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Abstract

Interspecific cooperation requires understanding of commodities exchanged between
partners. The giant ciliate Zoothamnium niveum and its ectosymbiont Candidatus Thiobius
zoothamnicola is the only sulfur-oxidizing, chemoautotrophic (thiotrophic) association that
can be cultivated under controlled conditions. In this study, we corroborate that the
symbiont performs sulfide oxidation to gain energy for carbon fixation, and demonstrate the
transfer of organic carbon to the host through milking (considered a byproduct benefit) and
farming (costly to the symbiont). Further, we recapitulated the breakdown of the
association experimentally. When colonies were maintained under oxic conditions without
sulfide, colonies and swarmers died in less than 2 days. The reproductive effort of the
colonies was maintained during this time, despite a decrease in released swarmers. In
another suite of experiments, we show that swarmers disperse in the oxic water column
and settle onto sulfide emitting surfaces rapidly. If they do not encounter sulfide, they lose
the symbiont within 48 h. Without symbionts, the swarmers grow into a colony whose
shape differs from that of symbiotic colonies, being the only case of polyphenism in a
mutualism as of yet. Aposymbiotic colonies can live with sulfide, but grow to smaller
maximum sizes than under oxic conditions, indicating a detoxification role of the symbionts
as an additional byproduct benefit provided to the host. We further show that Candidatus
Thiobius zoothamnicola has a reduced genome compared to a free-living close relative, in
line with theoretical predictions for a vertically transmitted symbiont. Lactate, acetate and
urea are possible additional byproduct benefits that could be provided by the host to the
symbiont. Finally, we closed the genome of Candidatus Endoriftia persephone, the
endosymbiont of the deep-sea tubeworm Riftia pachyptila. This has in comparison a more
versatile metabolism, consistent with its horizontally transmitted symbiont lifestyle. Overall,
the giant ciliate mutualism exhibits several byproduct commodities that come without costs
and therefore likely allowed the emergence of this mutualism.



Zusammenfassung

Wesentlich flir das Verstandnis mutualistischer Symbiosen ist jenes liber die ausgetauschten
Produkte die der Kooperation zwischen den Partnern zugrunde liegen. Der Riesenziliat
Zoothamnium niveum und sein Ektosymbiont Candidatus Thiobius zoothamnicola ist die
einzige schwefeloxidierende, chemoautotrophe (thiotrophe) Assoziation, die unter
kontrollierten Bedingungen kultiviert werden kann. In dieser Studie bestatigen wir, dass der
Symbiont Sulfidoxidation betreibt, um Energie flir die Kohlenstofffixierung zu gewinnen, und
zeigen den Transfer von organischem Kohlenstoff an den Wirt durch Melken (als
Nebenprodukt) und Ziichten (kostspielig fir den Symbionten). Weiters wurde der
Zusammenbruch der Assoziation experimentell untersucht. Unter sauerstoffarmen
Bedingungen ohne Sulfid starben sowohl die Kolonien als auch die Schwarmer in weniger als
2 Tagen. Die Fortpflanzungsfahigkeit der Kolonien blieb wahrend dieser Zeit erhalten, es
wurden jedoch weniger Schwarmer freigesetzt. In einer weiteren Versuchsreihe zeigen wir,
dass sich die Schwarmer in der oxischen Wassersdule ausbreiten und sich schnell an
sulfidhaltigen Oberflachen niederlassen. Ohne Sulfid verlieren sie ihre Symbionten innerhalb
von 48 Stunden und wachsen zu einer anderen Kolonieform heran als mit Symbionten.
Bisher ist das die einzige Beobachtung von Polyphenismus in einer mutualistischen
Symbiose. Auch aposymbiotische Kolonien kdnnen mit Sulfid leben, erreichen aber eine
geringere MaximalgroRe als unter oxischen Bedingungen, was auf eine Entgiftungsfunktion
der Symbionten als zusatzlichen Vorteil fir den Wirt hinweist. Weiters zeigen wir das
Candidatus Thiobius zoothamnicola im Vergleich zu einem freilebenden nahen Verwandten
eine geringere GenomgroRe aufweist, was den theoretischen Vorhersagen fiir einen vertikal
Ubertragenen Symbionten entspricht. Laktat, Acetat und Harnstoff sind mogliche zusatzliche
Nebenprodukte, die dem Symbionten vom Wirt zur Verfligung gestellt werden kénnten.
Zusatzlich schlossen wir das Genom von Candidatus Endoriftia persephone, dem
Endosymbiont vom Tiefsee Riesen-Rohrenwurm Riftia pachyptila. Im Vergleich hat dieser
einen vielseitigeren Stoffwechsel, was mit seiner horizontal Gibertragenen Lebensweise als
Symbiont libereinstimmt. Insgesamt weist der Mutualismus der Riesenzilien mehrere
Nebenprodukte auf, die keine Kosten verursachen und daher eine de novo Evolution fiir
diesen Mutualismus beglinstigen.
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Introduction

Symbiosis, the living together of unlike organisms (de Bary 1879), plays a key role in the
evolution of life. The description of symbiosis in terms of costs and benefits is widespread,
whether limited to mutualistic relationships with benefits to the partners, as defined by
Pierre-Joseph van Beneden (1876), or more commonly used for associations involving two
or more species living in physical contact with each other at least temporarily (de Bary
1879). When harmful effects reduce the number of offspring of a partner while enhancing

the reproductive output of the other partner, the relationship is termed parasitic.

Mutualism between microbial symbionts and eukaryote hosts is of fundamental ecological
and evolutionary importance (Douglas 2010, McFall-Ngai et al. 2013, Bronstein 2015). Such
beneficial associations thrive in virtually every ecosystem on Earth, from tropical rainforests
to high altitudes on mountains, from shallow-water corals reefs to deep-sea hydrothermal
vents. What was once considered an evolutionary oddity is now well recognized as
ubiquitous in nature (see Sapp 2004). Virtually all animals live with more or less complex
microbial communities in their intestinal tracts, including humans. Most vascular plants
associate with microbes on or in their roots. Most microbial symbionts are bacteria, many
are microalgae, and a few are archaea (Douglas 2010). Such microbe — eukaryote
mutualisms are remarkably diverse with respect to the number of microbial partners,
cooperative traits, symbiont location on or in the host, specificity for a certain range of
partner species, dependence on the partner, and mode of symbiont transmission from one

host generation to the next (Bright and Bulgheresi 2010, Douglas 2010, Bronstein 2015).

Cooperative traits are central for the interacting partners according to the accrued costs of
producing benefits for the partner and their impact on the receiving partner. The degree of
cooperativeness (from highly cooperative to uncooperative) of a single genotype may vary
with environmental context (Jones et al. 2015). Most often partners trade in several,
different, and often complementary goods and services (Janzen 1985) that one partner
needs and the other can provide. Such cooperative traits may be morphological,

physiological or behavioral commodities. They serve to categorize mutualisms into three



categories according to their main function, transportation (dispersal, mobility), protection,
or nutrition (Douglas 2010, Bronstein 2015). Cooperative traits may have evolved at least
partially because of their beneficial effect on the partner (West et al. 2007). Alternatively,
they may have evolved as selfish traits that incidentally benefit the partner (byproduct
benefits, West-Eberhard 1975, Connor 1986, Sachs et al. 2004). Both adaptive cooperative
traits involve costs to produce them, either as benefits for the partner with costs to oneself
(costly benefits) or as benefits to oneself that exceed the costs (byproduct benefits, Hauert
et al. 2006). Trait loss in the receiving partner may be the result of compensation of trait

function by the providing partner (Connor 1995, Ellers et al. 2012).

Theory predicts that benefits are provided at a cost to increase the partner’s fitness without
guarantee of reciprocation (Trivers 1971). Therefore, each partner faces the temptation to
shirk the costly investments in the other and instead allocate all resources to their own
offspring. However, both partners are better off mutually cooperating than mutually
shirking. This creates a social dilemma, a conflict of interest between individual partners and
the associated pair, that has attracted much attention in evolutionary biology (Bergstrom et
al. 2003, Sachs et al. 2004, Lehmann and Keller 2006, Foster and Wenseleers 2006, West et
al. 2007, Gardner and Foster 2008, Leigh 2010, Bshary and Bronstein 2011, Werner et al.
2014, West et al. 2015). Also, evolutionary game theory models mutualism but uses a game
theory approach, in its simplest constellation with two partners (a host and a symbiont) and
two adaptive strategies (cooperate and defect), thus referred to as a 2x2 game. The
cooperator provides benefits to the partner and the defector (cheater) does not or only at
reduced levels (Mar and Denis 1994, Roberts and Sherratt 1998, Doebeli and Knowlton

1998, Killingback and Doebeli 1998, Killingback et al. 1999, Killingback and Doebeli 2002).

The evolutionary outcome of 2x2 games depends on the costs to provide benefits. In the
Prisoner’s Dilemma costs exceed the benefits to self and hence cheaters dominate over
cooperators (Trivers 1971, Axelrod and Hamilton 1981, Doebeli and Knowlton 1998, Roberts
and Sherrat 1998, Killingback et al. 1999, Hauert et al. 2006). In contrast, in byproduct
mutualism, the benefits to oneself exceed the costs, allowing cooperators to outcompete
cheaters (Hauert et al. 2006). In this case, selfish traits that incidentally benefit the partner

are exchanged between both partners (West-Eberhard 1975, Brown 1983, Connor 1986,



Sachs et al. 2004). In pseudo-reciprocity one partner provides an incidental byproduct
benefit to other, who reciprocates with a costly benefit to the actor (Connor 1986, 1995). In
this asymmetric situation (Sachs et al. 2004), cooperators providing a byproduct benefit
outcompete cheaters, while cooperators, providing costly benefits, are dominated by
cheaters. Therefore, neither the reciprocity in the Prisoner’s dilemma nor pseudo-
reciprocity allows for cooperation to evolve unless mechanisms promote cooperators to
interact more often with each other than with noncooperators (Trivers 1971, Hamilton

1975).

Positive assortment between the focal genotype and phenotypes with cooperative traits is
identified as the most fundamental requirement for the evolution of mutualism (Queller
1985, Fletcher and Doebeli 2009). The cooperative symbiont genotype must receive more
benefits from the host individual than less or non-cooperative symbiont genotypes.
Likewise, the cooperative host genotype must receive more benefits from the individuals of
the symbiont population than less or non-cooperative host genotypes. To increase its
frequency in a population of individuals with different levels of cooperativeness, the
cooperative genotype must be overcompensated for its benefits provided to the partner by

receiving benefits from the partner (Queller 1985, Fletcher and Doebeli 2009).

Positive assortment may arise in microbe — eukaryote mutualism through different
mechanisms: 1) Partner choice, where symbiont recruitment in horizontally transmitted
symbionts is through preferential selection of cooperating symbionts from the environment
(Bull and Rice 1991, Noe and Hammerstein 1994, Sachs et al. 2004, Foster and Kokko 2006).
Signaling or screening are identified as two ways of symbiont recruitment (Archetti et al.
2011). 2) The loner strategy with limited dispersal describes optional interactions and
provides an escape hatch out of states of mutual defection (Hauert et al. 2002, Semmann et
al. 2003, Izquierdo et al. 2010). Such non-participating loners are facultative partners that
have the option to leave (or ostracize the other) and to revert to an aposymbiotic life at
least for some time (Hauert et al. 2008). 3) Partner fidelity feedback, allows the partners to
adjust their response to the received benefits (Doebeli and Knowlton 1998, Fletcher and
Zwick 2006), thus promoting positive feedbacks that may result in coupling of fitness (Bull
and Rice 1991, Frank 1996, Sachs et al. 2004). 4) Punishment requires a separate



mechanism, which enables punishers to inflict costs on the cheater at costs to themselves
(Boyd and Richerson 1992, Clutton-Brock and Parker 1995, Boyd et al. 2010, Hauert et al.
2007, Hauert et al. 2008). Punishment creates a so-called second order dilemma because
cooperators that do not punish (and hence have higher fitness) outperform the punishers
with higher costs (resulting in lower fitness) (Yamagishi 1986, Clutton-Brock and Parker
1995, Boyd and Richerson 1992, Sigmund et al. 2001, Boyd et al. 2010). Also, punishment (as
well as cooperation) is more likely to occur and persist if interactions are voluntary with
facultative partners rather than only obligate partners (Hauert et al. 2008). In this case four
strategies are possible — to cooperate, to defect, to be a loner, or to punish (Hauert et al.

2008).

Regardless of the development of a theoretical framework, there has been little connection
between theory and empirical research so far, aside from a few microbe-eukaryote model
systems in plants, e.g. legumes (Kiers and Denison 2008, Sachs et al. 2013, Werner et al.
2015) and mycorrhiza (Kiers and Denison 2008, Kiers et al. 2011). The main reason is
probably that most symbiotic mutualisms cannot be maintained for a longer time under
laboratory conditions let alone cultivated and, furthermore, in many of them the partners
cannot be separated to grow and reproduce without the other. The lack of cultivation is the
case in all but one of the thiotrophic symbioses, associations between sulfur-oxidizing,
chemoautotrophic bacteria and animal or unicellular eukaryote hosts (Cavanaugh 2006,
Dubilier et al. 2008, Sogin et al. 2021). The thiotrophic mutualism between the giant ciliate
Zoothamnium niveum and a single bacterial partner is the exception and the main topic of

my thesis.

| will introduce my work (subdivided in six chapters, two publications as first author and four
as co-author) in the theoretical framework of evolutionary game theory to show how it
influenced empirical research. Studies on the colonial ciliate Zoothamnium niveum spans
centuries of science. Naturalists described the species as snowy white already in the early
19" century (Hemprich and Ehrenberg, 1831). In the second half of the 20" century,
electron microscopy fully revealed the nature of this microbial symbiosis consisting of two
partners (Bauer-Nebelsick et al., 1996a, b). Now, molecular techniques and metagenomic

approaches enable to elucidate potential functions and interactions in this binary



relationship between the colonial ciliate and a monospecific population of the bacterial

ectosymbionts Candidatus Thiobius zoothamnicola (Rinke et al. 2006) covering the host.

Chapter 1 reviews the knowledge about the symbiosis between Zoothamnium niveum and
Candidatus Thiobius zoothamnicola at the time of starting the PhD project (Bright et al.
2014). The review shows that both partners belong to higher taxa prone to establish
symbiosis. The colonial host cell typology includes dividing cells (terminal zooids), feeding
zooids (microzooids), and dispersal stages (called macrozooids during development on the
colony, called swarmers once they detach). The bacterial symbiont can be specifically
visualized through fluorescence in situ hybridization, showing that the ectosymbiont covers
in a perfect monolayer the colonies and the swarmers. Symbiont transmission is vertical
when symbiotic swarmers leave the colony to disperse in the water column and settle at
sulfide-emitting surfaces to found new colonies. The geographical distribution is extremely
widespread in temperate and tropical regions all around the world, in habitats of decaying
organic matter in marine shallow waters. Cultivation of the association under controlled
concentrations of oxygen and sulfide revealed that fitness was higher with low sulfide than
with high sulfide concentrations. The exchange of commodities between partners is
proposed as byproduct benefits in both directions, with the colonial ciliate facilitating access
to oxygen and sulfide to the bacterial symbiont by its self-serving behavior of contractions
and expansion and ciliary beating, and the symbiont providing fixed organic carbon leaking
from the symbiont passively and taken up by the host. This association therefore is

postulated as putative byproduct mutualism.

Chapter 2 investigates the nutritional exchange between partners in the Zoothamnium
niveum symbiosis (Volland et al. 2018). Previous work on the symbiosis of the giant
tubeworm Riftia pachyptila (Bright et al. 2000) had shown with **C bicarbonate pulse-chase
experiments and tissue autoradiography the action of both milking (leakage of low
molecular weight organic carbon molecules from the symbiont into host cells) and farming
(digestion of symbiont cells by host cells). In contrast, symbiosis between the ciliate
Kenthrophoros spp. with the gammaproteobacterium Candidatus Kentron has been
proposed to perform chemoheterotrophy based on the absence of canonic genes for

autotrophic CO, fixation (Seah et al. 2019). The nutritional relationship between the two
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partners in the Zoothamnium niveum symbiosis is characterized through the use of **C
bicarbonate experiments and tissue autoradiography and **C bicarbonate experiments and
NanoSIMS, addressing whether the symbiont is the site of organic carbon incorporation, and
whether there is direct uptake by the host of organic compounds released by the symbiont

cells and/or host digestion.

Chapter 3 investigates the fate of both partners under sulfide deficiency (Espada-Hinojosa
et al. 2022). Sulfide, key in all thiotrophic associations and also in the Zoothamnium niveum
symbiosis, however, is known to be variable in time and space (Bright et al. 2014). While
sulfide leaks from disturbed mangrove peat surfaces on which the symbiosis grows, the
leakage ceases when the area gets overgrown by microbes (Ott et al. 1998). During wood or
seagrass degradation sulfide is only produced during a short time and therefore restricts the
presence of the symbiosis to this time period (Laurent et al. 2009). We studied in detail the
response of the symbiont and how long the colonies and their swarmers survive under
sulfide starvation. Because many organisms increase their effort in reproduction when faced
with adversity (Stelzer 2001), we specifically studied whether the ciliate colony responds
also with additional production of swarmers. For such experimental studies the ciliate

symbiosis is highly suited because they have much shorter generation times than animals.

Chapter 4 describes an unexpected discovery in the course of experimental work (Bright et
al. 2019) for which the first indications were already produced during cultivations published
in 2007 (Rinke et al. 2007). It was found that growth and reproduction of colonies happens
also when sulfide is absent, but is much lower than under oxic conditions supplemented
with sulfide (Rinke et al. 2007). This phenomenon was not explained at that time. During
new cultivation experiments we performed during my PhD we observed the occurrence of
strange pale colonies next to the typical white colonies in flow through experiments under
oxic and sulfide supplemented conditions. The white color of Zoothamnium niveum is due to
the elemental sulfur granules that is stored in the periplasm of the symbionts (Maurin et al.
2010). While our aim was to answer the question why did colonies turn pale under sulfidic
conditions and whether they were still covered with symbionts, we also were puzzled with
the fact that they looked different. Therefore, we performed a suite of experiments and

discovered an unexpected phenomenon, a polyphenism in Zoothamnium niveum.
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Polyphenism, a special type of phenotypic plasticity with discrete phenotypes, is well known
in parasitic, competitive and predator-prey relationships, as in the case of the water flea
Daphnia lumholtzi (Agrawal 2001). These water fleas grow a sharp helmet and an extended
tail spine when exposed to fish predators, but do not have these morphological features
when the predator is absent. In Chapter 4 we investigated the fate of the symbionts on
swarmers in the absence of sulfide, what triggers settlement in the giant ciliate symbiosis
and studied whether it is possible that swarmers settle under oxic conditions and also grow
(Bright et al. 2019). We show that presence of sulfide during swarmer dispersal leads to
continuation of symbiosis, while lack of sulfide leads to loss of the symbiont in swarmers
that triggers polyphenism in the colony. Thus, we can find a symbiotic morphotype (often
white) and an aposymbiotic morphotype (pale), the latter maintaining the ancestral form of
its close relatives and showing a reduced fitness. This indicates that for the host, the loner
strategy may be an option. To our knowledge, this is the first described case of polyphenism

in a mutualism.

Chapter 5 and 6 cover bacterial genomics to evaluate the potential functional capabilities of
three thiotrophic bacteria (De Oliveira et al. 2022, Espada-Hinojosa et al. 2024). Chapter 5
includes Candidatus Thiobius zoothamnicola (the symbiont of Zoothamnium niveum), and a
free-living close relative, the Milos ODIII6 strain, cultivated but not currently formally
described (Espada-Hinojosa et al. 2024). Candidatus Endoriftia persephone, the symbiont of
the giant tubeworm Riftia pachyptila, belongs to the same family Sedimenticolaceae
(Slobodkina et al. 2023). In Chapter 6, we report the closing of its genome. A coarser-
grained functional description with the aggregation of metabolic pathways into functional

traits for major bioelement fluxes (CHNOPS) is presented in both chapters.
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Symbioses between chemoautotrophic sulfur-oxidizing (thiotrophic) bacteria and protists
or animals are among the most diverse and prevalent in the ocean. They are extremely
difficult to maintain in aquaria and no thiotrophic symbiosis involving an animal host has ever
been successfully cultivated. In contrast, we have cultivated the giant ciliate Zoothamnium
niveum and its obligate ectosymbiont Candidatus Thiobios zoothamnicoli in small flow-
through aquaria. This review provides an overview of the host and the symbiont and their
phylogenetic relationships. We summarize our knowledge on the ecology, geographic
distribution and life cycle of the host, on the vertical transmission of the symbiont, and
on the cultivation of this symbiosis. We then discuss the benefits and costs involved in
this cooperation compared with other thiotrophic symbioses and outline our view on the
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evolution and persistence of this byproduct mutualism.
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INTRODUCTION

The first illustration of a colonial ciliate from the Red Sea was pub-
lished more than 180 years ago (Hemprich and Ehrenberg, 1829).
Two years later, based on the small drawing of a single specimen,
Zoocladium niveum was formally described and was named “small
Abyssinian double bell” (Hemprich and Ehrenberg, 1831; trans-
lated by the first author; Figure 1). It was found on a rock at the
coast of the Red Sea, probably close to the former kingdom of
Abyssinia. Shortly thereafter, this species was placed in the ear-
lier described genus Zoothammnium (Bory de Saint-Vincent, 1824).
Ehrenberg (1838) observed in this specimen that “the whole stem
suddenly contracted to a white knot” (p. 290; translated by the first
author). Over the following decades, Z. niveum was discovered in
other localities and with similar or slightly different morphology
(see Bauer-Nebelsick et al., 1996a for further literature). Nonethe-
less, the typical white color, for which the species was named
“niveum,” was not mentioned again until it was discovered by Jorg
Ott in mangrove islands of Belize. Only then was it redescribed and
its association with white, sulfide-oxidizing bacteria characterized
(Bauer-Nebelsick et al., 1996a,b).

