or even single-cell sequencing. Closure of the genome and
comparative approaches could shed light on symbiosis-specific functions across different
nematode-associated bacteria.

Concerning the vertical distribution of two stilbonematid nematodes (Laxus oneistus and
Stilbonema sp.) in the interstitial pore water in the Caribbean Sea, their highest abundance was
recorded at micro-oxic (< 20 pM) and low sulfidic (< 20 uM) conditions, with low nitrate (<
1.5 uM) and moderate ammonium concentrations (< 126 uM). The use of needle-type
microsensors for in situ measurements, including the redox potential, might confirm and refine
the observed trend.

Finally, the metabolic response of the nematode symbionts to different oxygen regimes
was tested for the first time. By simultaneous respiration of oxygen and nitrate, sulfide
oxidation and carbon fixation are both fuelled and upregulated. Comparative analysis of the
holobiont’s transcriptomes in the whole range of environmental conditions it may encounter
is necessary to understand how these affect not only its metabolism and immunity but, more
generally, its physiology. In turn, grasping symbiosis physiology is mandatory to establish
laboratory cultures and genetic tools for testing the functions of genetic repertoires.

Based on the vertical distribution and the metabolic response, this suggests that the
nematode host transports its symbiont to conditions that optimize the metabolic activity of the

latter. Nevertheless, the putative bacterial factors (e.g. ncRNA, metabolites) that might control
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host behaviour await to be discovered. Moreover, to which degree the host profits from its

symbiont’s well-being is still under investigation.

74



GERMAN ABSTRACT

German Abstract

Freilebende marine Fadenwiirmer, die zur Unterfamilie Stilbonematinae gehdren, tragen
symbiotische, autotrophe Schwefel-oxidierende Gammaproteobakterien der Gattung
Candidatus Thiosymbion auf ihrer Kutikula (Ektosymbionten). Als prominentes Mitglied des
Thiobios konnen sie in extrem hoher Anzahl (> 10° pro m?*) in Flachwassersedimenten
vorkommen, die durch oxygenierte obere und anoxische, tiefer liegende sulfidreiche Schichten
gekennzeichnet sind. Daher konnte diese chemoautotrophe Symbiose wesentlich zu S, C und
N-Zyklen in marinen Sedimenten im Flachwasser beitragen und ihre Biogeochemie
beeinflussen. Es wurde lange angenommen, dass die Symbionten mit den Nematoden eine
Symbiose eingehen, um ihre vertikale Migration durch diese Redoxzone auszunutzen. Dies
wirde ihnen den Zugang zu Sulfid (Elektronendonor) als auch Sauerstoff
(Elektronenakzeptor) fiir den Prozess der Schwefeloxidation ermdglichen. In dieser Arbeit
untersuchten wir die metabolischen Anpassungen von stilbonematid Symbionten durch: (1)
Rekonstruktion von Stoffwechselwegen der Symbionten und Adaptionen, die fiir eine
symbiotische Existenz von Nutzen sein konnten. Hierfiir wurde eine Kombination von kurzen
(Illumina) und ultra-langen (Oxford Nanopore Technologies) Sequenziertechnologien fiir den
Genomzusammenbau verwendet; (2) Messung ihrer vertikalen Verteilung und der
physikalisch-chemischen Parameter, denen Nematoden im Sediment von Carrie Bow Cay,
Belize, und Piran, Slowenien, begegnen; (3) Auswirkung von hohem und niedrigem
Sauerstoffgehalt auf den S, C, N-Metabolismus von Symbionten mittels Quantifizierung der
Transkription von metabolischen Schliisselgenen (aprA, dsrA, norB, cbbL, nifH) tiber 72 h.

Die Ergdnzung von Illumina-Sequenzen mit langen Sequenzen (max. 121 kbp)
verbesserte die Gesamtstatistik der Genomanordnung erheblich. Wie durch COG und Pfam
Annotation bestimmt, besitzt Cand. Thiosymbion oneisti eine hohe Anzahl von Transposasen
und Toxin-Antitoxin-Systemen zusitzlich zu einer grofien Zahl an sich wiederholenden
Genomabschnitten, und kodiert fiir einen vollstindigen Typ-II-Sekretionsweg von Proteinen
(mit Sec- und Tat-Pfaden), Typ IV-Pili und einem Sekretionssystem vom Typ VI. All dies
deutet auf ein mobiles Genom und einen extrazelluldren, vielseitigen 6kologischen Lebensstil
hin. Dariiber hinaus wird die Vielfalt der Toxin-Antitoxin-Systeme als zelluldre Anpassung an
Nahrstofflimitierung und Umweltstress gesehen. Im Gegensatz dazu zeigte die metabolische
Rekonstruktion, dass alle Stoffwechselwege, die fiir einen Wirt-unabhédngigen Lebensstil

notwendig sind, vollstindig vorhanden sind und das Symbionten-Genom (4,3 Mbp) nicht
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reduziert ist. Dazu gehdren Auto- und Heterotrophie (Calvin-Zyklus, Citratzyklus),
Schwefeloxidation (Sox/Reverser-Dsr-Weg), Denitrifikation, Stickstofffixierung, Biosynthese
aller Aminosduren, Gene fiir Cofaktor- und Vitaminbiosynthese (Biotin, Folat,
Polyhydroxybutyrat, Riboflavin, Cobalamin, Him) und ABC-Transporter (z.B. fiir Acetat,
Ammonium, Molybdat, Harnstoff, Phosphat, Zink, Lipoproteine, Ham).

Die vertikale Verteilung von Stilbonematinae, insbesondere Laxus oneistus, zeigte ein
ausgepragtes Maximum bei niedrigen Sulfid- (< 20 pM) und Sauerstoftkonzentrationen
(< 20 uM). Die Konzentrationen von Ammonium, Nitrat, Nitrit und gelostem organischen
Kohlenstoff variierten zwischen den Standorten, wobei Ammonium die Haupt-Stickstoffquelle
tiir die Ektosymbionten sein konnte.

Die auf dem Genom basierenden Hypothesen, die in oxischen und hypoxischen
Inkubationen getestet wurden, zeigten eine simultane Atmung von Sauerstoff und Nitrat zur
Kohlenstofffixierung, die beide in der hypoxischen Inkubation tiberexprimiert waren. Beide
Gene fiir Schwefeloxidation (aprA, dsrA) nahmen im Laufe der Zeit ab, vermutlich da der
interne Schwefelspeicher aufgebraucht wurde. Dariiber hinaus konnte die Stickstofffixierung
(Transkription von nifH) bei einer 72 h langen Hypoxie zunehmen.

Zusammenfasend deuten die Daten auf einen vielseitigen Stoffwechselweg der
stilbonematid Symbionten hin, der darauf optimiert ist, in einer Umwelt mit geringem

Redoxpotential zu leben.
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Supplementary Figures

Sediment cores

Carrie Bow Cay, water holding capacity

Layer Thickness of Layer (cm) Pore water content (ml/28.27 cm’ sediment)
1 (subsurface) 5 8
2 5 12
3 5 14
4 5 16
5 5 10
6 5 10
mean 11

Piran, water holding capacity

Layer Thickness of Layer (cm) Pore water content (ml/28.27 cm’ sediment)
1 (subsurface) 5 7
2 5 14
3 6 12
mean 11

Carrie Bow Cay, cores away from seagrass beds
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Carrie Bow Cay, core B
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Carrie Bow Cay, core F
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Carrie Bow Cay, core O
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Carrie Bow Cay, cores adjacent to seagrass beds
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