The white color in many sulfur-oxidizing (thiotrophic) bacteria
is due to elemental sulfur inclusions, which are an intermedi-
ate product in the oxidation process of reduced sulfur species
(Pflugfelder etal., 2005; Himmel etal., 2009; Maurin etal., 2010;
Gruber-Vodicka etal., 2011). When involving animal or protist
hosts, this type of association is termed thiotrophic symbiosis.
Thiotrophic bacteria use hydrogen sulfide or other reduced sul-
fur species (see Childress and Girguis, 2011), which are typically
produced biologically by anaerobic sulfate-reducing bacteria or
geothermally at hydrothermal vents, to gain energy for carbon
fixation (see Dubilier etal., 2008). Such bacteria, both free-
living and host-associated, are extremely widespread at marine

oxic—anoxic interfaces from shallow waters to the deep sea,
including suboxic sediment layers, decaying plant matter, such
as in sea grass meadows, mangrove peat, and wood, in whale
bones, hydrocarbon seeps, and hydrothermal vents (Dubilier
etal., 2008). Most symbioses are marine, but recently the first
thiotrophic symbiosis was described from a freshwater limestone
cave (Dattagupta etal., 2009). Thiotrophic symbionts belong to
various clades of Gamma-, Epsilon- and, as recently discovered,
also Alphaproteobacteria (Dubilier etal., 2008; Gruber-Vodicka
etal., 2011).

The host taxa are even more diverse, although hydrogen sulfide
is highly toxic (National Research Council, 1979) and eukary-
otic hosts need to somehow cope with this poison. Extra- and
intracellular endosymbioses as well as ectosymbioses are reported
within six animal phyla (Nematoda, Platyhelminthes, Annelida,
Arthropoda, Mollusca, Echinodermata) and one protist phylum
(Ciliophora; see Ott etal., 2004; Stewart etal., 2005; Cavanaugh
etal., 2006; Dubilier etal., 2008). All types of transmission modes
— vertical from parents to offspring, horizontal from the environ-
ment, or mixed modes —are known within these prevalent bacterial
symbioses in the sea (see Bright and Bulgheresi, 2010; Vrijenhoek,
2010).

Despite this dominance, research has been somewhat limited
because many thiotrophic symbioses occur in poorly accessible,
deep-sea environments. They are extremely difficult to maintain
in the laboratory or even to culture. To our knowledge, only a
few bivalves (for example, the lucinid Codakia orbicularis; Gros
etal., 1997) were reared to maturity. This colonial ciliate, how-
ever, was successfully cultivated including the entire life cycle with
the production of offsprings (Rinke etal., 2007). While bivalves
exhibit intrinsically slower growth, and reproduction, the colonial
ciliate has a much faster growth and reproduction, and a short
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FIGURE 1 | Zoothamnium niveum. (A,B) Original illustrations modified
from Hemprich and Ehrenberg (1829) showing the same colony expanded
(A) and contracted (B). (C) Drawing of a colony from the redescription of Z.
niveum showing the different cell types: the macrozooid (ma), the microzooid
(mi), the terminal branch zooids (tbz), and the terminal top zooid (ttz; modified

from BauerNebelsick etal., 1996a). (D) Microscopic observation of a
longitudinal section of a Z. niveum colony. The stalk (st) of the contracted
colony is visible as well as the numerous microzooids. (E) Detail of a single
microzooid with macronucleus (nu) and digestive vacuole (dv), covered by its
ectosymbionts (s).

life span. These characteristics along with easy access in shallow
waters make this thiotrophic symbiosis of Z. niveum and its single
bacterial partner, Candidatus Thiobios zoothamnicoli, a promis-
ing candidate for future studies. The present review summarizes
our knowledge on this symbiosis and outlines our view on its
evolution.

THE HOST Zoothamnium niveum

Zoothamnium niveum belongs to a morphologically well-defined
colonial ciliate genus of Peritrichida (Oligohymenophora) char-
acterized by zooids that are connected by a common stalk.
The contractile spasmoneme runs uninterrupted through the
whole colony and bends in a “zigzag” pattern upon contraction
(see Clamp and Williams, 2006). Z. niveum shares an alternate
branching pattern with several other species such as Z. alternans
Claparede and Lachmann 1858, but is much larger and has typical
bell-shaped microzooids (Bauer-Nebelsick et al., 1996a; Figure 1).
With a length of up to 1.5 cm it is by far the largest representative
of this genus (Vopel etal., 2005).

The 18S rRNA sequence from a population found on decay-
ing mangrove leaves close to Fort Pierce, FL, USA and from a
population collected from a whale bone in Tokyo Bay was almost
identical, indicating an extremely wide geographic distribution
(Clamp and Williams, 2006; Kawato etal., 2010). A sister taxa
relationship of Z. niveum with Z. alternans + Z. pelagicum Du
Plessis, 1891 was reported (Clamp and Williams, 2006; Figure 2).
Both closely related species have been described with epibiotic
bacteria (Dragesco, 1948; Fauré-Fremiet etal., 1963; Laval, 1968,
1970; Laval-Peuto and Rassoulzadegan, 1988). Epibionts of one

morphotype consistently cover the pelagic Z. pelagicum. They were
suggested to be cyanobacteria (Laval-Peuto and Rassoulzadegan,
1988). In Z. alternans it remains unclear whether the association
is obligate for the host and involves a specific symbiont or merely
represents unspecific microbial fouling.

The colonial host exhibits a central stalk with alternate branches
and three cell morphotypes: terminal zooids on the tip of the
stalk and each branch, feeding microzooids, and macrozooids
(Figure 1). The latter develop on the base of the branches and
leave the colony as swarmers to disperse and found new colonies
(Bauer-Nebelsick etal., 1996a,b; Figure 3). Microzooids exhibit
typical digestive structures with an oral ciliature and a cytopharynx
(Bauer-Nebelsick etal., 1996b). Food vacuoles containing bacteria
of similar size and microanatomical features as the symbionts are
frequently found. The macrozooids, however, lack a cytopharynx,
but their oral ciliature is fully developed. No food vacuoles were
observed in macrozooids, leading to the conclusion that they are
nourished by the microzooids (Bauer-Nebelsick et al., 1996b).

Sexual reproduction through conjugation has been described
in some representatives of Zoothamnium (Furssenko, 1929; Sum-
mers, 1938), but never in Z. niveum (Bright M., personal
observation). Asexual reproduction is through swarmers (Bauer-
Nebelsick etal., 1996a,b). Macrozooid size varies considerably
(20-150 pm). As soon as the somatic girdle (circular rows of
cilia) is developed, macrozooids can leave the mother colony as
swarmers. Somatic girdle development, however, is not correlated
with macrozooid size (Bauer-Nebelsick et al., 1996a). The circum-
stances under which the somatic girdle develops prior to dispersal
in the water column have not been studied.
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FIGURE 2 | Consensus tree formed from the four trees generated by
phylogenetic analyses (Clamp and Williams, 2006). Neighborjoining (NJ)
bootstrap value, maximum parsimony (MP) bootstrap value, maximum
likelihood (ML) consensus value, and Bayesian consensus value are given as

--/64/94/100 | 100/10 Epistylis galea e ____1
79/88/1 oomool: Tetrahymena corlissi
100/95/100/100 Tetrahymena farleyi
100/100/100/100 .
IR Tetrahymena australis
85/60/94/78 Co/p/qlum campylum
| Ichthyophthirius muiltifiliis
93/93/1001100 — Paramecium calkinsi
g - L Paramecium polycaryum
10011C0/1007100 Paramecium duboscqui
90/99/100/100 100/100/100/100 ; ; q
— Paramecium bursaria
Frontonia vernalis
91/95/100/100: Cohnilembus verminus
99/99/100/100 100/99/100/100 Pseudocohnilembus marinus
100/64/100/100 . )
Anophryoides haemophila
T — Cyclidium plouneouri
1001 oonoomoo[ Discophrya collini
Trithigmostoma steini
100/100/100/99 100/100/100/100— Stylonychia pustulata

numbers on branches; missing values reflect minor differences in topology
that could not be represented on the consensus tree. Solid bracket indicates
species of Zoothamnium; dashed bracket indicates species of peritrichs.
Species sequenced in Clamp and Williams (2006) are shown in bold type.

Using bromodeoxyuridine, a thymidine analog, and
immunocytochemistry to study proliferation kinetics, Kloiber
etal. (2009) corroborated that DNA synthesis is restricted to ter-
minal zooids and macrozooids (Figure 4). The terminal zooid on
the tip of the stalk produced the terminal zooids of each branch.
Thus the number of branches is equivalent to the divisions of this

top terminal zooid, and the youngest parts are on the tip of the
colony, the oldest on the bottom. The division rate of the top
terminal zooid decreased as the colony grew, but never ceased
(Kloiber etal., 2009). The terminal zooids of the branches pro-
duced the microzooids. They had limited proliferation capacity,
increasing the branch length with maximally 20 microzooids. At
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swarmer

FIGURE 3 | Life cycle of Zoothamnium niveum. Scanning electron
microscopy of the different stages of development. The dispersive stage,
the swarmer, is released from the colony and settles to grow a new colony.
The new colony initially consists of a single cell, the terminal zooid, which
divides to grow a whole colony. After a growing phase the adult colony
enter a senescence stage. Not in scale.

the base of the branches, macrozooids are produced. The num-
ber of macrozooids in large colonies with more than 50 branches
was greater (about 15) than in small colonies with less then 50
branches (about 6). In macrozooids, DNA synthesis occurred on
branches, but the cell cycle was arrested until swarmers left the
colony. They probably resume mitosis and cell division upon set-
tlement, when they in fact become the top terminal zooid (Kloiber
etal., 2009).

THE SYMBIONT Candidatus Thiobios zoothamnicoli

A single 16S rRNA phylotype covers the host in a strict mono-
layer, except for the most basal part of the colony (Rinke etal,
2006; Figure 5). Depending on the location of the host, this
phylotype grows either as rod or as cocci. They are rods on the
stalk, branches, terminal zooids, macrozooids, and on the aboral
parts of microzooids. The oral part of the microzooids, is cov-
ered with cocci, with a gradual change from cocci to rods from
the oral to aboral side. The most basal, senescent parts of the
colony are overgrown with all kinds of microbes and the sym-
biont is partly lost (Bauer-Nebelsick etal., 1996a,b; Rinke etal.,
2006).

The symbionts have a cytoplasmic and an outer cell mem-
brane, typical of Gram-negative bacteria (Bauer-Nebelsick etal.,
1996b). Raman microspectroscopy revealed vesicles filled with
Sg sulfur (Maurin etal., 2010). Experiments in Cartesian divers
showed a rapid decrease of oxygen consumption within 4 h,
which remained at a low level for 24 h under normoxic condi-
tions. This suggests that elemental sulfur is used with oxygen as
an electron acceptor for about 4 h, during which the colonies
are depleted of this intermediate storage product and turn pale.
The baseline of oxygen consumption represents the respiration of

FIGURE 4 | General view of a Zoothamnium niveum colony showing
the immunolocalization of BrdU incorporated into proliferating cells.
Labeled nucleus are observed in the terminal top zooid, some of the
terminal branch zooids and in the macrozooids located along the stalk.
Modified from Kloiber etal. (2009).

host and symbiont. After injecting 100 wmol L~' H,S (sum of
H,S, HS™, $27), oxygen consumption was increased and rapidly
decreased again. This suggests that the sulfide pulse enables the
symbionts to briefly resume their chemoautotrophic activity (Ott
etal., 1998).

Each host population associates with a single specific symbiont
(based on 16S rRNA). The symbiont from Twin Cays, Belize,
was tentatively named Cand. Thiobios zoothamnicoli (Rinke
etal., 2006). The similarity between this and another population
from Calvi, Corsica, was 99.7% (Rinke etal., 2009) and 99.2%
to a Pacific population, termed “ectosymbiont of Zoothamnium
niveumn” (Kawato etal., 2010). The internal transcribed spacer
(ITS) was also highly similar between the Twin Cays and Calvi
population (Rinke etal., 2009). Genes for the key enzyme in the
Calvin Benson cycle for carbon fixation (ribulose 1,5-bisphosphate
carboxylase/oxygenase) and for sulfur metabolism (APS reduc-
tase, dissimilatory sulfite reductase) were discovered (Rinke etal.,
2009).

Besides other strains of Cand. Thiobios zoothamnicoli recov-
ered from different Z. niveum isolates, the closest relatives, as
revealed by 16S rRNA gene phylogenetic analysis, of Cand. Thio-
bios zoothamnicoli all belong to a well separated group of uncul-
tivated sulfur oxidizing bacteria related to gamma proteobacteria
(Rinke et al., 2006, 2009; Kawato et al., 2010).
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FIGURE 5 | The monospecific ectosymbiont monolayer. (A) SEM
observation of a microzooid showing the monolayer of bacteria covering the
host cell. The two morphotypes are visible, rod-shaped symbionts at the
aboral part and coccioid symbionts at the oral part. (B-D) FISH micrographs of

a single microzooid after hybridization with a general bacterial probe in green
(B), a gammaproteobacteria specific probe in blue (C), and a Cand. Thiobios
zoothamnicoli specific probe in red (D). (E) Overlay of the three previous
micrographs (Rinke etal., 2006).

The updated phylogenetic analysis reveals a group currently
19 16S rRNA sequences (all current close relatives in public
databases; Figure 6). Overall this Thiobios group is dominated
by free-living bacteria of shallow-water environments of all tem-
perate to tropical oceans. Analyses restricted to the 16S rRNA
gene provides insufficient resolution to fully clarify the evolu-
tionary relations among the available representatives populating
this branch of the tree, a problem that can only be resolved with
genomic sequencing of targeted members. Nevertheless, symbiosis
apparently evolved twice in the shallow waters as ectosymbioses
in the Thiobios group: in Z. niveum and in the archaea Gigan-
thauma karukerense (Muller etal., 2010). The available fragment
of 16S rRNA from this archaea has a similarity of 93% to
Cand. Thiobios zoothamnicoli (note that this sequence frag-
ment is not included in Figure 6). In addition another clade
of the Thiobios group colonized shallow-water and deep-sea
vents, whereby endosymbiosis with two different gastropod hosts
evolved.

HABITAT AND ECOLOGY

The data increasingly point to a widespread occurrence of the
giant ciliate symbiosis on or near decaying organic material in
shallow tropical to temperate waters. So far, this symbiosis has
been detected in the biogeographic provinces of the Caribbean Sea
(Bauer-Nebelsick et al., 1996a; Clamp and Williams, 2006; Laurent
etal.,2009), the Atlantic Ocean (Clamp and Williams, 2006; Wirtz,
2008), the Mediterranean Sea (Rinke et al., 2007; Wirtz, 2008), the
Red Sea (Ehrenberg, 1838), and the Pacific Ocean (Kawato etal.,
2010; Figure 7).

In tropical and subtropical regions, the giant ciliate colonizes
mangrove peat (mainly composed of wood; Lovelock etal., 2011)
and sunken wood and leaves of the mangrove Rhizophora mangle
(Bauer-Nebelsick et al., 1996a; Clamp and Williams, 2006; Laurent
etal., 2009). In temperate waters, this ciliate inhabits whale falls
(Kawato etal.,2010), wood (Bright M., personal observation), and

sea grass debris of Posidonia oceanica (Rinke etal., 2007; Wirtz,
2008; Figure 8).

The current findings are all restricted to shallow subtidal waters,
but the depth limits remain to be investigated. Mangrove trees
occur in the intertidal, and sea grasses are limited to the euphotic
zone. Wood may be transported into the deep sea and poten-
tially could be colonized by this symbiosis. A sperm whale bone,
recovered from about 1000 m depth in Sagami Bay without this
symbiosis, was colonized by Z. niveum after the bone was deployed
in 5 m depth in Tokyo Bay for 1 year (Kawato etal., 2010).

Detailed studies on colony distribution on peat walls were
conducted at the mangrove island Twin Cays, Belize (Ott etal,,
1998). On average, 1200 giant ciliate colonies m~2 were found
between 30 cm below low water level down to the lower end of
the peat wall at about 2 m depth. They were patchily distributed
in groups of 26 &+ 17 colonies, with maxima of more than 100
colonies per patch. Interestingly, many colonies thrive in areas
where the microbial mat of the peat surface was disturbed, e.g.,
after decomposed rootlets fall out. Such conduits were suggested
to be analogous to hydrothermal vents, where vent fluid emerges
from the basalt and mixes with the oxygenated overlain seawater
(Ott etal., 1998).

Colonization and succession of artificially disturbed surfaces on
mangrove peat led to the distinction of initial patches with small
colonies, followed by mature patches with colonies of all sizes, and
senescent patches with large colonies. The latter were characterized
by loss of zooids on the lower branches and were often overgrown
by other microbes on the lower colony. A life expectancy of about
3 weeks was estimated based on the disappearance of such colony
groups (Ott etal., 1998; Figure 9).

The microhabitat of Z. niveum is temporarily highly dynamic
in terms of sulfide and oxygen concentrations. Measurements of
oxygen and sulfide on peat surfaces from Twin Cays (Belize) were
conducted in the lab (Ott etal., 1998; Vopel etal., 2001, 2002)
and in situ (Vopel etal., 2005). Further in situ measurements
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FIGURE 6 | Phylogenetic diversification of the Cand. Thiobios
zoothamnicoli neighborhood. (A) Maximum likelihood phylogenetic tree
(GTR model, 1000 bootstraps) of all long (>1300 nt), with good
pintail value (>60) and non-redundant 16 rRNA sequences similar to
Cand. Thiobios zoothamnicoli available in the SILVA database (Quast
etal., 2013). The tree with the highest log likelihood is shown and is
drawn to scale, with branch lengths measured in number of
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substitutions per site. Evolutionary analyses were conducted in
MEGAS5 (Tamura etal., 2011). (B) Similarity matrix of the 16S rRNA
sequences belonging to the Cand. Thiobios zoothamnicoli group. The
similarity was calculated as the percentage of identical positions over
all shared positions (not considering gaps) for each pair of sequences
in the multiple sequence alignment and visualized using JColorGrid

(Joachimiak etal., 2006).

of wood surfaces colonized by ciliates from Guadeloupe were
carried out (Laurent et al., 2009). Adjoining areas of peat or wood
devoid of ciliates always exhibited different oxygen and sulfide
concentrations (Ott etal., 1998; Vopel etal., 2001, 2002; Maurin
etal,, 2010), suggesting a highly specific chemical environment Z.
niveum inhabits.

Large-scale sulfide fluctuations were associated with the tidal
cycle. The highest maxima were recorded at high tide, the lowest at

low tide (Laurent etal., 2009). Small-scale fluctuations of sulfide
and oxygen at the opening of conduits on peat walls were caused
by pulse exchange between deoxygenated, sulfidic seawater in con-
duits and oxygenated seawater adjacent to peat surface (Vopel et al.,
2005). Peak values occurred in periods of 10-100 s. Depending on
flow speed, sulfide was high or low (Vopel etal., 2005). Ciliates
preferentially settled in areas of about 250-300 pmol L™! S H,S
and oxygen values of about 20 wmol L=! (Ott etal., 1998; Vopel
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FIGURE 7 | World map showing the known occurrences of
Zoothamnium niveum. So far, colonies of the ciliate have been found in
the Caribbean on mangrove peat wall, sunken wood and leaf debris (1, Twin
Cays Island, Belize; 2, Guadeloupe, French West Indies; Rinke etal., 2006;
Laurent etal., 2009, 2013). In the Gulf of Mexico, the symbiosis was found
in the Florida Keys (3) (BauerNebelsick etal., 1996a). In the Atlantic Ocean,
it was found in Lanzarote in the Canary Islands (4) (Wirtz and Debelius,
2003). It was also collected from rocks near sea grass debris accumulation
in the Mediterranean Sea (5, Corsica, France) and in the Adriatic Sea from
sunken wood (6) (Bright M., personal observation). The original description
reported Z. niveum from the Red Sea (7), and recently it has been
described growing on bones of a whale fall deployed in the Tokyo Bay,
Japan (8) (Kawato etal., 2010).

etal., 2005). In contrast, the wood surface colonized by the ciliates
had only about 100 pmol L~ 1SH,S. Fluctuations between these
maxima and almost fully oxygenated seawater occurred in less than
one hour (Laurent etal., 2009).

In addition, the host’s peculiar behavior of contracting and
expanding, along with currents generated by the feeding micro-
zooids, change the chemical environment (Figure 10). Colony
contractions are extremely fast (520 mm s~!) and occur on aver-
age every 1.7 min. The zooids bunch together and the colony
whips downward toward the peat surface followed by slow expan-
sions, which are about 700-1000 times slower than contraction
(Vopel etal., 2002). During slow expansion, sulfidic water sticks
to the colony and is dragged along upward (Vopel etal., 2001).
After fully expanded, the microzooids resume filter feeding by
beating their oral cilia (Vopel etal., 2002). The Reynolds numbers
change from about 102 during contraction to 10~ ! during expan-
sion (Vopel etal., 2002), and the symbionts may overcome the
diffusion-limited substrate supply by beating of host cilia (Vopel
etal., 2005).

TRANSMISSION
Transmission is vertical: the macrozooids that leave the mother
colony to build new colonies are also covered with the symbionts
(Bauer-Nebelsick etal., 1996a,b). This has been confirmed with
two symbiont-specific 16S rRNA probes (ZNS 196, ZNS 1439;
Rinke etal., 2006) for both the population in Twin Cays (Belize)
and in Calvi (Mediterranean Sea; Rinke et al., 2006, 2009). For the
whale fall populations, one of the specific probes (ZNS 196) was
tested and proved positive (Kawato etal., 2010).

This model system might be especially interesting from an
evolutionary point of view. In general, horizontal transmission,
in which the symbiont is picked up from the environment each

FIGURE 8 | The different habitats of Zoothamnium niveum (A).
The giant ciliate can colonize hard substrate close to sea grass
debris accumulation where sulfide (pink arrows) is produced or grow
directly on the sea grass debris itself (B). They have also been

reported from a whale bone recovered from the deep sea and
experimentally deployed in shallow waters (C), from sunken wood
(D), and mangrove peat walls where degrading vegetal debris
including rootlets (E).
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FIGURE 9 | Evolution of a patch of Zoothamnium niveum colony. The
swarmers colonize a disturbed area (A). The settled colonies grow and start
releasing new swarmers during a maturation phase (B). Finally, the colonies

enter a senescent phase (C). Mature colonies are losing microzooids at the
bottom part of the stalk, which starts to be overgrown by a variety of bacteria
(Ott etal., 1998).

generation anew, is considered to be the ancestral mode of sym-
biont transfer between generations. Mixed modes or strict vertical
transmissions are assumed to have evolved later (Bright and
Bulgheresi, 2010). In contrast, in the Z. niveum symbiosis, we
suggest that vertical transmission is the ancestral mode of trans-
mission. This interpretation is based on the simple design of
an ectosymbiotic partner covering also the asexually produced
propagules.

Vertical transmission, however, may not be the only option.
The symbiont’s location on the host surface potentially allows
for symbiont replacement by other bacteria from the surround-
ing environment. Moreover, release of symbionts due to sloppy
feeding by the host and/or upon host death may support a free-
living population from which the symbiont population could
be re-inoculated. In contrast, strictly vertically transmitted sym-
bionts no longer occur in the free-living environment and have
co-evolved with their hosts (Bright and Bulgheresi, 2010). Thus,
the potential of additional horizontal transmission in this model
system should be explored in the future: it would influence
the dynamics and demography of the symbiont population
dramatically (see Vrijenhoek, 2010).

CULTIVATION OF SYMBIOSIS

Instead of experimentally creating a sulfide and oxygen gradient
as found in nature, the symbiosis was successfully cultivated with
populations from Calvi in a flow-through respirometer system
with stable conditions (Rinke et al., 2007). The continuous flow of
all chemicals enables breaking the host’s control over the access to
these chemicals and therefore also manipulating the environmen-
tal conditions for both partners. Optimal conditions (24-25°C,
salinity 40, pH 8.2, ~ 200 pmol L=! 0,, 3-33 pmol L' =H,S,

flow rate 100 ml h™!) yielded a 10-fold increase in host colonies
in 1 week. The mean life span of each colony was 11 days and host
division rates of the top terminal zooid ranged from 4.1 to 8.2
day~! during the first 8 days of growth phase; this was followed by
a senescence phase during which more microzooids on branches
were dying than being produced (Figure 3). In contrast, with no
external sulfide source under normoxic conditions, growth was
slower and the life span was considerably reduced to about 4 days
(Rinke etal., 2007).

As expected due to uniform environmental conditions in this
steady flow system, also uniform, rod-shaped symbionts covered
the entire host. This finding supports the hypothesis that the ciliary
beating in microzooids highly influences symbiont performance
(Vopel etal., 2005). Furthermore, the frequency of dividing sym-
bionts was taken as a measure of fitness. On the upper parts of
microzooids, fitness was higher under optimal cultivation condi-
tions compared to the in situ population. Fitness on the lower part
of the microzooids was similar between the two populations.

Comparing the cultures of the Mediterranean and Caribbean
populations, the latter reached maximal size within 4 days and
had a mean life span of 7 days (Ott and Bright, 2004; Ott etal,,
2004). The average water temperature of the former culture was
24-25°C, of thelatter about 28°C (Vopel et al., 2001). The observed
differences might reflect elevated metabolic rates under warmer
conditions, leading to faster growth and shorter life span compared
to colder conditions (Rinke etal., 2007).

BENEFITS AND COSTS

The question of benefits for both partners, which should exceed
the costs in mutualism, is difficult to answer. It requires compar-
isons between host and symbiont fitness of free-living cultures as
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FIGURE 10 | Schematic drawing of the contraction pattern of
Zoothamnium niveum. The fast contraction (520 mm s~ ) brings the
colony in the sulfidic boundary layer (pink), then a slow extension movement
bring it back to the oxygenated water (blue) dragging along sulfide from the
boundary layer. Once extended, the cilia from the microzooids (insert) start
beating again creating a toroidal vortex around the upper part of the cell

0,80 s 3,00 s

(curved arrows). This current allows the cell to filter the surrounding water to
gain food and, as a side effect, it also mixes the sulfide and the oxygen
allowing the ectosymbionts to access both the electron donor and the
electron acceptor. The beating of the cilia from all the cells of the colony also
creates a general current perpendicular to the long axis of the colony (long
arrows). Modified from Vopel etal. (2002).

well as of cultures in which the partners cooperate or defect (Bus-
ton and Balshine, 2007). Appropriate experiments have proven
extremely difficult to carry out. In thiotrophic symbioses, sev-
eral lines of thought have been pursued, but direct evidence is
scarce. Several potential benefits have been investigated for the
host, including direct nourishment by the symbiont as well as
detoxification of sulfide, and for the symbiont, including the
provision of substrates for sulfur oxidation and carbon fixa-
tion and a competition-free habitat (see Fisher and Childress,
1992; Ott etal., 2004; Stewart etal., 2005; Cavanaugh etal., 2006;
Dubilier et al., 2008).

In several systems, nourishment of the host at some costs to
the symbiont has been shown. Fast release of fixed organic carbon
and digestion of symbionts are the two means of translocation
from the symbiont to the host, for example, in the vestimentiferan
tubeworm Riftia pachyptila (Felbeck, 1985; Felbeck and Jarchow,
1998; Bright etal., 2000) and the bivalves Loripes lucinalis, Luci-
noma aequizonata, and Solemya reidi (Felbeck, 1983; Fisher and
Childress, 1986; Distel and Felbeck, 1988; Herry etal., 1989). Also,
preliminary studies on Z. niveum and Cand. Thiobios zootham-
nicoli point to both translocation processes using *C bicarbonate
pulse chase incubations and tissue autoradiography (Rinke, 2002).
After short pulses of 15 min label was present over host tissue
indicating release, and after long pulses of 3 h and chases of 12
and 24 h, respectively, this label increased indicating digestion
(Rinke, 2002). In addition, food vacuoles contained bacteria with
the same size and shape as the symbiont with its typical sulfur
vesicles (Bauer-Nebelsick et al., 1996b).

In some thiotrophic symbioses the digestive system is com-
pletely reduced, for example, in siboglinid tubeworms and gutless
oligochaetes (see Dubilier etal., 2008). Here, the entire food
should come from the symbiont. In other systems the diges-
tive system still functions, additionally allowing for “normal”
feeding. The microzooids in Z. niveum also have a func-
tioning digestive system (Bauer-Nebelsick etal., 1996a,b). The
degree to which host nourishment depends on symbionts or
ingested prey has not been studied in any system yet. How-
ever, cultivation experiments in Z. mniveurn show that host
fitness (measured as host growth and life span) was consider-
ably decreased when symbionts were forced to defect. Cand.
Thiobios zoothamnicoli could not fix carbon under normoxic
culture conditions without sulfide (Rinke etal., 2007). The only
means of nourishment left for the host were symbiont diges-
tion and food uptake from the surrounding seawater. This
indicates that a considerable portion of food comes from the
symbionts.

Sulfide is highly toxic to aerobic eukaryotes (National Research
Council, 1979). It inhibits cytochrome ¢ oxidase, the eukary-
ote terminal enzyme of the mitochondrial electron transport
chain (Dorman etal., 2002). Accordingly, the hosts of thiotrophic
symbionts are challenged in providing their symbionts with
sulfide while at the same time avoiding poisoning. Detoxifi-
cation of sulfide through uptake and oxidation by symbionts
has been proposed several times (Somero etal., 1989). Short
incubations with Na,**S and autoradiographic analysis in the
stilbonematid Eubostrichus dianae showed that most uptake
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was in the thiotrophic ectosymbionts (Powell etal., 1979).
Future studies are urgently needed using aposymbiotic hosts
exposed to sulfide in order to determine whether symbiont
presence (with their sulfide oxidation capabilities) affects host
fitness.

Access to oxygen and sulfide for thiotrophic ectosymbionts
is generally facilitated by the host’s behavior (Ott etal., 2004).
Migrations through the chemocline in sediments have been
reported in the ciliate Kentrophoros ssp. (Fenchel and Finlay, 1989),
the stilbonematin nematodes (Ott etal., 1991) and the gutless
oligochaetes (Giere, 1992). Polz etal. (1999, 2000) observed the
shrimp Rimicaris exoculata swimming in and out of hydrother-
mal vent fluid as well as ventilation of the chamber in which
its symbionts reside. In Z. niveum, the host contracts and
expands continuously, facilitating switches between sulfidic and
oxygenated seawater (Ott et al., 1998). The symbionts on the host’s
surface were suggested to overcome the diffusion limitations of
their substrate supply by two processes: feeding currents gener-
ated by the host, and the pulsed advection of sulfidic seawater
from the peat caused by interactions of the boundary layer flow
with groups of ciliates (Vopel etal., 2005). Interestingly, all the
symbionts exposed to the feeding currents are larger and coc-
coid in shape, while the symbionts on the other host part are
less favored and thus remain smaller and rod-shaped (Rinke et al.,
2007). This emphasizes the importance of host-generated ciliary
currents.

Although Cand. Thiobios zoothamnicoli is tightly associated
with its ciliate host, the ectosymbiotic location does not pro-
vide shelter from competing microbes. Nevertheless, most parts
of the host are exclusively covered by the symbiont, pointing to
mechanisms developed against unspecific colonization. Microbial
fouling on more basal, older host parts suggests that the host con-
trols colonizers until it become senescent. Only then do other
microbes appear on top of the symbionts, sometimes replacing
them (Bauer-Nebelsick et al., 1996b).

Detailed analyses elucidated the importance of the host surface
for colonization and of host behavior for the symbiont population
density (Roy etal., 2009). Sulfide transport and estimated oxygen
consumption were incorporated in a model of sulfide require-
ments sustaining chemoautotrophic growth by analyzing the flow
field around individual zooids. Fluxes of 6.61 pmol O, m~2 s~!
and 3.19 pmol TH,S m~2 s~! were calculated. This model
suggests that sulfide uptake rates are 100 times larger for host-
associated symbionts than for free-living bacteria on flat surfaces
(Roy etal., 2009).

Some evidence points to mutualism in this ciliate symbio-
sis. While the host benefits from the symbiont’s organic carbon,
translocated to the host (Rinke, 2002), the host’s costs to carry an
ectosymbiotic coat during all life stages have not been explored.
Especially the costs involved in transporting the symbiont dur-
ing dispersal in the water column are unknown (Genkai-Kato
and Yamamura, 1999). Swarmers might move in the boundary
layer close to the peat surface, enabling uninterrupted thiotrophic
symbiont functioning. Alternatively, they might migrate through
the oxygenated water column and, depending on dispersal time,
must deal with a non-functioning symbiont; this would poten-
tially incur some costs to the host. Overall, the host is by

far the largest representative in the genus Zoothamnium (see
Bauer-Nebelsick etal., 1996a), indicating that benefits exceed
costs.

The symbiont benefits from the host, which provides large sur-
faces or colonization and therefore supports enhanced symbiont
population density with optimal conditions for sulfide oxidation
and carbon fixation compared to flat surfaces (Roy etal., 2009).
This colonization appears to be host controlled: space is allocated
exclusively to the symbiont, enhancing symbiont fitness. The sym-
biont’s costs involve population reduction through digestion and
possible host controlled enhanced leaking of fixed carbon to the
host as has been shown for the photoautotrophic Symbiodinium
in corals (see Trench, 1979). Such leaking processes occur to a cer-
tain degree in free-living microalgae and autotrophic bacteria, but
are enhanced when the microalgae are host associated (see Trench,
1979). Also the thiotrophic endosymbiont of the giant tubeworm
Riftia pachyptila leaks organic carbon when artificially separated
from its host (Felbeck and Jarchow, 1998). Whether the ciliate
host enhances this naturally occurring leaking process remains to
be studied.

EVOLUTION AND PERSISTENCE

A longstanding paradigm in cooperation theory depicts the evo-
lution of mutualism from parasitism (Roughgarden, 1975; Ewald,
1987; Lipsitch etal., 1996; Yamamura, 1996). It has been argued
that through vertical transmission lower virulence is selected and
thus shifts the relationship toward a beneficial one. More recently,
this general hypothesis has been rejected because in many sys-
tems phylogenetic information suggests mutualism can also evolve
de novo from previously free-living partners or from previous
mutualistic associations (Douglas, 2010; Sachs etal., 2011). De
novo evolution of the Cand. Thiobios zoothamnicoli — Z. niveum
mutualism is also the most likely scenario. Based on 16S rRNA,
Cand. Thiobios zoothamnicoli is most closely related to a variety of
free-living bacteria (Figure 6). Furthermore, no pathogens or par-
asites are known with sulfur-oxidizing, autotrophic metabolism
(Dubilier et al., 2008).

A mathematical model predicts that vertical transmission can
evolve when the costs for vertical transmission are low, the avail-
ability of free-living symbiont is poor, and byproduct usage is
high on both sides (Yamamura, 1993, 1996; Genkai-Kato and
Yamamura, 1999). While we cannot comment on the first two
parameters in the giant ciliate symbiosis, there are some indica-
tions that byproduct usage is present and played an important role
for the evolution of this vertically transmitted symbiosis.

Byproduct benefits involve one partner providing goods to the
other at no costs, but rather as an automatic, coincident conse-
quence of selfish traits (West-Eberhard, 1975; Connor, 1986, 1995;
Hauert etal., 2006). Such byproduct benefits are considered to
be important in the initiation of mutualism (Sachs etal., 2011).
This self-interest action benefits both the actor and the associated
recipient. Byproduct benefits, however, do not challenge evolu-
tionary theory because both partners cooperating is favored over
one partner cooperating and the other one defecting (Hauert et al.,
2006) and have been largely neglected (Douglas, 2010).

Several characteristics of the present symbiosis may point to
byproduct benefits, one provided by the symbiont to the host, the
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Zoothamnium niveum

self-serving act: %
contraction-expansion

E=prespiration
ciliary movement

m=)feeding

Thiobios zoothamnicoli |i!

self-serving act:

chemosynthesis
m=)proliferation

FIGURE 11 | Diagram of the putative byproduct mutualism. The host's
behaviors to contract and expand and the ciliary movement are self-serving
acts to gain access to oxygen for respiration and for feeding, respectively.
As a byproduct, sulfide and oxygen is provided to the symbiont. On the
other hand, the symbiont fixes carbon as a self-serving act to grow and as a
byproduct nourishes the host.

other provided by the host to the symbiont — at no costs. The
leaking of fixed carbon from the symbiont cell initially appears
costly. Nonetheless, these costs are not associated with symbiosis
per se but with the inability of autotrophs to keep all the fixed car-
bon inside the cell, independent of a free-living or host-associated
life style. Such costs can be allocated to the symbiosis only if
they are enhanced and controlled by the host. Finally, we con-
sider the provision of sulfide and oxygen for chemosynthesis as
a byproduct benefit provided by the host through its contract-
ing and expanding behavior as well as by its ciliary movement
(Figure 11).

Several mechanisms identified in evolutionary theory are cru-
cial for the maintenance of mutualism: (1) partner choice, (2)
partner sanctions, (3) and partner fidelity feedback (Bull and
Rice, 1991; Noé and Hammerstein, 1994; Johnstone and Bshary,
2002; West etal., 2002a,b; Sachs etal., 2004; Weyl etal., 2010;
Archetti etal., 2011). Their importance differs according to the
mode of transmission (Ewald, 1987; Douglas, 2010; Sachs etal.,
2011). In horizontal transmission, partner choice is crucial for the
establishment, during which a cooperative symbiont is selected
from the environment in advance of any possible exploitation
(Bull and Rice, 1991). In contrast, during vertical transmission,
the partner has already been chosen and is transferred to the
next generation with high fidelity. Based on our current state
of knowledge, this appears to be the case in the Z niveum
symbiosis.

Consensus exists on the crucial role of partner fidelity feedback
in mutualism with vertical transmission that ensures maintenance
after establishment (Douglas, 2010; Sachs etal., 2011). In the
Z. niveum symbiosis, some of the interactions might be based
on partner fidelity feedback (Figure 11). The host’s behavior,
which supplies the symbionts with chemicals for chemosynthe-
sis (a byproduct benefit), boosts symbiont fitness while increasing
host fitness through nourishment. Cessation or decrease of host
contraction-expansion behavior and ciliary movement directly

negatively affect host fitness. This would also decrease the oxy-
gen supply for the host’s respiration and restrict food uptake by
impacting the ciliary movement of microzooids. In addition, the
oxygen and sulfide supply fueling chemosynthesis by the sym-
biont would be diminished, impeding the translocation of organic
carbon from the symbiont to the host.

If the symbiont defects by reducing the amount of fixed car-
bon translocated to the host, then host growth would be reduced,
decreasing the host surface available for symbiont colonization.
Host growth and symbiont population density are finely tuned,
sustaining a monolayer. Accordingly, a defecting and therefore
fitter symbiont would overgrow the host unless the latter can sanc-
tion the cheater. If, however, the provision of goods to the host is
a byproduct of carbon fixation, then the symbiont cannot defect,
and partner fidelity feedback would regulate the provision (see
Weyl et al., 2010; Archetti etal., 2011).

CONCLUSION

This review illustrates our current state of knowledge on the Z.
niveum — Cand. Thiobios zoothamnicoli symbiosis. Its extremely
wide geographical distribution points to a cosmopolitan sym-
biosis in tropical to temperate shallow-water environments in
which oxic—anoxic interfaces develop on decaying plants or ani-
mals. This association is specific for both partners, and the
symbiont is permanently associated with the host and trans-
ferred vertically to the next host generation. It is obligate
for the host, but whether or not it is obligate for the sym-
biont remains to be determined. Of all thiotrophic symbiosis,
this mutualistic association has the highest potential of becom-
ing a model system to study interspecies cooperation and the
molecular mechanisms by which host and symbiont initiate the
association and interact to persist. It can be cultivated and
manipulated, and we recently successfully separated the part-
ners and cultivated the aposymbiotic host (Bright M., Espada-
Hinojosa S., Volland J. -M., personal observations). This opens
the door to experimentally study the pre- and postinfection
mechanisms.
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Abstract

The giant colonial ciliate Zoothamnium niveum harbors a monolayer of the gammaproteobacteria Cand. Thiobios
zoothamnicoli on its outer surface. Cultivation experiments revealed maximal growth and survival under steady flow of high
oxygen and low sulfide concentrations. We aimed at directly demonstrating the sulfur-oxidizing, chemoautotrophic nature of
the symbionts and at investigating putative carbon transfer from the symbiont to the ciliate host. We performed pulse-chase
incubations with '*C- and '’C-labeled bicarbonate under varying environmental conditions. A combination of tissue
autoradiography and nanoscale secondary ion mass spectrometry coupled with transmission electron microscopy was used to
follow the fate of the radioactive and stable isotopes of carbon, respectively. We show that symbiont cells fix substantial
amounts of inorganic carbon in the presence of sulfide, but also (to a lesser degree) in the absence of sulfide by utilizing
internally stored sulfur. Isotope labeling patterns point to translocation of organic carbon to the host through both release of
these compounds and digestion of symbiont cells. The latter mechanism is also supported by ultracytochemical detection of
acid phosphatase in lysosomes and in food vacuoles of ciliate cells. Fluorescence in situ hybridization of freshly collected
ciliates revealed that the vast majority of ingested microbial cells were ectosymbionts.

Introduction and direct release of soluble organic molecules and
uptake into host tissue—are well characterized in photo-
In many symbiotic mutualisms, microbial symbionts pro-  autotrophic [3-9] and in chemoautotrophic symbioses (see

vide benefits to their eukaryote host through nourishment  Nelson and Fisher [10]). Although all studied hosts actively
[1, 2]. Two principal modes of organic carbon translocation  digest symbionts, translocation of fixed carbon to the host
from the symbiont to the host—host digestion of symbionts  through release from the symbiont has up to now been
reported only for Symbiodinium in corals [7]; upside-down
jellyfish [11]; sulfur-oxidizing, chemoautotrophic (thio-
Electronic supplementary material The online version of this article ~ trophic) endosymbionts in solemyid and lucidid bivalves
(https://doi.org/10.1038/s41396-018-0069-1) contains supplementary [12, 13]; and in vestimentiferans [14—16]. Much less
material, which is available to authorized users. attention has been paid to thiotrophic ectosymbiosis with

54 Jean-Marie Volland the exception of the shrimp Rimicaris, for which transfer of
volland_jeanmarie @hotmail.com fixed organic carbon from the ectosymbionts to the host was
shown [17].
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. . ) In mutualism, trait loss in the receiving partner may be
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the result of compensation of trait function by the providing

Department of Microbiology and Ecosystem Science, Research partner [18, 19]. Nourished by their chemoautotrophic
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Facility for Advanced Isotope Research, University of Vienna, symbionts, compensatory trait loss is evident in some hosts
Vienna, Austria that either have partly reduced (e.g., solemyid bivalves [20],
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bivalves) and apparently supplement their symbiotic diet
with feeding on other food sources [22].

Protists frequently form associations with bacteria
[26-28], but associations with thiotrophic bacteria are
known only in two protist taxa, the euglenozoans and cili-
ates ([25, 29-32]). In contrast to the high diversity of
thiotrophic symbiont location on (ectosymbionts) or in
(extracellular and intracellular endosymbionts) animal
hosts, the thiotrophic symbionts of protists exclusively
colonize the host extracellularly.

The giant colonial ciliate Zoothamnium niveum thrives in
marine shallow waters on sulfide-emitting decaying
plants and animal bones. The host forms a feather-shaped,
sessile colony up to 1.5cm in length. Ciliates are mostly
unicellular, but the giant ciliate is a physiologically and
functionally integrated, multicellular unit [33]. It is
composed of a stalk and alternate branches with
hundreds to thousands of individual cells with different
function: the feeding microzooids, the dividing terminal
zooids, and the macrozooids, which detach from the
mother colony and disperse as swarmers to found new
asexually produced colonies (Supplementary Figure 1, [34,
35]). Conjugation, the sexual process in ciliates, is
through microgamonts that also leave the mother colony,
but then fuse with a terminal zooid of another colony so
that the multicellular unit is not genetically homogeneous
[36, 37].

Except for the lower part of the stalk, all other host parts
are covered exclusively by the gammaproteobacterial,
thiotrophic ectosymbiont Cand. Thiobios zoothamnicoli
[34, 35, 38, 39]. The ciliate colony contracts into the sulfidic
layer and expands into the oxic seawater, repeatedly
exposing the symbionts to fluctuating environmental con-
ditions between fully oxic without sulfide (access to elec-
tron acceptor) and anoxic conditions with up to
300 pmol L ! of sulfide (access to electron donor) [31, 40].
Symbiont cells are coccoid shaped on the upper parts of
microzooids, but rod shaped on all other parts of the colony
(Supplementary Figure 1C, [34]). This suggests that the
coccoid-shaped symbiont on microzooids benefits from
more favorable host-regulated sulfide and oxygen condi-
tions [41]. Potential benefits of this behavior and symbiont
colonization for the host are sulfide detoxification and
nourishment [31].

Although this is the only reported thiotrophic symbiosis
that can be cultivated over generations [41], direct evidence
of the symbionts’ involvement in host nutrition has been
lacking so far. Nutritional transfer through digestion of
symbiont cells was hypothesized based on transmission
electron microscopy (TEM) observations of symbiont-like
bacteria in the cytopharynx and in digestive vacuoles of
microzooids [35]. Because ciliates can directly uptake dis-
solved substances through active transport or pinocytosis

39

[27], we hypothesized that the host also directly takes up
organic compounds released by symbiont cells.

We used a combination of tissue autoradiography (TA)
and a newly developed cryo-preparation technique [42]
coupled with resin embedding and nanoscale secondary ion
mass spectrometry (NanoSIMS) correlated with TEM to
investigate the autotrophic behavior of the bacterial sym-
biont cells and the translocation of organic carbon to the
ciliate host from populations collected from wood in the
Adriatic Sea. In addition, we studied the in situ host diet
using fluorescence in situ hybridization (FISH), and ultra-
cytochemistry. We provide evidence for chemoautotrophy
of the ectosymbiont using sulfide in the seawater, as well as
internally stored sulfur as electron donor. We show that
using bicarbonate in the seawater as a source of inorganic
carbon, fixed organic carbon is rapidly released from the
ectosymbiont cells to the host. Moreover, we demonstrate
that the food vacuoles of the host are mainly filled by
symbionts that are phagocytosed.

Materials and methods

A detailed version of the materials and methods including
the description of the sampling site is provided as supple-
mentary material.

14¢ and "3C-bicarbonate incubations

Five colonies were incubated in normoxic seawater con-
taining 2.5 puCimL~! NaH'“CO; (DHI®). The following
incubations were carried out: (1) 12.2 pmol L! ZH,S (14C
sulfidic pulse) and (2) no sulfide (14C oxic pulse) for 25 min
each. Aiming at depleting internal sulfur storage com-
pounds in the symbiont cells, five additional colonies were
kept in oxic conditions for 24 h prior to incubation in '*C-
bicarbonate at oxic conditions for 25 min (24-h oxic + '*C
oxic pulse). Two negative controls were performed: (i)
colonies were killed with absolute ethanol prior to the sul-
fidic pulse incubation for 25 min (dead control) and (ii)
colonies were incubated in 12.2 umol L™! £H,S but without
adding "*C-bicarbonate for 25 min (natural carbon control).
To follow the fate of labeled organic carbon, we performed
the same sulfidic pulse incubation followed by a chase
without '*C-bicarbonate in 12.4 umol L™ sulfide for 6h
(**C sulfidic pulse chase) (see Supplementary Methods and
Supplementary Table 1).

We localized labeled carbon with high spatial resolution
NanoSIMS analyses. Five colonies were incubated in sea-
water supplemented with 100 mmol L™! of NaH!*CO;
(Sigma-Aldrich®) and 27.1 umol L™! ZH,S for 3 h and two
colonies were analyzed in detail (13C sulfidic pulse).
Another batch of five colonies was maintained in oxic
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seawater for 24 h prior to incubation in '*C-bicarbonate
under oxic conditions for 3h each (24-h oxic + °C oxic
pulse). As described above, a dead control and a natural
carbon control were prepared (see also Supplementary
Methods and Supplementary Table 1).

Tissue autoradiography

Fixed specimens were embedded in resin and sections were
processed for TA (see supplementary material). Briefly,
sections were dipped in an emulsion, stored for 3 months,
developed, fixed, and stained prior to light microscopic
observation. The microzooids and the stalk, as well as the
symbionts covering these host parts were chosen for
quantitative analyses of the silver grain density (actual grain
density: AGD; Supplementary Figure 2). For statistical
comparisons between treatments and between cell types and
stalk within the same treatment, we expressed the grain
density of each area relative to a reference. As a reference,
we took the average symbiont AGD. The resulting relative
grain densities (RGDs) are expressed as a percentage of the
reference and can be compared with each other [43].

Correlative NanoSIMS and TEM

One colony per treatment was analyzed with NanoSIMS
except for the sulfidic pulse incubation where two replicate
colonies were analyzed separately (for details, see supple-
mentary material). Briefly, specimens were cryo-fixed after
chemical fixation and rapidly cryo-substituted prior to resin
embedding. For correlative imaging, consecutive TEM
sections were cut, placed onto slot grids, and contrasted
prior to imaging with a Zeiss® Libra 120 TEM. NanoSIMS
sections placed onto silicon wafer platelets were analyzed
with a Cameca NS50L utilizing C*, CN~, P~ and S~ sec-
ondary ions for elemental imaging as well as C,~ secondary
ions for inference of the '°C tracer content (displayed as
B2 + 13C) isotope fraction, given in at%). NanoSIMS
and TEM images obtained from similar analysis areas were
superimposed using the GIMP® software package.

Acid phosphatase ultracytochemistry

Three freshly collected colonies were fixed and processed
for the ultracytochemical detection of acid phosphatase
following Gomori’s methods ([44], for details, see supple-
mentary material).

16S rRNA gene sequencing and FISH

To confirm the identity of the symbiont, 16S rRNA gene

clone libraries were obtained for three colonies (see sup-
plementary material for details). For FISH, four colonies
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were fixed immediately after collection in the natural
environment. Colonies were embedded in LR White resin
and FISH was applied on sections of entire colonies using a
mix consisting of probes EUB338-I, EUB338-II,
EUB338-III [45] and Arch915 [46], all labeled with Cy5 to
target most bacteria and archaea. A symbiont-specific probe
labeled with Cy3 was used to target the ectosymbiont Cand.
Thiobios zoothamnicoli (ZNS196_mod, Supplementary
Figure 3). We counted the symbiont-specific FISH signals
in all detected digestive vacuoles and compared their
numbers to those labeled only with the EUB,;, and Archaea
probe mix to estimate the composition of the host diet
(see supplementary material for detailed FISH procedure).

Results and Discussion

Carbon fixation and incorporation of organic carbon
in the thiotrophic symbiont

Key genes for autotrophic carbon fixation and sulfur
metabolism found in the symbiont suggested a thiotrophic
metabolism [38, 47]. Consistently, previous cultivation
experiments revealed highest host and symbiont fitness
under low sulfide/high oxygen conditions [41], but direct
proof of a thiotrophic symbiont lifestyle was lacking. To
investigate the autotrophic behavior of the symbiont under
these optimal conditions, we performed short labeling
experiments with '*C- and '3C-bicarbonate in the presence
of H,S for 25 min and 3 h, respectively, and followed car-
bon incorporation with TA and NanoSIMS. Auto-
radiographs revealed high numbers of silver grains over
symbiont cells (N=5, AGD 23.06, interquartile range
(IQR) 15.79-25.67; Fig. la and Table 1). Similarly,
NanoSIMS isotope analysis and correlative TEM micro-
graphs at higher resolution clearly showed that the symbiont
was the site of incorporation (N =291 symbiont cells, '*C
isotope fraction 2.68 at%, IQR 2.45-3.04; Figs. 2, 3a). In
contrast, dead colonies incubated under identical conditions
showed no incorporation (N = 3 colonies, AGD 0.00, IQR
0.00-0.00; N = 50 symbiont cells, B¢ isotope fraction 1.07
at%, IQR 1.06—1.07) and the same results were obtained for
living colonies incubated without added bicarbonate (N = 3
colonies, AGD 0.02, IQR 0.01-0.03; N=50 symbiont
cells, 13C isotope fraction 1.06 at%, IQR 1.06-1.06; Fig. 3
and Tables 1 and 2). This strongly suggests that the sym-
biont cells rapidly fix inorganic carbon in the presence of
sulfide, similar to certain other thiotrophic symbionts [48—
53].

Because the symbiont cells store elemental sulfur in
membrane-bound vesicles [54] and oxygen consumption
measurements suggested that the symbionts completely
utilize intracellularly stored sulfur in the absence of sulfide
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Fig. 1 Four different 14C-bicarbonate incubations with the inferred cell
and environmental states (top half) with corresponding auto-
radiographs and colony sections (bottom half). a Directly after col-
lecting ciliate colonies from the environment, we conducted a pulse
labeling experiment with “C-bicarbonate in the presence of H,S. After
fixation and autoradiography, colony sections were covered with silver
grains, showing that HC was incorporated into cellular biomass.
Grains are denser in the periphery of host cells where symbionts are
located. b After a labeling experiment with '*C-bicarbonate under oxic
(non-sulfidic) conditions, colony autoradiographs were also covered
with grains but to a lesser extent, showing that less labeled carbon was
incorporated during the pulse. ¢ Colonies pre-treated 24 h under oxic
conditions prior to labeling with **C-bicarbonate at oxic conditions did
not incorporate *C: no silver grains are observed on the auto-
radiographs except for some background signals. d After a pulse
labeling experiment with '“C-bicarbonate in the presence of H,S as in
a, colonies were transferred into sulfidic seawater without the radio-
tracer for 6 h (chase). After autoradiography, incorporated labeled
carbon is detected throughout the entire colony. A detail overview on
these four incubation experiments together with a description of the
control incubations is given in Supplementary Table 1. Each selected
autoradiograph is representative of five colonies analyzed for each
treatment. Yellow color represent available reduced sulfur species
(elemental S in symbionts and ZH,S in the incubation media). Stars
label macrozooids and arrows point to the stalk; all other cells are
microzooids. Scale bar: 200 um

symbiont cells (N=35; AGD 2.97, IQR 2.91-3.63), than
after the sulfidic pulse (Fig. 1b and Table 1), but sig-
nificantly higher than the AGD of the controls. This points
to the symbionts using elemental sulfur as an electron
donor, gaining energy through sulfur oxidation and fixing
carbon under oxic conditions, but to a lesser degree than
when external sulfide was provided via the seawater.

To confirm that the internal sulfur storage indeed lasts
only briefly [40], we kept colonies for 24 h in oxic seawater
prior to labeling with '*C- and '*C-bicarbonate under oxic
conditions for 25 min and 3 h, respectively. We hypothe-
sized that after prolonged oxic conditions, sulfur was
depleted and therefore carbon fixation ceased. Indeed, after
this treatment the median AGD over symbiont cells (N =5;
AGD 0.09, IQR 0.08-0.11; Fig. 1c and Table 1), as well as
the '3C content in symbiont cells (N =350, '*C isotope
fraction 1.07 at%, IQR 1.07-1.07%; Fig. 3 and Table 2)
were in the range of the negative controls. These results
indicate that chemoautotrophy has ceased within 24 h, most
likely due to the lack of an electron donor (absence of an
external sulfide source in oxic seawater and the depletion of
sulfur stored in the symbionts).

NanoSIMS imaging revealed sulfur-rich areas in the
cytoplasm of microzooids. The correlative TEM images
showed that these areas corresponded to mitochondria
(Fig. 2), known to have abundant disulfide bonds located in
the inter-membrane space and membrane proteins [55].
Correlative TEM imaging of symbiont cells showed
membrane-bound vesicles, which in successive sections
analyzed by NanoSIMS exhibited high sulfur signals in
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restricted, roundish areas of the symbiont cells (Fig. 4).
Thus, NanoSIMS imaging confirmed the presence of sulfur
in the symbiont cells after incubations in sulfidic seawater
(®3S7/C" signal intensity ratio in symbiont cells 0.028, IQR
0.025-0.031, for details, see supplementary material). In
contrast, after 24 h in oxic seawater, only a few and very
small sulfur vesicles were observed in TEM and the relative
amount of sulfur in the symbiont cells was significantly
reduced (**S7/C~ signal intensity ratio 0.016, IQR
0.012-0.020; Fig. 4). These results corroborate the deple-
tion of most of the internally stored sulfur within 24 h under
oxic conditions.

The '3C contents measured within individual symbionts
on two separate colonies kept at sulfidic conditions for 3 h
were significantly different (Wilcoxon—-Mann—Whitney test,
p-value 4x107'®) and 'C isotope fractions varied between
2.42 and 4.54 at% (N=50) and 1.22 and 3.84 at%
(N =241), respectively (Fig. 3). The sulfur-related signal
intensities in these cells were >2S7/C~ 0.031, IQR
0.027-0.035 and **S7/C” 0.028, IQR 0.020-0.031,
respectively. This demonstrates that overall oxic seawater
supplemented by 27.1 umolL~! sulfide (and even 12.2
umol L' sulfide when taking '*C experiments into account)
is sufficient to fuel an active thiotrophic metabolism main-
taining sulfur storage. This is consistent with the experi-
mental optimal conditions in oxic seawater supplemented
with 3-33 |JmolL_1 sulfide [41]. Note that sulfide con-
centrations from 0.1 to 100 umol L™ were recorded from
the sunken wood surface colonized by Z. niveum [56].
Nonetheless, the variability in metabolism was apparently
high among colonies. Metabolic activity was variable
among colonies and among the 141 investigated individual
symbiont cells located on microzooids next to each other. A
positive correlation of '*C content and sulfur suggests that
under sulfidic conditions the more carbon is fixed the more
sulfur is also stored (Supplementary Figure 4).

Symbiont phenotypic plasticity and carbon
incorporation

To investigate whether symbionts located on different parts
of the colony incorporate carbon to different degrees, we
compared the RGDs of symbiont populations covering the
microzooids and the stalk. The RGDs of the mixed sym-
biont populations on the microzooids (with the upper part
covered with cocci and the lower part covered with rods;
[34]) were significantly higher than the values of the rods on
stalks [34] after both the oxic and the sulfidic pulses
(Table 1, Wilcoxon—-Mann—Whitney test, p-value 0.008).
Indeed, precise analyses of individual symbiont cells with
NanoSIMS confirmed that '*C enrichment in symbiont cells
covering microzooids (N = 141 symbiont cells; 3.05 at%,
IQR 2.69-3.28) was significantly higher than that of cells
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on stalks (N=150 symbiont cells; median 2.51 at%,
IQR 2.36-2.68) (Table 2) although they were not sig-
nificantly different in size in the analyzed sections
(Wilcoxon—-Mann—Whitney test, p-value 0.385).

Overall, the symbiont cells on microzooids incorporated
more labeled carbon than the rods on other colony parts.
These results are in agreement with the ciliate behavior
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creating fine-scale differences in oxygen and sulfide con-
centrations along the microzooids [41]. The oral cilia of the
microzooids resume beating as soon as the colony expands
into the oxic seawater after dipping into the sulfidic layer
through contraction of the spasmoneme, a special protein
located throughout the stalk and the branches [57, 58].
The larger coccoid-shaped symbiont cells therefore were
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« Fig. 2 NanoSIMS/TEM correlative images after '*C-bicarbonate
labeling in the presence of H,S. a-d Analysis of a part of a micro-
zooid. a NanoSIMS visualization of the '*C label distribution
(1*c/(®C 4 13C) isotope fraction, given in at%). The isotopically
labeled carbon is mostly incorporated into symbionts (arrowhead
points to one symbiont cell) but also visible within the host (c.f. data
from region of interest (ROI) analysis in Fig. 3). The empty vacuole
and cytopharynx (dotted line) do not show '*C enrichment, whereas
the cytoplasm does (Fig. 3). b Overlay of the NanoSIMS image with
the corresponding TEM micrograph showing a partial view of a
microzooid surrounded by symbionts. Inside the host cell, part of the
contractile vacuole (CV) is visible, and a '*C-rich symbiont-like bac-
terium is recognizable in the cytopharynx (CP). Many mitochondria
are visible, some are labeled with asterisks (*). Region “N” refers to a
macronucleus. ¢ NanoSIMS visualization of the relative sulfur content
as inferred from the C~ normalized *2S™ secondary ion signal intensity
(see section Materials and methods in the supplemental material for
details). d TEM/NanoSIMS overlay showing sulfur being more con-
centrated in symbionts, mitochondria, and cortex of host (white
arrows). e-h Detail of the basal part of a microzooid connected to a
branch. e NanoSIMS visualization of the '*C label distribution ('3C/
(*2C + 13C) isotope fraction, given in at%). f Overlay of the Nano-
SIMS image with the corresponding TEM micrograph showing the
connection (black arrows) between the microzooid (Mi) and the branch
(Br). Enriched symbionts (arrowheads) cover both structures. Mito-
chondria (*) are visible in both the microzooid and the branch. g
NanoSIMS visualization of the relative sulfur content. h Overlay of the
NanoSIMS inferred sulfur distribution with the corresponding TEM
micrograph. Asterisks label mitochondria. Scale bars: a-h 2 um

proposed to receive a mix of chemicals more favorable for
chemoautotrophy than the smaller rods on all other parts of
the colony [41]. When colonies were cultivated under
steady oxygen and sulfide concentrations, the entire sym-
biont population grew as rods [41]. These results suggest
that differences in previously described morphotypes are
due to differences in chemoautotrophic rates leading to
higher carbon incorporation in coccoid versus rod-shaped
cells.

Organic carbon translocation through release and
uptake

Carbon fixation and release of organic carbon into the
surrounding host tissue is virtually concomitant in endo-
symbionts of Riftia pachyptila [16]. We therefore asked
whether potential release from the ectosymbionts, which are
attached to the ciliate host on one side only, occurs and
leads to uptake by the host. Ciliates can directly take up
dissolved organic carbon [59-63]. Some can even grow in
axenic, nutrient-rich media without added prey [64, 65].
Our experiments enable differentiating between both nutri-
ent translocation modes. Release of nutrients by the sym-
biont and subsequent uptake by the host should occur much
faster than nutrient transfer via symbiont digestion by the
host. This should enable the detection of the isotope label in
the host after an incubation with “C-bicarbonate that is
short enough to exclude digestion. Minimal time for
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Fig. 3 NanoSIMS ROI analysis of the '*C label content in symbionts
and host after the different '3C-bicarbonate incubations. a '>C isotope
fraction within the symbiont after the sulfidic incubation, the 24-h
oxic + oxic incubation and the two control incubations. Symbionts
significantly incorporated '3C when incubated in the presence of sul-
fide (result of Scheffe test is shown with letters a, b, and c,
alpha = 0.001). Colonies first treated 24 h in oxic conditions and then
incubated in oxic conditions did not incorporate labeled carbon and
resemble the natural abundance of '>C (c.f. values from the two con-
trols). b 3C isotope fraction within the host after the same incubations.
Significant host '*C enrichment is detected after the sulfidic pulse
(result of Scheffe test is shown with letters a, b, and ¢, alpha = 0.001).
The 24-h oxic 4 oxic incubation did not lead to significant '3C
enrichment. Letters shared in common between groups indicate no
significant difference

digestion in ciliates is 30 min, with maxima of up to 5 h [66,
67].

14C-bicarbonate labeling for 25 min resulted in labeled
carbon in host tissue after sulfidic (N =15 colonies; AGD
4.56, IQR 2.31-6.39) and oxic incubations (N = 5 colonies;
AGD 0.68, IQR 0.59-1.10; Figs. 1a, b, Table 1). We found
no significant differences between stalk and microzooids
(Table 1). Rather than symbionts fixing and incorporating
inorganic carbon followed by host feeding and digestion of
labeled symbiont cells within 25 min, we suggest that
labeled organic carbon compounds produced by the
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Table 2 Summary of the ROI analysis of NanoSIMS '3C label distribution images

Sulfidic pulse

24-h oxic + oxic pulse

Dead control Natural carbon control

Microzooid symbiont 3.05 #** 1.07
(2.69-3.28) (1.07-1.07)
n=141 n=>50

Stalk symbiont 251 -
(2.36-2.68) -
n=150 -

Total symbiont 2.68 a 1.07 b
(2.45-3.04) (1.07-1.07)
n=291 n=>50

Microzooid host 1.15 *%* 1.07
(1.13-1.16) (1.07-1.07)
n=100 n=>50

Stalk host 1.10 -
(1.10-1.11) -
n=>50 -

Total host 1.13 a 1.07 b
(1.11-1.15) (1.07-1.07)
n=150 n=>50

1.07 1.06
(1.06-1.07) (1.06-1.06)
n=50 n=>50

1.07 b 1.06 b
(1.06-1.07) (1.06-1.06)
n=50 n=50

1.07 1.06
(1.06-1.07) (1.06-1.06)
n=50 n=50

1.07 b 1.06 b
(1.06-1.07) (1.06-1.06)
n=>50 n=>50

For the sulfidic pulse and the 24-h oxic -+ oxic pulse, as well as for the two control experiments, the median of the '*C isotope fraction
(13¢/("*C 4 13C), given in at%) is shown together with the interquartile range of the individual data points (Q25-Q75). () refers to the number of
replicates analyzed within each treatment. For the symbiont, one replicate is one ROI drawn around one individual symbiont. For the host, the
replicates are randomly selected ROIs within host cytoplasm. The Scheffe test (alpha = 0.05) was used to compare the 13C label content in the

symbiont and host after the different treatments. The result of the Scheffe test is given with lowercase letters “a” and “b”, letters shared in common
between groups indicate no significant difference. The Wilcoxon-Mann—Whitney test was performed to compare the microzooid and stalk area
after the sulfidic pulse for both symbiont and host 1*C enrichment.The results of this test is shown with asterisks.

w%p < 0,001

symbiont cells are released, directly taken up by the host
and incorporated into its tissue. Note that these experiments
revealed some labeled microbial cells in food vacuoles, but
we excluded them from statistical analyses because they
were clearly not yet digested and incorporated into host
tissue. Moreover, in the colonial ciliate, phagocytosis is
restricted to microzooids [35], but RGDs over the non-
feeding stalk was not significantly different to that over
feeding microzooids. Therefore, our results are consistent
with the host taking up released carbon from the ecto-
symbionts. Direct release of nutrients by the symbiont and
host uptake was also demonstrated in Solemya reidi (with
>45% of the fixed carbon being translocated to the bivalve;
[12]) and in Riftia pachyptila (with 15.3 +£4.5% RGD in
tubeworm tissue after '“C-bicarbonate 15-min pulse incu-
bation; [16]). The RGDs in the ciliate host represent the host
label as a percentage of the symbiont label. Microzooids,
which represent most of the host biomass, have RGDs of
44.36% (IQR 35.62-45.25) after the sulfidic pulse and
32.65% (IQR 32.53-35.56) after the oxic pulse (Table 1).
The ciliate uptake of released organic compounds is in the
same order of magnitude as reported for the bivalve and
vestimentiferan hosts.
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In some symbioses, the host enhances the release of
organic compounds from its symbiont. Evidence of the host
influencing the rate of release was found in corals by
comparing the amount of released compounds in host-
associated and free-living Symbiodinum cells [68-70].
Because we have not detected a free-living symbiont
population, such a comparison of release between host-
associated and free-living symbiont populations is not
possible in our system. Therefore, we compared the relative
amount of label in hosts after oxic and sulfidic pulse incu-
bations with labeled bicarbonate. The hypothesis is that,
under host control, uptake of leaked organic carbon should
be higher when symbionts fix less carbon under oxic con-
ditions compared with higher fixation rates under sulfidic
conditions. Alternatively, under symbiont control, a lower
release should be found under oxic versus sulfidic condi-
tions. The RGDs represent the host label expressed as a
percentage of the average symbiont label in the colony,
therefore showing the proportion of symbiont-fixed carbon
transferred to the host through release during the pulse.
Remarkably, no significant differences were observed in
RGDs of host tissue between sulfidic (N = 5 colonies; RGD
24.90%, IQR 9.99-33.75) and oxic (N =15 colonies; RGD
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Fig. 4 Effect of the 24-h oxic treatment on the symbiont internal sulfur
storage. The color scale indicates the C~ normalized 328 secondary
ion signal intensity. a NanoSIMS visualization of the relative sulfur
content in a colony from the sulfidic pulse. Internal sulfur storage
appears as sulfur hot spots in the symbionts (arrowheads) surrounding
the microzooids (Mi) host cells. b NanoSIMS visualization of the
relative sulfur content in the colony treated 24 h in oxic conditions

20.00%, IQR 19.04-30.29) incubations. These results
indicate a stable amount of released carbon correlated to the
amount of fixed carbon governed by environmental condi-
tions (which may be more or less favorable for chemo-
synthesis). Therefore, in contrast to corals, the ciliate host is
apparently unable to enhance the release of fixed carbon
from the symbiont under less favorable oxic conditions.
Similarly, the symbiont apparently is also unable to actively
reduce the release. About one order of magnitude lower
AGDs in symbionts and host under less favorable oxic
conditions compared with more favorable sulfidic condi-
tions are consistent with this interpretation (Table 1).

Organic carbon translocation by symbiont cells
digestion

The symbiont cells were highly labeled with *C at the end
of the sulfidic pulse, therefore we transferred some colonies
to sulfidic seawater without “C-bicarbonate for 6 h of chase
in order to follow the fate of labeled carbon incorporated in
the symbiont. To investigate whether symbiont cells labeled
during the 25-min pulse continued to release labeled carbon
in the 6-h chase with no '“C-bicarbonate available, we
compared the AGDs of symbionts between the sulfidic
pulse and the sulfidic pulse-chase and found no significant
differences (Table 1, Wilcoxon—-Mann—Whitney test,
p-value 0.841). We conclude that no further major leakage
of labeled organic compounds occurred during the chase
time. At the same time, however, the host RGD sig-
nificantly increased 2.6-fold after the 6-h chase (Table 1).
As the only source of labeled carbon for the ciliate cells was
labeled symbiont cells, this observation is consistent
with digestion of the symbiont, similar to pulse chase
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before the oxic labeling experiment. The symbionts no longer show
sulfur-rich regions. Representative TEM images of symbiont cells of
corresponding treatments are given in the respective inserts. Symbionts
show various electron-lucent vesicles identified by NanoSIMS as
sulfur vesicles a, which are lacking after the 24-h incubation in oxic
conditions b. NanoSIMS scale bars: 4 um; TEM scale bars: 500 nm

experiments in bathymodiolin mussels and vestimentiferans
[16, 71].

Phagotrophy in microzooids was already hypothesized
based on ultrastructural observations of a fully developed
digestive system and symbiont-like bacteria in the cyto-
pharynx and inside digestive vacuoles [35]. In ciliates,
ingested organisms observed in digestion vacuoles are not
necessarily digested [72]. We therefore sought to detect acid
phosphatase, an intracellular digestion marker, ultra-
cytochemically [73]. Acid phosphate is present in ciliate
lysosomes and food vacuoles, and in situ detection of this
enzyme has been commonly used to highlight digestion of
food [72, 74, 75]. Enzymatic activity resulting in electron-
dense precipitates was detected in microzooids in small
vesicles, identified as lysosomes, and in large digestive
vacuoles frequently containing symbiont-like bacterial cells
in various stages of degradation (Fig. 5). The cytochemical
detection of this enzyme allowed unequivocal identification
of the digestive process in the ciliate microzooids (Fig. 5).
Based on the distribution of signal, we propose that the
enzyme is produced by the ciliate cells in lysosomes and
secreted into the food vacuoles for digestion (rather than
ingested bacteria actively secreting acid phosphatase and
undergoing autolysis) [76]. Similar ultrastructural observa-
tions and/or cytoenzymatic investigations pointed to
digestion of endosymbionts in the gills of bathymodiolin
mussels [71, 77, 78] and lucinid clams [79, 80], as well as in
the trophosome of vestimentiferans [16].

To unambiguously identify the ectosymbiont within the
digestive vacuoles, we sequenced the 16S rRNA gene of
the symbiont population from Slovenia. Interestingly, the
obtained 16S rRNA gene had a single mismatch in the
target region of the FISH probe ZNS196 [39] that was used
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Fig. 5 Cytochemical detection
of the digestive enzyme acid
phosphatase in microzooids. a
Survey over one entire
microzooid after immersion in
the reactive medium to detect
acid phosphatase activity. Two
digestive vacuoles (arrows) are
surrounded by electron-dense
precipitates resulting from acid
phosphatase activity. b Survey
over one entire microzooid from
the negative control in which the
analogous compound of the
enzyme’s substrate was omitted.
No electron-dense precipitates
are visible around digestive
vacuoles (arrows). ¢ Detail
image of one digestive vacuole
from the reactive medium. The
borders of the vacuole are shown
by white arrows. Electron-dense
precipitates mostly located in
small vacuoles identified as
lysosomes indicate enzyme
activity. The lysosomes
surround the digestive vacuoles,
where symbiont-like bacteria in
various states of digestion are
observed. One of the symbiont-
like bacteria is shown by red
arrowheads. d Detail image of
two digestive vacuoles from the
negative control. Triangles point
to symbionts. C cilia, CV
contractile vacuoles, St stalk.
Scale bars: a, b 10 um; ¢, d 2 um

for identify populations from Corsica, Belize [38], and
Japan [47]. We therefore modified the probe sequence in
order to obtain a fully complementary FISH probe for this
symbiont population. Epifluorescence microscopy revealed
no difference in signal brightness between the symbiont
specific and the bacterial/archaeal probe mix. Subsequently,
we counted the symbiont-specific FISH signals and com-
pared their numbers to those labeled only with the bacterial/
archaeal probe mix to estimate the composition of the ciliate
cells diet in four freshly collected colonies from the envir-
onment. In all, 53 digestive vacuoles were detected in 491
microzooids and analyzed. The symbiont cells highly
dominated the food vacuole population (83.3-97.2% of
total microbes) (Fig. 6, Supplementary Table 2). Our results
indicate that mainly the ectosymbionts, and to a lesser
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degree other microbes from the surrounding seawater, are
ingested and ultimately digested. Considering that the cili-
ate is also capable of filter feeding on the free-living, non-
symbiotic microbes in the seawater, our results emphasize
the important role of the symbiont for the host’s diet. In this
context, the rapid colony contraction could play a role in the
detachment of the symbiont cells from the plasma mem-
brane of the outer host cell surface, a hypothesis that
remains to be tested in the future [41, 58].

Conclusion

Recently we proposed that the Zoothamnium niveum—
Cand. Thiobios zoothamnicoli association is a byproduct
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Fig. 6 FISH micrographs of a colony semi-thin section. a DAPI
staining. b Cy5 probe mix of EUB I-III and Arch915. ¢ Cy3 Cand.
Thiobios zoothamnicoli Piran-population-specific probe. d Overlay.
All ectosymbionts surrounding the host cells are labeled with both the
bacterial and the symbiont-specific probe. Four microzooids are pre-
sent with digestive vacuoles (arrowheads) containing ingested sym-
bionts. Detail of one of the digestive vacuoles is given on the right of
each micrograph e-h. Scale bars: a-d 20 um

mutualism in which the symbiont cells benefit from the host
behavior by gaining access to electron donors and acceptors
for chemosynthesis and the host benefits from released
organic carbon that the symbiont cells produce [31]. Here
we provide experimental evidence of symbiont carbon
fixation under various environmental conditions and sug-
gest that the release of fixed carbon to the host is indeed a
byproduct benefit, controlled neither by the symbiont nor by
the host. In addition, active host cells’ digestion of mainly
symbiont cells contributes considerably to the host’s diet
and may also help control the population density on the
host. Such control might be important for the host to avoid
being overgrown by its symbiont and suffocate. The pre-
sence of a perfect symbiont monolayer on the ciliate surface

49

indicates a tight coupling of host and symbiont growth [31]
fueled by the autotrophic behavior of the symbiont. How
this mutualism is maintained over a wide range of envir-
onmental conditions in situ and how the shared fixed carbon
and host digestion are finely tuned remain to be studied.
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Abstract

The mutualism between the thioautotrophic bacterial ectosymbiont Candidatus Thiobius
zoothamnicola and the giant ciliate Zoothamnium niveum thrives in a variety of shallow-
water marine environments with highly fluctuating sulfide emissions. To persist over time,
both partners must reproduce and ensure the transmission of symbionts before the sulfide
stops, which enables carbon fixation of the symbiont and nourishment of the host. We
experimentally investigated the response of this mutualism to depletion of sulfide. We found
that colonies released some initially present but also newly produced macrozooids until
death, but in fewer numbers than when exposed to sulfide. The symbionts on the colonies
proliferated less without sulfide, and became larger and more rod-shaped than symbionts
from freshly collected colonies that were exposed to sulfide and oxygen. The symbiotic
monolayer was severely disturbed by growth of other microbes and loss of symbionts. We
conclude that the response of both partners to the termination of sulfide emission was
remarkably quick. The development and the release of swarmers continued until host died
and thus this behavior contributed to the continuation of the association.

Introduction

While aerobic eukaryotes die after prolonged exposure to one of the most dangerous poisons,
hydrogen sulfide ([1]; ZH,S i.e. sum of all forms of dissolved sulfide [2], hereafter called sul-
fide) most mutualistic associations between protist or animal hosts and thioautotrophic bacte-
rial symbionts depend on the presence of sulfide (see [3]). These symbionts share the need for
reduced sulfur species (e.g. exclusively sulfide or additionally thiosulfate) and oxygen or alter-
native electron acceptors to gain energy for carbon fixation [3, 4]. The hosts provide sulfide
and oxygen through uptake and transport to the symbionts or through specific behavior such
as swimming in and out of vent fluid in shrimps, contraction/expansion behavior in colonial
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ciliates, or digging with the foot in some bivalves (see [3, 5, 6]). As far as is known, the hosts
are also able of detoxify sulfide (see [1]). In return, the symbionts nourish their hosts (see [3]).

Many habitats of these symbioses are relatively short-lived, such as fast-spreading deep-sea
hydrothermal vents, whale and wood falls depending on substrate size, and decaying seagrass
debris (see [3]). In contrast to geothermally generated hydrogen sulfide as in vents (see [7]),
the biological sulfide production by sulfate-reducing bacteria ceases when organic material is
depleted (see [8]). Upon changes in chemical conditions, mobile animal hosts e.g. stilbonema-
tine nematodes, gutless oligochaetes, snails and bathymodiolin mussels, can migrate to more
suitable habitats (see [3]). However, sessile hosts like siboglinid tubeworms [9] or peritrich cili-
ates [10-13] do not have this option.

To persist over generations, hosts reproduce primarily by releasing motile larvae into the
pelagial. Regardless of their mobility as adults, larvae of bathymodiolin mussels, lucinid clams,
and tubeworms spread without their symbionts [14]. In these systems host reproduction and
symbiont transmission are decoupled and the uptake of symbionts from a free-living popula-
tion takes place after the larvae have settled. Experiments with some of these symbioses in
oxic, non-sulfidic seawater showed that bathymodiolins and lucinids either lost their symbi-
onts or greatly reduced their density. Nevertheless, hosts were able to survive between one and
five months until the end of experiments [15-18]. In contrast, experiments with tubeworms
showed that their symbionts escaped after the host died [19]. The larvae of other hosts like
vesicomyid and solemyid clams carry their symbionts (see [14]). Whether such hosts with ver-
tically transmitted symbionts react to sulfide deficiency with loss of symbionts has not been
investigated. Furthermore, it is not known whether sessile hosts of thioautotrophic symbionts
continue to reproduce under stress.

The symbiotic mutualism of the giant colonial ciliate Zoothamnium niveum (short
Zoothamnium) and its thioautotrophic gammaproteobacterial ectosymbiont, originally
described as Cand. Thiobios zoothamnicoli but due to nomenclature regulations corrected to
Cand. Thiobius zoothamnicola, ([20], short Thiobius) is a suitable model to study host-symbi-
ont response to environmental stress and disturbance when sulfide ceases. In contrast to slow-
growing and reproducing animal hosts, this is a fast-growing and fast reproducing, sessile cili-
ate [21] which thrives on ephemeral sulfide-emitting surfaces in shallow, tropical to temperate
environments such as wood, mangrove peat, decaying seagrass, and whale bones [22].

Zoothamnium colonies consist of a stalk and alternating branches on which individual cells
grow: feeding cells called microzooids, dividing cells called terminal zooids, and macrozooids,
cells responsible for asexual reproduction ([11], Fig 1). The vertical transmission of the ecto-
symbiont is through macrozooids. These host propagules are released as swarmers into the
pelagial for dispersal. Once settled, the swarmer transforms into the terminal zooid and begins
to produce the stalk and to divide, producing the terminal zooid of each branch. Nourishing
microzooids are produced through division of the terminal zooid on each branch, increasing
the length of the branch. Macrozooids develop at the base of the branch. These macrozooids
leave the colony as soon as a ciliary band has formed.

The dual partnership involves a single bacterial phylotype covering the host surface in a
monolayer with the exception of the lowest, senescent parts of the colonies. There the symbi-
onts become overgrown or replaced by other microbes [12, 23, 24]. The symbiont is rod-
shaped on the aboral part of the microzooid and more coccoid-shaped on the oral part [12].
This phenotypic difference was explained by the movement of cilia around the oral ciliature in
microzooids, which provides the symbionts with more balanced inorganic compounds for
growth compared to all other cilia-free host parts [21].

In nature, host colonies are found at the interface between sulfidic and oxic layers of seawa-
ter [25, 26]. The ciliate is capable of rapid contractions of the stalk and branches [11, 12]. With
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Fig 1. Life cycle of Zoothamnium niveum. The swarmers are the dispersal stage (1), and look for a sulfide source to settle.
Once settled, the swarmer transforms into the terminal zooid at the top of the new colony and grows a stalk. Note that the
white part of the stalk is overgrown by the symbiont, but the lower black part is aposymbiotic (2). The terminal zooid divides
and produces the terminal zooids for each branch (3). The branch grows by divisions of the terminal zooid on the tip of the
branch, creating microzooids and macrozooids, that eventually detach as swarmers (4). Light micrographs not to scale. Note
that the lower part of the stalk, lacking white symbionts, is outlined.

https://doi.org/10.1371/journal.pone.0254910.9001

this repetitive movement they create a mixture of these chemicals [25, 27-29], which are neces-
sary for host respiration as well as symbiont carbon fixation and translocation of fixed carbon
to the host [30]. Carbon fixation in symbionts and direct nutritional transfer to the host has
been demonstrated under oxic, sulfide supplemented conditions but ceased under oxic condi-
tions without sulfide [30].

The host colonies are sessile and can only ‘escape’ sulfide starvation through producing
macrozooids and releasing them as swarmers [11, 12]. How quickly colonies die in nature
when sulfide stops is unknown. Experiments in the lab showed that all swarmers lost their
symbionts in two days and thus became aposymbiotic. Regardless of presence or absence of
symbionts, the vast majority only settled in the presence of sulfide [31]. Once they have settled,
they can grow aposymbiotically into small colonies with or without sulfide in custom-designed
flow-through chambers with a steady flow of oxic seawater. Symbiotic colony growth only hap-
pened in symbiotic swarmers exposed to sulfide and oxygen [31]. Fastest colony growth and a
life span of 11 days was at low sulfide concentrations [21]. Colonies grew more slowly without
sulfide and had a 4.5 days life span [21]. However, we do not know how long large colonies
can survive under oxic conditions when sulfide stops and what happens to their symbionts.
Furthermore, it is unknown whether the host releases swarmers that carry the symbionts as a
response to sulfide starvation and how long these swarmers survive in order to find a suitable
habitat for settlement.

Here, we followed the fate of large colonies and their propagules experimentally mimicking
the waning of sulfide. We specifically asked how long freshly collected colonies and their
swarmers survive under experimental oxic, non-sulfidic conditions (in short sulfide starva-
tion). We also investigated whether the release of macrozooids comes only from those that
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were already present on the colony at the beginning of the experiment, or whether the produc-
tion of new macrozooids and their release as swarmers under sulfide deficiency was continued.
For comparison we also performed a sulfidic control experiment. Further we studied the sym-
biont morphology, their frequency of dividing cells (FDC), as well as their density and cover-
age on the host surface, and the colonization of other microbes under oxic conditions using
scanning electron microscopy (SEM) and fluorescence in situ hybridization (FISH). For com-
parison we used freshly collected colonies from the field. Given the lack of sulfide fueling sym-
biont carbon fixation [30], we hypothesized that the symbiont division should cease and
consequently the monolayer on the host feeding on symbionts [30] should be disrupted. Since
the symbiont is known to nourish the host [30] we hypothesized that the presence or absence
of sulfide indirectly affects the host’s longevity and its macrozooid production and release,
which are taken as proxy for reproductive effort.

Material and methods
Ethic statement

No specific permissions were required for the listed locations as they are publicly accessible.
Furthermore, we confirm that our field studies did not involve endangered or protected
species.

Sampling

Zoothamnium niveum colonies were collected from shallow, subtidal submerged woods at two
locations in the Northern Adriatic Sea close to Piran, Slovenia: the estuarine canal Sv. Jernej
(45°29'48.6"N, 13°35’57.0"E) and the mudflat in Strunjan (45°31°44.0"N, 13°36°13.2"E). Simul-
taneously, water samples were taken adjacent to the wood pieces and in situ temperature, salin-
ity, and pH were measured using a Multi 340i sensor WTW (S1 Table). Wood pieces were
transported in buckets filled with on-site seawater to the laboratory and maintained in flow-
through aquaria until colonies were used for the experiments, from immediately after collec-
tion up to five days later for the sulfide starvation experiment and 23 days for the sulfidic con-
trol experiment. During maintenance about 250 mL of 1 mmol L' sulfide solution was added
to each 50 L liter aquarium daily during which fresh seawater flow was stopped for a few
hours. Each colony was cut off the wood with a MicroPoint™ Scissor and cleaned from debris
by rinsing it in filtered seawater prior the experimental procedure. All seawater used for this

and further procedures was filtered through a 0.2 um Acrodisc® syringe filter.

Host response to sulfide starvation compared to sulfidic conditions

We used 60 colonies from each of the two collection sites Sv. Jernej and Strunjan for the sulfide
starvation experiment in 2015. For comparison, 60 colonies were sampled for the sulfidic con-
trol experiment at Strunjan in 2021. Each colony was placed in a well of a multiwell plate. Each
well was filled with 1 mL oxic, filtered seawater (sulfide starvation experiment). For the sulfidic
control we added sodium sulfide to the filtered seawater at an average final concentration of
448 umol L™

The number of macrozooids present on each colony was counted at the start of the experi-
ment (S1 Fig). Every 12 h, viability of colonies was assessed by their contraction/expansion
behavior. Colonies that did not contract when being touched with a dissecting needle were
considered dead. All swarmers released from each colony within 12 h time intervals were
transferred into individual wells.

PLOS ONE | https://doi.org/10.1371/journal.pone.0254910  February 25, 2022 4/20

56


https://doi.org/10.1371/journal.pone.0254910
Salvador Espada-Hinojosa
56


PLOS ONE

Stress response to lack-of-sulfide in the giant ciliate mutualism

Every 12 h about two-thirds of the water from each well was replaced by new filtered oxic
seawater (sulfide starvation experiment) or filtered sulfidic seawater (sulfide control experi-
ment). The removed water was pooled for measurements of temperature, salinity, pH, and
oxygen concentration (S2 Table). Oxygen and temperature were measured with a PreSenS
Flow-through Cell FTC-PSt3. Salinity and pH and were measured with a Multi 340i sensor
WTW. Additionally, sulfide concentration was measured photometrically according to Cline
[32] in a few randomly chosen wells in the sulfidic control experiment in the newly prepared
and in the removed water.

To estimate colony size, the number of branches was counted either after host death or at
the end of the experiment (sulfide starvation experiment: n = 85; sulfidic control experiment:
n = 60). Swarmers from the sulfide starvation experiment were mounted on glass slides and
their body size was estimated using Leica DM2000 light microscope equipped with a Leica
DFC295 camera and the image analysis software Gimp (GNU Image Manipulation Program)
for Mac 2.8.

For statistical comparisons of the colonies used for the sulfide starvation experiment sam-
pled from two locations, 60 colonies from each location were divided into four batches (A-D),
with 15 colonies each. The size of the swarmers was measured according to the timeframe of
12-h-interval observations they were released from the colony and the timeframe they were
kept in the water swimming (batch A 0 h, B 24 h, C48 h, D 72 h; S2 Fig). All time points were
considered as the upper bound of the intervals. Statistical analyses were conducted in PAST
3.04 [33] and R [34]. Because Shapiro-Wilk tests showed deviations from normality for all
parameters (counted branches taken as estimate of colony size, initial macrozooids per colony,
total released swarmers per colony, and swarmer size) the Wilcoxon-Mann-Whitney test for
equal medians was used for comparisons of the two locations.

In both, the sulfide starvation and sulfidic control experiments, the mortalities of colonies
and swarmers were estimated as the proportion of dead colonies/swarmers to the total number
of colonies/swarmers used in the experiment. LTy and their standard error estimates for colo-
nies and swarmers were obtained by curve fitting of a binomial Generalized Linear Model
(bGLM) with mortality rate as response and time as predictor, and the use of the R package
MASS version 7.3-51.4. Goodness of fit was characterized with the Deviance (D?) = (Null
Deviance-Residual Deviance)/(Null Deviance). Ordinary Least Squares (OLS) regression-
models were used to depict the correlation between relevant magnitudes, e.g. colony size and
released swarmers. The number of macrozooids produced during the experiment (Ay) was
calculated by subtracting the initial number of macrozooids present on colonies at the begin-
ning of the experiment from the sum of the released swarmers plus the macrozooids remaining
on the colony at the end of the experiment (S1 Fig). Ag, the number of macrozooids produced
and released as swarmers during the experiment, was calculated by the subtraction of the ini-
tial number of macrozooids from the number of released swarmers. A positive Ag value indi-
cates additionally produced swarmers during the experimental time frame, whereas a negative
Ag value indicates remaining macrozooids on the respective colony that were not released at
the end of the experiment. Linear fit slope comparisons between both experiments were
performed through analyses of covariance by obtaining the significance of the interaction with
R [34].

Symbiont response to sulfide starvation

In 2012, 2013, and 2014, sets of 15 to 20 freshly collected colonies from Sv. Jernej were put into
embryo dishes, each kept completely filled with filtered, oxic seawater and covered with glass
plates to avoid evaporation for up to 72 h. At the time points 12, 24, 48, and 72 h viability of
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colonies was assessed as described above, and at most 3 live colonies were removed and fixed
for SEM or divided into live and dead colonies and fixed for FISH (S1 Table). At each time
point water was replaced with filtered seawater (S2 Table).

Fluorescence in situ hybridization (FISH)

Colonies from the 2014 embryo dish experiments were fixed and stored in 100% ethanol at
4°C for 3 months. Colonies were embedded in LR-White resin and polymerization was per-
formed in absence of oxygen at 41°C for three days. Semi-thin sections (1 pm) were cut on a
Reichert Ultracut S microtome, placed in a drop of 20% acetone on chromium(III)potassium
sulfate coated glass slides and were left to dry at 40°C. A total of 16 sections were placed on
one slide with four spots of four sections each. To have a representative area of the colony on
each slide, two slides per sample were used.

Hybridization was carried out as described in [24]. On each slide the symbiont-specific oli-
gonucleotide probe ZNS196_mod [30] labeled with Cy3 together with a mix of EUB L, II, III
(targeting most bacteria [35, 36]), and Arc 915 (targeting most archaea, [37]), all labeled with
Cy5 to distinguish the symbiont from any other microbe, were used on two spots. Negative
controls with nonsense probes (NON-EUB) labeled in both colors [38] were run on each slide
on two different spots. In brief, applied probes were hybridized at 46°C for 3 hours in the dark,
then rinsed in the washing buffer at 48°C for 15 min, stained with DAPI, washed with Milli Q,
and mounted with Citifluor antifading solution. Sections were observed on a Zeiss Axio
Imager M2 epifluorescence microscope and images were taken at 100x magnification with an
AxioCam MRm, Zeiss using AxioVision Rel. 4.8. software. Composite pictures of entire colony
sections were done with ICE software (Image Composite Editor 2.0, Microsoft).

Scanning electron microscopy (SEM)

Colonies from the 2012 and 2013 embryo dish experiments were placed in a freezer at -20°C
in 2.5 mL of filtered, oxic seawater for 9.5 min prior to fixation to avoid contraction of the col-
onies [21]. Before the freezing point was reached, the embryo dish was taken out and 2.5 mL of
modified Trump s fixative (2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M sodium caco-
dylate buffer 1100 mOsm, pH 7.2, filtered with a 0.2 um filter prior fixation) was added (modi-
fied from [39]). The samples were immediately rinsed with this solution and stored until
further treatment.

After storage in fixative for a few months, colonies were rinsed in 0.1 M sodium cacodylate
buffer (1100 mOsm, pH 7.2) three times for 3 min each, dehydrated in acetone and transferred
to a mixture of acetone/hexamethyldisilazane (HDMS) (1:1) for 15 min, followed by two baths
of pure HDMS for 15 min each. Subsequently, the samples were air dried for 3 h, placed on a
stub and sputter coated with gold-palladium using an Agar Sputter Coater Agar 108 for 250
seconds.

For detailed SEM observations on a Philips XL 20 scanning electron microscope (accelera-
tion voltage of 20kV) we used two sets of three colonies kept in oxic seawater for 48 h (the set
from 2012 was used for statistical analyses, the other one from 2013 for additional SEM micro-
graphs). We used three colonies freshly collected from the environment in 2012 as control.
From each colony, images were taken from 15 microzooids (feeding cells) at a magnification
of 2000x. The following symbiont parameters were analyzed for the oral and the aboral part of
each microzooid separately: 1) number of symbiont cells in a 70 um? rectangular frame; all
cells crossing the edge of the frame were counted only along one length and width of the
frame; cells crossing the whole frame either longitudinally or horizontally were also counted.
2) The percentage of symbionts covering host surface (host coverage) was measured with
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Gimp 2.8 software after manual segmentation of the bacteria, whereby all partially and total
cells in the 70 um? frame were included in the analysis. All other parameters were analyzed
with AnalySIS™ program (Soft Imaging System GmbH, Miinster, Germany), for each oral and
aboral part of the microzooids up to 70 cells each, whereby cells were selected in a clockwise
helical pattern: 3) length, 4) width, and 5) frequency of dividing cells (FDC). Dividing cells
were defined as bacteria showing an invagination but not a clear intervening zone between
cells [40]. 6) Cell volume was calculated from length and width data considering each cell as a
cylinder plus two hemispheres [41]. 7) The cell elongation factor (EF), the ratio of length to
width, was calculated for each cell [42]. The larger the EF the more rod-shaped the cells are,
while cocci have an EF of approximately 1.

Statistical analyses were conducted with R [34] on data comparing three colonies kept at
sulfide starvation for 48 h and three colonies collected in situ in 2012 (S2 Table). Because the
Shapiro-Wilk tests performed for all parameters for each part of each microzooid showed devi-
ations from normality, we used the Wilcoxon-Mann-Whitney test to evaluate differences
within and between i situ and 48h oxic conditions.

Results

Host response to sulfide starvation compared to sulfidic conditions

In situ collections to investigate the host’s reaction to experimental oxic conditions (so-called
sulfide starvation) came from two nearby subtidal locations in the northern Adriatic Sea, the
Strunjan mudflat and the Sv. Jernej estuary. No significant differences were found in colony
size (Wilcoxon-Mann-Whitney test: p = 0.721, W = 941, S3A Fig) and in numbers of macro-
zooids between the locations (p = 0.487, W = 1931, S3B Fig). The number of swarmers released
during sulfide starvation was highly variable, ranging from 0 to 21 swarmers per colony. How-
ever, the two populations did not differ significantly (p = 0.462, W = 1936, S3C Fig). The size
of the swarmers also did not differ significantly between populations (p = 0.408, W = 1306,
S3D Fig). We have, therefore, merged the data from both locations for further analyses and for
comparisons with a population from Strunjan that we exposed to sulfidic conditions.

Monitoring the physicochemical parameters showed that the colonies were exposed to sta-
ble oxygen concentrations under sulfide starvation (97 + 6% mean =+ standard deviation in
freshly supplied seawater, 99 + 4% in the removed water 12 h later). In contrast, fluctuations
alternated from almost anoxic (4 £ 4%), high sulfidic (448 + 11 pumol L' sulfide) conditions
to oxic (89 + 10%) and low sulfidic (6 + 5 pmol L sulfide) conditions in 12 h intervals
(S2 Table).

The mortality of the colonies under sulfide starvation showed a sigmoid pattern (bGLM:

D? = 0.93), which increased sharply 24 h after the start of the experiment and increased less
and less after 60 h (Fig 2A). All times are expressed as the upper bounds of the observation
intervals. A similar mortality pattern (bGLM: D* = 0.97), but shifted to an increase about half a
day later, was seen in colonies kept under sulfidic conditions. As a result, these colonies lived
about half a day longer (LTsq = 56 h, estimated standard error SE = 10 h) than those without
sulfide (LTso = 44 h, SE = 11 h; Fig 2A).

In the sulfide starvation experiment significantly fewer swarmers were released per colony
(median number per colony 1, IQR from 0 to 4, n = 120) compared to the sulfidic control
(median number per colony 8, IQR from 6 to 11, n = 60; Wilcoxon-Mann-Whitney test com-
paring both experiments, p < 0.001, W = 6429). The mortality of swarmers from the sulfide
starvation experiment also showed a sigmoid pattern similar to that of the colonies (bGLM:

D? =0.99). The calculated LTs, was 39 h (SE =9 h; Fig 2B). In contrast, the majority of swarm-
ers (82%) who were kept in sulfidic seawater settled and grew into new colonies. Therefore,
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Fig 2. Host response to sulfide starvation in comparison with a sulfidic control. The sulfide starvation experiment
is shown in red and the sulfidic control in black. (A) Binomial Generalized Linear Model of the mortality of the
colonies given as the proportion of dead colonies in relation to the total number of colonies. LT is indicated as the
point of intersection with the dashed line. (B) Binomial Generalized Linear Model of the mortality of swarmers given
as the proportion of dead swarmers in relation to the total number of swarmers. The x-axis marks the upper bound of
the swarmer survival time after release from the colony. (C) Ordinary least squares regression model showing a
negative correlation between swarmer size and time colonies spent under sulfide starvation before swarmer release.
(D) Positive correlation between colony size and the number of released swarmers, both in the sulfide starvation
experiment and in the sulfidic control. The slopes of both experiments were not significantly different. (E) The number
of swarmers (released macrozooids) was positively correlated with the initial number of macrozooids, both in the
sulfide starvation experiment and in the sulfidic control. The slopes of both experiments were not significantly
different. Ag is defined as the difference between the number of released swarmers and the initial number of
macrozooids. Positive values of Ag indicate the net number of additionally released swarmers, whereas negative values
display the net number of macrozooids remaining on the colony. (F) Ag, the net production and release of swarmers, is
positively correlated with Ay the production of macrozooids in both sulfide starvation and sulfidic control
experiments. The slopes of both experiments were significantly different. (G) At the population level, under sulfide
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starvation less swarmers were released per initial colony than the sulfidic control in all time points except at 12h. They
were also released in a shorter time period. (H) Each colony released less swarmers under sulfide starvation than in the
sulfidic control also when only the colonies were considered which were still alive at each time-point.

https://doi.org/10.1371/journal.pone.0254910.9002

the LT5, of swarmers could not be calculated, as death of half of the swarmers was not reached
(Fig 2B).

Swarmer size varied greatly between individuals in the sulfide starvation experiment
(median = 26601 pmz, IQR from 20737 to 35947 pmz, n =99). Measurements of size in 12-h-
intervals according to the time a swarmer spent in the oxic water, showed no significant
decrease (OLS: p = 0.077, F = 3, n = 99). However, swarmer size decreased in relation to the
time colonies spent in oxic seawater (OLS: r* = 0.11, p < 0.001, F = 12, n = 99, Fig 2C). Colo-
nies that spent more time without sulfide released significantly smaller swarmers. Whether
this is the case under sulfidic conditions has not been investigated.

Although we tried to sample similarly sized colonies for both experiments, the ones used
for the sulfide starvation experiment were slightly smaller (median 43 branches, IQR from 38
to 53, n = 85) than those used for the sulfidic experiment (median 44, IQR from 40 to 50,

n = 60; Wilcoxon-Mann-Whitney test, p < 0.001, W = 1641). Nevertheless, the number of ini-
tial macrozooids per colony was not significantly different (sulfide starvation: median 2, IQR
from 0 to 4, n = 120; sulfidic control: median 2, IQR from 1 to 3, n = 60; Wilcoxon-Mann-
Whitney test, p = 0.444, W = 3849). The colony size correlated positively with the number of
released swarmers in both experiments (sulfide starvation: OLS: r* = 0.12, p = 0.001, F = 11,

n = 85; sulfidic control: OLS: r* = 0.13, p = 0.006, F = 8, n = 59; Fig 2D). Their slopes did not
differ (analysis of covariance, p = 0.643, F = 0; Fig 2D).

In both treatments, a positive correlation was found between the number of initial macro-
zooids and the number of swarmers released (sulfide starvation: OLS r* = 0.47, p < 0.001,

F = 106, n = 120; sulfidic control: OLS r* = 0.09, p = 0.017, F = 6, n = 60; Fig 2E). Their slopes
did not differ significantly (analysis of covariance, p = 0.960, F = 0; Fig 2E). The median num-
ber of unreleased macrozooids at the end of the sulfide starvation experiment was 3 (IQR from
1 to 5, n = 80), significantly higher than the sulfidic control (median 1, IQR from 1 to 2,

n = 59; Wilcoxon-Mann-Whitney test, p < 0.001, W = 3539).

To investigate whether the released swarmers came from macrozooids that were present at
the beginning of the experiment or from macrozooids that developed during the experiment
we calculated the production of new macrozooids (Ay). In case of sulfide starvation, Ay
showed a median of 3 (IQR from 1 to 5, n = 80). A significantly higher value was found in the
sulfidic control experiment (median 6, IQR from 4 to 9, n = 60; Wilcoxon-Mann-Whitney
test, p < 0.001, W = 1213). To investigate whether the colonies were able to release the addi-
tionally produced macrozooids (Ay), we calculated Ag, the number of macrozooids produced
that were also released as swarmers during the experiment. In the sulfide starvation experi-
ment Ag ranged from -5 to 11 with a median of 0 (IQR from -1 to 0, n = 71). This indicates
high variability in colony performance: some colonies continued to produce and release these
new swarmers (Ag > 0, n = 17), others produced no such swarmers (Ag = 0, n = 31), and others
released only a few initial present macrozooids, while the remaining macrozooids died on the
colony (Ag < 0, n = 23). In the sulfidic control experiment Ag ranged from 0 to 20 with a
median of 8 (IQR from 5 to 10, n = 59; all Ag > 0; Wilcoxon-Mann-Whitney test, p < 0.001,
W = 317). In addition, both experiments showed a positive correlation between the macro-
zooids produced (Ay;) and the produced and released swarmers (Ag) (Fig 2F). However, the
slopes of both experiments were significantly different and indicate a different efficiency in
production and release of swarmers from the colony (analysis of covariance, p < 0.001, F = 49;
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Fig 2F). According to the sulfide starvation slope, the production of ten additional macro-
zooids was needed in order to effectively release six more swarmers (OLS: Ag =-2.0 + 0.6 * Ay,
*=0.63, p < 0.01, F = 120, n = 71; Fig 2F). In contrast, the slope of the sulfidic control showed
that every newly produced macrozooid was also released as swarmer (OLS: Ag = 1.1 + 1.0 * Ay,
> =0.93, p < 0.001, F = 734, n = 59). This indicates an overall higher efficiency in reproductive
effort under sulfidic condition than without sulfide.

On population level, swarmer release was overall much lower under sulfide starvation and
ended earlier than in the sulfidic control with the exception of the first time point at 12 h (Fig
2G). A similar picture emerged at the level of individual colonies (Fig 2H).

Symbiont response to sulfide starvation

To study the change in symbiont coverage and colonization of other microbes in relation to
host survival and time we repeated the sulfide starvation experiment with 10 to 20 colonies in
different embryo dishes. We performed FISH with a symbiont-specific probe and a mixture of
archaea and bacterial probes on semi-thin sections of some selected colonies, which were
removed after each time point. All hosts survived for up to 24 h. At this point, the symbiont
monolayer remained undisturbed in three of four colonies, similar in appearance to three colo-
nies examined which were fixed immediately after collection from the field. The fourth colony
suffered a small loss of symbionts.

After 48 h (n = 8; four live and four dead colonies) and after 72 h (n = 6; three live and three
dead colonies) there was hardly any difference with regard to symbiont coverage on live and
dead hosts. After 48 h, two out of the surviving four colonies showed little change in symbiont
coverage (S4A-S4D Fig). One colony showed a large loss of symbionts, and one colony was
aposymbiotic. Symbiont coverage on three out of four dead colonies was slightly disturbed,
and the fourth dead colony suffered a great loss of symbionts. After 72 h two out of the three
live colonies were aposymbiotic (S4E-S4H Fig), the third colony was severely disturbed and
showed only very few symbionts. All three dead hosts were aposymbiotic.

The epigrowth of other microbes, including bacteria and archaea, began within the first 24
h. We found that microbial fouling originated mainly from the lower part of the colony (S4A-
$4D Fig), sometimes overgrown by microbes in nature [11, 12]. Most of the time, other
microbes colonized host surfaces after the symbiont was lost (Fig 3A-3D). In some cases, how-
ever, the symbiont monolayer was directly overgrown (Fig 31-3L). Unspecific epigrowth was
found in all colonies regardless of host viability.

In addition, unidentified microbes have been detected in a few microzooids. Some were
limited to small spots and were most likely contained in food vacuoles (Fig 3A-3D). Others,
however, filled the entire host cell, which we interpret as potential microbial infection (Fig 3E-
3H). These individual host cell infections appeared to increase in number with time of incuba-
tion period and were randomly distributed within the colony. Since we did not find any
branches, stalks, or clusters of infected microzooids, the infection did not appear to spread
from one infected to neighboring microzooids.

In order to take into account the differences in symbiont morphology on the microzooids
by means of SEM [12, 21], we differentiated between symbiont populations on the oral and
aboral part of the microzooids freshly collected from the environment (Fig 4A) and compared
them to those kept at oxic conditions for 48 h (Fig 4B-4G). Parts of the colony became covered
with a mucus-like substance (Fig 4B) and/or other microbes (Fig 4F and 4G), which is in
agreement with the FISH observations.

In freshly collected colonies (n = 3, Fig 4A), the microzooids were covered with a mono-
layer of symbionts, with similar symbiont coverage values in the oral and in the aboral part
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Fig 3. Symbiont response to sulfide starvation applying FISH. Symbionts (asterisk), other epibiotic microbes (arrow), and
intracellular microbes in D confined to small areas most likely food vacuoles, in H filling the entire host cell most likely infection (double
arrow); (A, E, I) DAPI staining (blue), (B, F, ]) symbiont-specific probe (green); (C, G, K) EUB,,;, and Archaea probes (red); (D, H, L)
composite of DAPI, symbiont-specific and EUB,;,/Archaea probes. A-D and I-L from live colony after 48 h, E-H from dead colony after
48 h.

https://doi.org/10.1371/journal.pone.0254910.9003
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Fig 4. Symbiont response to sulfide starvation applying SEM. Microzooid from colony freshly collected from the environment (A), and several
colonies after 48 h in oxic seawater (B-G); (B) overview of colony covered in part with mucus; (C-G) microzooids with symbionts fully covering the
host, and with gradually less and less symbiont coverage; arrows point to very long rods most likely not symbionts.

https://doi.org/10.1371/journal.pone.0254910.9004
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Table 1. SEM analyses of symbiont traits.

traits in situ oral in situ aboral | signinficance (W value) | 48 h oxic oral |48 h oxic aboral | significance (W value)

coverage on host surface (%), n = 180 88.7 (85.9, 90.1 (88.3, n.s. (1302) 10.4 (3.1, 36.2) | 62.7 (53.6,79.2) *(1799)
90.3) 91.3)

number of cells per 70 um?, n = 180 51.1 (43.5, 79.3 (68.5, * (1867) 3.3 (1.1,10.9) | 23.9 (16.3, 34,8) *(1713)
60.9) 93.5)

frequency of dividing cells, FDC (%), 14.3 (12.9, 11.4 (10.0, *(323) 7.7 (5.4,9.1) 9.1(7.4,11.4) n.s. (1318)

n=180 15.7) 12.9)

length (um), n = 9271 1.81 (1.53, 1.67 (1.39, *(3974591) 2.43 (2.04, 2.56 (2.11, 3.06) *(1256266)
2.18) 2.03) 2.90)

width (um), n = 9271 0.90 (0.78, 0.60 (0.52, * (878280) 0.96 (0.76, | 0.75 (0.64, 0.91) * (675978)
1.02) 0.68) 1.15)

individual cell volume (pm3), n=9271 0.87 (0.61, 0.38 (0.27, *(1225584) 1.41 (0.85, 0.96 (0.63, 1.45) * (808464)
1.22) 0.53) 2.10)

elongation factor, n = 9271 2.05 (1.65, 2.84 (2.29, *(7333468) 2.56 (1.96, 3.35(2.61, 4.16) *(1590929)
2.56) 3.47) 3.35)

Values are shown as median and (Qas, Q75). Wilcoxon-Mann-Whitney test between oral and aboral parts: n.s. not significant, * 99% significance.

https://doi.org/10.1371/journal.pone.0254910.t001

(Table 1). The host had significantly higher numbers of symbionts per unit of surface on the
aboral part than on the oral part of microzooids (Table 1). Orally located symbionts were sig-
nificantly longer and wider than on the aboral part; hence orally located symbionts had a larger
volume than on the aboral part (Table 1). However, the cell elongation factor, calculated as
length divided by width, showed that symbiont located aborally were more rod-shaped than
those located orally (Table 1). The FDC of the symbiont population at the oral part was signifi-
cantly higher than that at the aboral part (Table 1).

After 48 h in oxic seawater, the oral and the aboral symbiont populations differed signifi-
cantly in all parameters at a 1% level of significance compared to freshly collected colonies
(Table 1). Orally, symbiont coverage with a few symbionts was very low compared with a
higher aboral coverage (Table 1). Orally localized symbionts were shorter and wider orally
than aborally, had a higher cell volume and a lower elongation factor (Table 1).

The symbiont coverage on both parts of the microzooids changed dramatically within 48 h
in oxic seawater. In comparison with freshly collected colonies, significantly lower symbiont
coverage (Fig 5A and 5B) and symbiont number were observed on the oral and aboral parts of
the microzooids (Fig 5C and 5D). Symbionts on both parts of the microzooids significantly
increased in volume (Fig 5E and 5F) and became significantly more rod-shaped (Fig 5G and
5H). FDC was also significantly lower after 48 h (Table 1, Fig 5I and 5]) compared to freshly
collected colonies.

Discussion

While maintenance of host-microbe mutualism over a host generation requires finely tuned
exchange of goods and services between partners, persistence over ecological time scales
requires reproduction prior host death and transmission of symbionts from one to next host
generation [14, 43, 44]. In unstable environments like those inhabited by the giant ciliate
mutualism, one of the greatest, naturally occurring threats is the cessation of sulfide flow. We
have shown in a series of experiments that the association breaks down quickly when exposed
to such sulfide deficiency conditions. Reproduction of the host colonies by swarmers was sus-
tained until the host died in less than two days, albeit to a lesser extent than under sulfidic con-
ditions, which resulted in many more swarmers released. Most notably, the mixture of
supplied sulfide and oxygen in the control experiment resulted in the settlement of 82% of
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Fig 5. Symbiont response to sulfide starvation compared to freshly collected colonies. Box-and-whisker plots
comparing orally (A, C, E, G, I) and aborally (B, D, F, H, J) located symbionts on microzooids of following parameters:
percentage of symbiont coverage on host outer surface (A, B), number of symbionts per 70 um? host surface area (C,
D), volume of individual symbiont cells (E, F), cell elongation factor (ratio of symbiont length to width) (G, H), and
frequency of dividing cells (FDC, ratio of dividing to total symbiont cells) (I, J). The box in the box-and-whisker plots
shows the interquartile range with the median. The whiskers extend to the most extreme data points that are no more
than 1.5 times the interquartile range from the box. All data were compared with the Wilcoxon-Mann-Whitney test
and proved significantly different (99% significance) between in situ conditions and 48 h oxic experiments.

https://doi.org/10.1371/journal.pone.0254910.9005
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swarmers and growth into viable colonies. Symbionts lacking sulfide showed changes in the
morphology on the host and reduced division within two days compared to in situ values.
Consequently, the loss of symbiont coverage resulted in more or less aposymbiotic hosts,
which were often overgrown by unspecific microbes.

Our experiments show that the host’s efforts to develop propagules under sulfide starvation
continued until host death. This was shown by the fact that swarmers came not only from
macrozooids that were already present on the colony at the beginning of the experiment, but
also from macrozooids that had developed during the experiment. Since not all of the macro-
zooids that were initially present and not all of the newly developed macrozooids were
released, the total number of swarmers released corresponds roughly to the number of macro-
zooids initially present in the sulfide starvation experiment. Although the number of propa-
gules was much fewer than those that developed under sulfidic conditions and never
developed into new colonies, these results clearly indicate the importance of macrozooid pro-
duction until the host dies. The fact that these swarmers never settled was not unexpected, as
previous studies in the field [27] and in the lab [31] showed that sulfide is the settlement signal.

A total of 310 swarmers from 120 colonies (a median of one swarmer per colony) were
released under sulfide starvation, with more than half of all swarmers leaving the colonies on
the first day. The release did not cease until the host died. The swarmer size decreased signifi-
cantly with time the colony was sulfide deficient. This indicates a trade-off between quality
and quantity of offspring. In comparison, in the sulfidic control experiment 60 initial colonies
released 515 swarmers (with a median of eight swarmers per colony), showing much greater
success in releasing the offspring. This is also reflected in the significantly higher slope of the
linear fit between produced macrozooids (Ay;) and produced and released swarmers (Ag) in
the sulfidic control than under sulfide starvation (Fig 2F). Whether the swarmers change in
size with the amount of time the colonies spend in sulfidic water remains to be investigated.

Following the fate of the swarmers kept under sulfidic conditions, we found that out of 515
swarmers released from 60 colonies 425 first generation colonies developed releasing 7 second
generation swarmers in 4.5 days. Even one of these second generation swarmers settled. A pre-
vious study under steady flow conditions with fully oxygenated seawater supplemented with
low sulfide concentrations resulted in about 80 new colonies from 13 initial colonies in five
days [21]. Although these cultures differed in concentrations of chemicals and flow versus
stagnant seawater conditions, in both each colony produced between six to seven offspring.
We note, however, that under flow many swarmers may have been flushed out before they
were able to settle. Comparing our sulfide starvation experiment under stagnant oxic condi-
tions with a previous oxic flow-through experiment [21] shows remarkable differences. While
no swarmers settled in the former, in the latter 13 colonies produced 15 first generation colo-
nies [21]. The cut-off seagrass leaf on which the initial colonies grew was placed in the flow-
through chamber. We suspect that it might have leaked sulfide due to degradation and trig-
gered swarmer settlement. Therefore, direct comparisons of culture conditions are difficult to
interpret.

We showed that colony death was accelerated under oxic conditions compared to sulfidic
conditions. We hypothesize that the lack of sulfide resulted in reduced diet for the host, which
resulted in a shorter lifespan. Earlier studies showed that with prolonged sulfide starvation the
carbon fixation in the symbiont ceases and then the release and uptake of organic carbon also
stops [30]. Symbionts on colonies that were kept under sulfide starvation for 24 h before incu-
bations with '*C or '°C labeled bicarbonate showed no carbon fixation and incorporation and
no uptake into the host tissue took place [30]. The host diet under such oxic conditions is then
reduced to direct ingestion of free-living microbes and symbionts [30]. We do not know
yet, whether the changes in host nutrition alone or other as-yet-unknown benefits that the
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sulfide-deficient symbiont did not provide resulted in a stressed host and accelerated death
compared to colonies kept under similar but sulfidic conditions.

A remarkable phenotypic change occurred in the symbionts under sulfide starvation in just
two days. Differences in morphology between symbionts on oral and aboral microzooid parts
known in freshly collected colonies from the environment [21], were retained, but symbionts
on both parts became more rod-shaped and grew larger compared to freshly collected
colonies.

Surprisingly, FDC values show that the proliferation did not stop completely as expected,
but was greatly reduced. In view of the fact that internal sulfur storage in the symbionts can
only support carbon fixation for a very short time [23], the symbiont may switch to heterotro-
phic metabolism and therefore maintain proliferation. A recent study showed an upregulation
of transporter genes, indicating heterotrophy under oxic conditions in Cand. Thiosymbion
oneisti, the thiotrophic ectosymbiont of the marine nematode Laxus oneistus [45]. Although
genes that support this function are present in the metagenome assembled genome of Thiobius
(Espada-Hinojosa pers. obs.), it remains to be investigated whether they are expressed under
such conditions.

FDC values did not differ significantly (with a significance level of 1%) in orally and
aborally located symbionts who were exposed to oxic seawater (Table 1). This indicates similar
abiotic conditions for the symbionts regardless of their position on the microzooids. These
results are consistent with previous cultivation experiments under a steady flow of oxic seawa-
ter, but supplemented with sulfide, where oral and aboral symbionts also had similar FDC val-
ues [21]. In contrast, the FDC values of orally located symbionts from our in situ colonies
freshly collected from wood were higher than those located aborally, confirming the results
from colonies collected from degrading seagrass leaves and from vertical, overhanging rocks
over seagrass debris [21].

Host-symbiont maintenance was clearly disturbed under sulfide starvation. The symbiont
coverage on the host was significantly reduced compared to freshly collected colonies with a
monolayer on the host. This may be due to reduced symbiont proliferation under sulfide defi-
ciency in combination with a loss of symbionts due to ingestion by the host. Whether loss of
symbionts can also be traced back to death and/or to escape into the environment remains to
be investigated.

The disturbance of host-symbiont maintenance was also visible through microbial fouling
on symbiont-free host surfaces or even on top of the symbiont. In freshly collected colonies
epigrowth occurs from the lower part of the colonies [11, 12] in a manner similar to what we
observed in stressed hosts. As these are the oldest parts of the colony, this may suggest that the
age of the host plays a role in warding off microbial fouling under natural sulfidic as well as
experimental sulfide starvation conditions. Alternatively or additionally, symbionts may con-
tribute to the antimicrobial defense.

Not only the numbers of swarmers produced per colony, but also the survival of the
swarmer is important as it sets the limits of dispersal in order to find a patchy, sulfide-leaking
habitat for settlement. In addition, symbionts are transmitted vertically on the swarmer [11,
12]. However, under oxic conditions, the swarmer gradually becomes aposymbiotic. Almost
40% of swarmers lost their symbionts within 24 h and 100% of swarmers within 48 h [31].
With a swarmer LTs, of 39 h and a considerable swimming speed of 5 mm s [46] a spread of
approximately 700 m can be achieved if the swarmer swims in a straight line. This estimate
does not take into account that the spread is also strongly influenced by currents. Both, the life
span of the swarmer and the period of time to keep at least some of the symbionts are critical
to maintaining mutualism by dispersal in search for the right sulfidic site to settle and establish
anew colony.
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In summary, our experiments show that the beneficial interactions between Zoothamnium
niveum and its only symbiont Cand. Thiobius zoothamnicola is quickly disturbed under stress-
ful oxic conditions without sulfide. As expected, colonies die quickly in less than two days.
Importantly, we observed that they continue to produce propagules until death. Symbionts are
also quickly affected, changing their morphology and slowing down division. Now that the
principal mode of stress response is known, we can begin to decipher the underlying mecha-
nisms of changes in physiology and interactions at the molecular level.

Supporting information

S1 Fig. Scheme of colony. The colony is composed of a stalk with alternate branches and three
different cell types—terminal zooids for division, microzooids for nutrition, and macrozooids for
asexual reproduction. The size of the colony is counted in number of branches. A colony with
initial macrozooids present at the start of the experiment and remaining macrozooids at the end
of experiment is shown. During experimental time the release of swarmers was also counted.
(TIF)

S2 Fig. Time schedule of the sulfide starvation experiment. Colonies (n = 120) were moni-
tored every 12 h (horizontal time line). Released swarmers from each of this time points were
divided in 4 cohorts (A, B, C, D; vertical time line).

(TIF)

$3 Fig. Comparison of colonies from Sv. Jernej and Strunjan. All Wilcoxon-Mann-Whitney
tests fail to reject the null hypothesis of equal medians: (A) colony size (p = 0.72), (B) number
of initial macrozooids per colony (p = 0.49), (C) number of swarmers (released macrozooids)
per colony (p = 0.46) and (D) size of swarmers (p = 0.41).

(TIF)

$4 Fig. FISH micrographs colonies. Colony alive after 48 h (A) DAPI staining (blue), (B)
symbiont-specific probe (green), (C) EUB,,;x and Archea probes (red) (D) composite of A, B,
C; note the increase in microbial fouling from top to bottom. Colony alive after 72 h with very
tew symbionts left (E) DAPI staining (blue), (F) symbiont-specific probe (green), (G) EUB i«
and Archea probes (red), (H) composite of E, F and G.

(TIF)

S1 Table. Collections and abiotic parameters measured prior collection at wood surface.
Samples listed according to type of experiment, applied technique, and time series of experi-
ment, site, date of collection, number of wood, and abiotic parameters: depth, temperature,
salinity, and pH. Abiotic parameters were measured using a Multi 340i sensor WTW.
(DOCX)

$2 Table. Abiotic parameters measured at the start (and at the end) of experiments. Abiotic
parameters: temperature, salinity, pH, and oxygen and sulfide concentrations (mean * stan-
dard deviation). Temperature, salinity, pH were measured using a Multi 340i sensor WTW.
Oxygen concentration was measured using a PreSenS Flow-through Cell FTC-PSt3. Sulfide
concentration was measured photometrically according to Cline (1969).

(DOCX)
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Thiotrophic bacterial symbiont
Induces polyphenism in giant ciliate
host Zoothamnium niveum

Monika Bright®?'*, Salvador Espada-Hinojosa(®?, Jean-Marie Volland?,

Judith Drexel?, Julia Kesting?, Ingrid Kolar', Denny Morchner!, Andrea Nussbaumer?,
Jorg Ott?, Florian Scharhauser?, Lukas Schuster?, Helena Constance Zambalos® &
Hans Leo Nemeschkal?

Evolutionary theory predicts potential shifts between cooperative and uncooperative behaviour under
fluctuating environmental conditions. This leads to unstable benefits to the partners and restricts

the evolution of dependence. High dependence is usually found in those hosts in which vertically
transmitted symbionts provide nutrients reliably. Here we study host dependence in the marine, giant
colonial ciliate Zoothamnium niveum and its vertically transmitted, nutritional, thiotrophic symbiont
from an unstable environment of degrading wood. Previously, we have shown that sulphidic conditions
lead to high host fitness and oxic conditions to low fitness, but the fate of the symbiont has not been
studied. We combine several experimental approaches to provide evidence for a sulphide-tolerant host
with striking polyphenism involving two discrete morphs, a symbiotic and an aposymbiotic one. The
two differ significantly in colony growth form and fitness. This polyphenism is triggered by chemical
conditions and elicited by the symbiont’s presence on the dispersing swarmer. We provide evidence
of a single aposymbiotic morph found in nature. We propose that despite a high fitness loss when
aposymbiotic, the ciliate has retained a facultative life style and may use the option to live without its
symbiont to overcome spatial and temporal shortage of sulphide in nature.

The notion that ‘all development is co-development’ refers to the fact that hardly any animal or plant lives with-
out microbial symbionts>?. This entrenchment of environmental microbes* has served innumerable times as an
integral element for phenotypic construction and phenotypic novelty in eukaryote hosts>. Symbiont-induced
developmental change in host traits has yielded complex phenotypes with adapted physiology to interact with the
symbionts®>#10-13,

The major transition from individuality of symbiotic partners in mutualistic relationships to a new integrated
organism'* requires mutual dependence and alignment of partner interests'>!¢. Some symbionts are consid-
ered as being strictly required for normal host development and reproduction®', e.g. Buchnera aphidicola -
aphids’, ‘Candidatus Endoriftia persephone’ - giant tubeworm'’, ‘Candidatus Kentron’ - ciliate Kentrophoros'®1,
Polynucleobacter - ciliate Euplotes*®-2%. Such obligate hosts bearing symbionts can display phenotypic plasticity
- the ability of an organism to express different phenotypes in response to the varying environmental condi-
tions»*~? - in various ways, but importantly, they do not retain the option to live aposymbiotically*.

In some other associations, however, not becoming irreversibly dependent has major evolutionary advantages.
As environmental conditions strongly impact the outcome of interactions®, the elimination of aposymbiotic
hosts is not selected for. Such facultative hosts have the option to interact with the partner as well as to live apo-
symbiotically'®. For example, legumes develop root nodules in response to rhizobia infection only when fields
are not fertilized with nitrogen®. The symbiotic and aposymbiotic anemone Anthopleura elegantissima occurs,
according to light regime, either with Symbiodinum on sun-exposed or without these microalgae on shady sub-
strates®?. The endosymbiotic R-body producer Caedibacter transforms the host Paramecium into a killer of other
paramecia including sometimes aposymbiotic individuals of the same species®***. Most often Paramecium bursa-
ria is found with photoautotrophic Chlorella variabilis®® but also natural aposymbiotic hosts exist®.

tUniversity of Vienna, Department of Limnology and Bio-Oceanography, Vienna, Austria. 2University of Vienna,
Department of Theoretical Biology, Vienna, Austria. *email: monika.bright@univie.ac.at
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Some hosts, however, are never found in nature without their symbionts although they can be experimentally
purged from them and still grow and sometimes even reproduce, e.g. Aliivibrio fischeri and bobtail squids®,
methanogen bacteria and Metopus contortus ciliate®. To estimate host dependence over a range of animal and
plant associations, the relative drop of host fitness between symbiotic and the experimentally purged or naturally
occurring aposymbiotic hosts was calculated®. Overall hosts tend to be more dependent on vertically transmitted
and nutritional symbionts than on horizontally transmitted and protective symbionts®. In ciliates fitness differ-
ences between symbiotic and aposymbiotic populations indicate the mutualistic advantage for the partners in
nutritional®® and defensive associations®*. Fitness, however, was found to be highly context dependent*’. Under
a variety of abiotic and biotic conditions ciliate mutualism might shift to a host exploiting the symbiont*! or a
symbiont turning into a parasite*?.

The mutualism between the vertically transmitted and nutritional, sulphur-oxidizing, chemoautotrophic (thi-
otrophic) ectosymbiont ‘Candidatus Thiobios zoothamnicoli’ and its giant colonial ciliate host Zoothamnium
niveum*>* is most suitable to test the hypothesis that symbiont function and transmission influence host depend-
ence®. According to phylogenetic analyses based on the 18S rRNA gene sequence, Z. niveum belongs to the
monophyletic clade 2*° (termed clade 1%°) within a non-monophyletic genus**->. Morphologically clade 2 species
exhibit a colony growth pattern of alternate branches*. They share with all Zoothamnium species a suite of mor-
phological characters, e.g. a common stalk connecting all zooids and containing a continuous spasmoneme that
facilitates contraction in a “zigzag® pattern*>**°. Besides Z. niveum, most other clade 2 species are associated
with ectosymbiotic bacteria: Z. alternans®>®, Z. ignavum®', Z. pelagicum®->¢. Only in Z. plumula symbionts are
not mentioned*”>*,

In contrast to other Zoothamnium species of clade 2, which occur in oxic environments®**-3>37%% the Z.
niveum partnership thrives in unstable and highly disturbed decaying plants and whale bones® in the pres-
ence of hydrogen sulphide (3_H,S, i.e. sum of all forms of dissolved sulphide®, hereafter termed sulphide). The
gammaproteobacterial symbiont has genes for sulphur oxidation and carbon fixation indicating a thiotrophic
metabolism®.

Individual cells (termed zooids) of the colony are differentiated with different functions for division (terminal
zooids), feeding (microzooids), and asexual reproduction (macrozooids). The terminal zooid on the tip of the
stalk produces the terminal zooids on each branch, which in turn produce feeding microzooids and the macro-
zooids on the branches®. Vertical transmission of the ectosymbiont is through macrozooids that leave the colony
as swarmers**, recruit to sulphide-emitting surfaces and grow into new colonies®*®. To date, the symbiont has
neither been detected free-living in the environment nor has it been cultivated (MB unpublished data).

Through colony contraction and expansion, the colony dips into the sulphidic layer close to the substrate
and extends into the oxic layer above, thereby alternately providing access to sulphide and oxygen as a byprod-
uct benefit to the symbiont®’. The symbiont fixes substantial amounts of inorganic carbon®. Host nourishment
involves translocation of organic carbon to the host through both passive release, considered a byproduct benefit,
and through digestion of symbionts®. Trading of goods in the mutualism, however, is interrupted when sulphide
ceases during the cold season in temperate waters®’.

The Z. niveum mutualism is currently the only thiotrophic association that can be cultivated over several
generations®®. Experiments of the host under oxic, sulphide supplemented, flow-through conditions lead to fast
growth, long life span, and high reproduction. The colonies are white because they are covered by symbionts that
store elemental sulphur. Under oxic, flow-through conditions host reproduction was reduced and colonies were
pale and short-lived®. At that time we did not investigate whether these small colonies still carried symbionts.
We therefore hypothesized that swarmers lose their symbionts during dispersal, that settlement is preferentially
on sulphide-emitting surfaces but may also be possible on oxic surfaces, and that aposymbiotic swarmers grow
into aposymbiotic colonies.

To test these hypotheses, we designed laboratory experiments under oxic conditions that mimic cessation
of sulphide flux in nature to explore the response of swarmers and colonies, and the fate of the symbiont on the
host. Here, we report on experimental evidence for a striking polyphenism, i.e., the development of discrete
alternative phenotypes®. We show that the environmental conditions encountered by the swarmer lead either
to loss or maintenance of the symbiont. This triggers the developmental switch, expressed in two distinct colony
growth forms. We developed a growth form index for statistical comparison. Our experiments show that each
growth form performed better under the respective environmental conditions. The 18S rRNA gene sequences of
two colonies collected in the field - one resembling the aposymbiotically grown morph, the other the symbiotic
morph - were identical. This confirmed that both morphs occur in nature.

Results

Swarmers during dispersal.  All swarmers kept under oxic, stagnant conditions for 4h were fully covered
by the symbiont, (n=11, Fig. 1a,b and Supplementary Table S1). After 24 h, swarmers (n = 16) were either still
fully covered (31%, Fig. 1c,d), partially covered (31%, Fig. le,f), or aposymbiotic (38%, Fig. 1g,h). All swarmers
were aposymbiotic after 48 h (n= 14, Fig. 1i,j).

Swarmer recruitment to sulphide-emitting surfaces. In oxic, stagnant seawater only about 1% of the
released swarmers settled within 72 h (n=23,000). These swarmers were pale. Because of the low swarmer recruit-
ment, we used a preference experiment (n=6) to test whether reduced sulphur species (sulphide, thiosulphate)
or low oxygen concentrations act as a settlement cue. Settlement checked after 24 h revealed an overall median of
22.5% recruited swarmers (interquartile range IQR 6.6%) exclusively to sulphide-emitting surfaces. Settlement
was not significantly different between high and low sulphide concentrations (Wilcoxon-Mann-Whitney test,
p-value 0.85, Supplementary Table S2). No settlement occurred at the thiosulphate, the reduced oxygen mem-
branes, or the walls of the experimental chamber exposed to oxic seawater.
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Figure 1. SEM micrographs of swarmers kept in oxic seawater for less than 4 h, and detail (a,b) between 4h
and 24h old, fully covered with symbionts (c,d), partially covered with symbionts (e,f), with very few symbionts
only, considered aposymbiotic (g,h) and between 24h and 48h old (i,j).

Because the swarmer recruitment experiment was carried out without chemical measurements, this exper-
iment was repeated without swarmers to measure oxygen and sulphide concentration at the four membrane
surfaces and revealed the presence of higher sulphide and lower oxygen at the high sulphide membrane and
lower sulphide and higher oxygen at the low sulphide membrane until the end of the experiment. At the thio-
sulphate membrane, the oxygen concentration was similar to the concentration measured in the chamber, and
sulphide was absent, whereas oxygen was very low and sulphide was absent at the membrane of the N,-bubbled
vial (Supplementary Table S2).
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Figure 2. SEM micrographs of aposymbiotic colonies after seven days under sulphidic conditions (a), under
oxic conditions with top terminal zooid (asterisk) and macrozooid (arrow) (b). Composite picture of light
micrographs of symbiotic (c—e) and aposymbiotic morphs (f-h) macrozooid (arrow).

To investigate whether this selective host behaviour was influenced by the presence of the symbiont on the
host over time, a mix of aposymbiotic and symbiotic swarmers was exposed to sulphide under stagnant con-
ditions to avoid removal of swarmers from the chamber under flow-through conditions (n=17). A median of
47.7% (IQR 20.4%) swarmers recruited to surfaces within 23 h. Distance covariance tests showed that the time
of sulphide exposure — between 2 and 23 h - had no influence on the number of settled symbiotic (p-value 0.28),
aposymbiotic (p-value 0.27) and total swarmers (p-value 0.21) (Supplementary Table S3).

Effects of sulphide and food supply on aposymbiotic host traits. Settled pale swarmers grew
into colonies both under oxic, flow-through and oxic, sulphide-supplemented, flow-through conditions. At
the end of the experiment at day 7 scanning electron micrographs (SEM) confirmed that most colonies were
without microbial overgrowth (Fig. 2). Because in a few colonies some patches of microbes were seen, we
performed fluorescence in situ hybridisation (FISH) on semithin sections using the symbiont-specific and
the EUB,;, and Arch915 probes to identify the microbes. Also FISH micrographs revealed that most colo-
nies were aposymbiotic (Fig. 3a—d). In some cases, however, other microbes colonized the host surfaces in
small patches, which were labelled with the EUB,;, and Arch915 probes but not with the symbiont-specific
probe (Fig. 3e-h). In contrast, the symbiotic, white colonies were covered with a monolayer of symbionts
with positive EUB,;, and Arch915 and symbiont-specific labels (Fig. 3i-1). During the 7-day experiments
no colony switched from pale to white under either chemical conditions. Under either condition, a few
macrozooids were produced (Fig. 2b,h). Release of macrozooids and settlement of swarmers could not be
followed in this experiment.

At in situ microbial abundance (MA) aposymbiotic colonies had an estimated life span of 13.2 d (95% confi-
dence interval 12.1, 15.3) under oxic, sulphide supplemented and 8.1 d (95% confidence interval 7.9, 8.2) under
oxic conditions (Supplementary Table S4, Fig. 4a,d). The estimated maximal colony size reached a median of 7.2
branches (95% confidence interval 7.0, 7.4) in 4.0 d (95% confidence interval 4.0, 4.1) under oxic conditions and
only 5.8 branches (95% confidence interval 5.2, 6.4) in 6.4 d (95% confidence interval 6.0, 7.3) under sulphidic
conditions (Supplementary Table S4, Fig. 4a,d). Accordingly, colonies in oxic seawater grew faster with a relatively
short, estimated life span, but to larger sizes, while oxic conditions supplemented with sulphide led to slow growth
(hence longer life span) and smaller sizes.

Food density had no direct influence on the growth of aposymbiotic ciliates over a MA range of 2.0 x 10° to
1.6 x 10° mL~1. Under oxic conditions, however, reduced MA restricted maximal colony sizes versus the larger
sizes under in situ and enhanced MA (Fig. 4a-d). Survival of aposymbiotic colonies under oxic conditions ranged
from 0% (enhanced MA), 25% (reduced MA) to 30% (in situ MA) (Supplementary Table S4). Under oxic, sul-
phide supplemented conditions, reduced and in situ MA led to similar estimated maximal colony sizes, whereas
enhanced MA resulted in larger sizes (Fig. 4a-d). Survival of aposymbiotic colonies under oxic, sulphide supple-
mented conditions ranged from 28% (reduced MA), 64% (enhanced MA) to 100% (in situ MA).
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Figure 3. FISH micrographs of aposymbiotic morph grown under sulfidic conditions for seven days, stained
with DAPI (a,e) (n macronuclei of host cells), labelled with EUB;, and Arch915 probes (b,f), and symbiont-
specific probe (¢,g), and overlay (d,h) arrows points to microbes other than symbionts (e,f). Symbiotic morph
grown under sulfidic conditions for seven days stained with DAPI (i)(n macronuclei of host cells), labelled with
EUB,,;, and Arch915 probes (j), and symbiont-specific probe (k) and overlay (1); arrows point to symbionts.
Note that all micrographs are the same magnification.

Growth of symbiotic and aposymbiotic Z. niveum colonies. The morphology differed remarkably
between colonies grown from aposymbiotic and symbiotic swarmers under oxic, sulphide supplemented con-
ditions (Supplementary Table S5). Survival was 100% in aposymbiotic morphs and 66% in symbiotic morphs
(Supplementary Table S5). After settlement, the small colonies were morphologically similar (Fig. 2¢,d,f,g).
During further development, however, the colonies with 10 (Fig. 2e,h) or 11 branches (Supplementary Fig. S2)
differed between aposymbiotic and symbiotic phenotypes. This indicates that the proliferation activity of the
terminal zooid of each branch was comparatively higher in the aposymbiotic than in the symbiotic phenotype. In
contrast, the proliferation activity of the top terminal zooid was comparatively higher in the symbiotic compared
to the aposymbiotic phenotype (Fig. 4e, Supplementary Table S5) leading to a long but narrow symbiotic morph
and a short but wide, aposymbiotic morph. Aposymbiotic colonies grown from aposymbiotic swarmers under
oxic conditions were identical in morphology to those grown under oxic, sulphide supplemented conditions
(Fig. 2).
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Figure 4. Box plots of growth (number of branches) of aposymbiotic colonies with in situ (a), low (b) and high
(c) MA in sulphidic and oxic seawater (Wilcoxon-Mann-Whitney comparisons for each day; *p-value < 0.05,
**¥p-value < 0.01, ***p-value < 0.001); (d) Estimated life span and maximal colony size of the aposymbiotic
phenotype under sulphidic (red lines) and oxic (blue lines) conditions with reduced (thin line), in situ (medium
line), and enhanced (thick line) MA, are inferred from the parabolas and 95% confidence intervals (dotted
lines); (e) Box plots of growth of symbiotic and aposymbiotic colonies grown in the same chamber for seven
days (Wilcoxon-Mann-Whitney comparisons for each day; **p-value < 0.01, ***p-value < 0.001); (f) Counted
branches and total number of zooids in symbiotic and aposymbiotic colonies of Z. niveum and Z. ignavum, in
double logarithmic scale of base 10 with power law fits.

Comparing both morphs under oxic, sulphide supplemented, in situ MA conditions, growth was significantly
higher in the symbiotic phenotype from day 2 to day 7 (Fig. 4e, Supplementary Fig. S1, Wilcoxon-Mann-Whitney
tests, p < 0.001). At the end of the experiment on day 7, symbiotic colonies exhibited a median of 22 branches
bearing an estimated 107 zooids, while aposymbiotic colonies had 6 branches with an estimated 24 zooids only
(Supplementary Table S5). The aposymbiotic life span was limited to an estimated 13.2 d, but the symbiotic growth
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followed a monotonically increasing function (e.g. positive parabolic linear fit r> 0.70, p-value 2 x 10*, n=169).
The symbiotic morph therefore grew faster and to larger sizes. The estimated growth curve showed that the expected
life span is much longer in the symbiotic than the aposymbiotic morph (Fig. 4e) confirming previous results®.
Under oxic, in situ MA conditions, none of the symbiotic morphs were found after seven days. Survival of
aposymbiotic morphs was 30% (Supplementary Table S4). Recruited white swarmers turned pale within the first
24h and grew into aposymbiotic morphs, which was confirmed with SEM at the end of the experiment at day 7.

Growth form index (GFI). A colony GFI (exponent of the power law relating zooids and branches) was
obtained from aposymbiotic and symbiotic Z. niveum. Because the aposymbiotic morph highly resembled the
symbiotic Z. ignavum in morphology we also obtained a GFI for comparison from this closely related species
collected in the field®'. The aposymbiotic morph had a GFI of 0.47 (n =45, 95% confidence interval 0.40, 0.54),
significantly different (p-value 5 x 10~%, analysis of covariance) from the symbiotic morph (GFI of 0.73, n=51,
95% confidence interval 0.67, 0.78) (Fig. 4f, Supplementary Fig. S2). Symbiotic Z. ignavum showed a GFI of 0.49
(n=30, 95% confidence interval 0.46, 0.52), non-significantly different to the aposymbiotic Z. niveum pheno-
type (p-value 0.73) but significantly different to the symbiotic Z. niveum phenotype (p-value 4 x 10~'?) (Fig. 4f,
Supplementary Fig. S2).

Host 18S rRNA and symbiont 16S rRNA genes sequencing and phylogenetic analysis. Most of
the colonies collected from minimally degraded wood and resembling the pale aposymbiotic phenotype were too
low in DNA content to be sequenced (#4697/2-4,6,7). From one of these colonies (#4697/5, DNA content 3.6 ng/
uL) 1,466 bp of the 18S rRNA gene could be retrieved. From a symbiotic, white colony collected from highly
degraded wood (#4577, DNA content 32.4 ng/uL) 1,537 bp of the 18S rRNA gene were obtained. The sequence was
identical to the pale colony (Supplementary Figs S3, S4) but differed to Z. niveum colony from USA* (Sequence
similarity 99.5%) (Supplementary Fig. S4). All three Z. niveum colonies build a monophyletic subclade in clade
2 supported by 100% posterior probability (Bayesian inference, BI) and 100% bootstrap support (Maximum
Likelihood, ML; Maximum Parsimony, MP; Fig. 5). The presence of the symbiont 16S rRNA gene using general
primers could only be obtained from the symbiotic colony indicating that the aposymbiotic phenotype was con-
taining microbes (including the symbiont) too low in abundance to be sequenced (Supplementary Fig. S3).

Discussion

The thiotrophic mutualism between Zoothamnium niveum and its symbiont faces the challenge of maintaining
long-term stability in a notoriously unstable environment. Sulphide and oxygen are not always available, and
unless the host provides access to these chemicals to the symbiont, the symbiont cannot provide organic carbon
to the host*. This study reports the discovery of one aposymbiotic ciliate in nature and shows experimentally,
how this ciliate loses its symbiont when trading of goods between partners is interrupted under oxic conditions
(Fig. 6). Most interestingly this ciliate exhibits a polyphenism in colony growth form. Despite high dependency;,
indicated by a fitness drop of 73% growth reduction in the aposymbiotic phenotype (Supplementary Table S5)
and consistent with other hosts of vertically transmitted and nutritional symbionts®, this points to a facultative
host. We propose that the aposymbiotic life style may ensure survival of the host at a temporal or spatial lack of
sulphide in the environment.

New colonies can arise from swarmers under prolonged oxic conditions®. Here, we showed that swarmers
easily lose the symbiont. Swarmers preferentially seek sulphidic surfaces for settlement to optimize symbiosis
survival, but can also settle and grow aposymbiotically under unfavorable, oxic conditions, albeit to a very low
percentage (Fig. 6). The time window for the swarmer to maintain its symbiont under oxic conditions is between
24 and 48 h. At a swarmer swim speed® of 5mms~!, between 400 m and 800 m can be covered in one and two
days, respectively. Accordingly, failing to find a sulphidic settlement near its release site leads to symbiont loss.
The lack of a fully developed cytopharynx in swarmers suggests that symbionts cannot be digested*’. It remains
to be determined whether the host eliminates the symbiont because no benefits are provided and/or additional
costs arise for the host to carry the symbiont during dispersal’®, or whether the symbiont dies or leaves the host
due to adverse conditions.

Our experiments indicate that sulphide is the settlement cue. This is consistent with previous experiments
in which swarmers settled at the edge of sulphide point sources on cut-out blocks of mangrove peat placed in
aquaria®. Only 1% of swarmers settled within 72h during dispersal in oxic seawater. Although the percentage
of recruited aposymbiotic colonies is low, in nature the high density of symbiotic populations producing large
numbers of swarmers might nevertheless allow survival of aposymbiotic host populations. Based on an average
number of 15.5 + 2.8 (mean + standard error) macrozooids per colony®® and 1,200 colonies m~2 on mangrove
peat®) we estimate that well over 150 aposymbiotic colonies would be produced under oxic conditions from
populations inhabiting a single square meter. Equally densely colonized wood (Supplementary Fig. S5), whale
bones”}, and seagrass debris® have been documented elsewhere as well.

Most remarkably, this colonial ciliate exhibits a polyphenism in colony growth form, discernible as a long and
narrow form in the symbiotic morph and a short and wide form in the aposymbiotic morph. The two morphs
differ significantly in their growth form index. Polyphenism is well known from predator - prey, parasitic, and
competitive interactions’?. Other microbe - ciliate mutualisms are well known for their facultative host life
style’74. Often aposymbiotic and symbiotic morphs are quite similar in these unicellular hosts. Metopus contor-
tus can be grown with its methanogen endosymbionts as well as aposymbiotically, revealing little morphological
changes®. In the ciliate Euplotidium itoi, however, the presence of epixenosomes, unique ectosymbionts related
to Verrucomicrobia” defending their host against predators’®, symbiotic morphs differ from artificially purged
aposymbiotic morphs in the presence of a widened cortical region that the ectosymbionts are attached to””.
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Figure 5. Bayesian tree inferred from the nucleotide sequences of the small subunit 18S rRNA gene of the
monophyletic clade 2 of Zoothamnium and combined with colony drawings and life style. Support metrics are
provided (BI/ML/MP). Scale bar corresponds to 1 substitution per 200 nt positions; numbers in parentheses are
the NCBI accession numbers for each species. All colony drawings, including Z. alternans®, Z. pelagicum™, Z.
plumula®, Z. ignavum®' and Z. niveum symbiotic*’ and aposymbiotic Z. niveum (drawing from a colony grown
in a flow-through chamber) show macrozooids in grey. Colony drawing of Z. plumula® is under copyright and
its use was granted by Magnolia Press www.mapress.com/j/zt. Colony drawings reproduction of Z. alternans®
was granted by the Instytut Biologii Doswiadczalnej im. M. Nenckiego, and of Z. niveum* by Elsevier.

Colony drawing of Z. pelagicum®* is under copyright and its use was granted by CNRS Editions (M. Laval;
Zoothamnium pelagicum du Plessis. Cilié Péritriche planctonique: morphologie, croissance et comportement
in Protistologica n°4 ©CNRS Editions, 1968).

In the presence of sulphide in our experimental chamber, symbiotic and aposymbiotic swarmers gave rise
to symbiotic and aposymbiotic morphs, respectively. In the absence of sulphide, only the aposymbiotic morph
developed. In both cases the alternative phenotype exhibited significantly reduced growth indicating that each
phenotype may be adaptive for the respective environment. The growth form expressed in oxic environments
without symbionts experimentally would no doubt help the population to survive when swarmers fail to find a
sulphidic substrate when such substrates are scarce or temporarily lacking at winter temperatures®’. The finding
of a single aposymbiotic morphotype of Z. niveum in nature may point to a much larger and more diverse hab-
itat for this ciliate. Such aposymbiotic growth forms were not found on sulfide-emitting wood (MB pers. obs.).
Whether host plasticity still retains the option to live aposymbiotically in nature or only in the lab by reverting to
the growth form that they share with other species of clade 2 from oxic environments remains to be further inves-
tigated. The preferential recruitment behavior of the swarmer to abundant sulfide-emitting habitats and biological
interactions such as competition and predation pressure may exclude the prevalence of aposymbiotic phenotypes
when sulfide is produced during the warm seasons. They might be crucial, however, when temperature drops in
late fall and ensure survival during the cold season.
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Figure 6. Proposed development of symbiotic morphs from symbiotic swarmers released from colony and
short migration through oxic water prior to settlement on sulphide-emitting wood surface. In contrast, long
migration of swarmers in oxic seawater leads to loss of symbionts and development of aposymbiotic morphs
under both oxic and sulphidic conditions.

The different growth of aposymbiotic morphs grown under oxic versus oxic, sulphide supplemented condi-
tions suggests that sulphide stresses the aposymbiotic host and impacts growth. The mitochondria of inverte-
brates and protists from sulphidic environments detoxify sulphide to thiosulphate in the presence of oxygen”s7”°.
Our experiments point to a trade-off between growth and longevity. Growth was fast and led to larger sizes but
shorter life spans under oxic conditions. Under oxic, sulphide supplemented conditions the energy-consuming
processes of sulphide detoxification may slow growth and extend the life span.

The aposymbiotic and symbiotic morphs of Zoothamnium niveum grown in experimental chambers differ
remarkably in morphological traits used in the classification of species in this genus. Without experimental proof
these two highly different morphs would be classified as different species. The 18S rRNA gene sequences from
one colony collected from the field and resembling the aposymbotically grown morph in the lab as well as the 18S
rRNA gene sequence from the symbiotic colony from the field were identical and allowed us to identify them as
Z. niveum. Both colonies from the Adriatic Sea have 99.5% similarity in their 185 rRNA gene sequence with the
sequence from USA*. In contrast, Z. alternans also from geographically distant locations and considered mor-
phologically identical® exhibit 96.7% sequence similarity*. This rather points to different species®! when applying
a threshold between 97 to 99%°" or 99% sequence similarity*®. Even more so, Z. plumula gene sequences from
two relatively nearby locations in China**#’ fall in different clades*. Overall, the presence of cryptic species in the
genus Zoothamnium and the discovered polyphenism in Z. niveum warrants to call for the addition of possible
symbiont descriptions on morphological and molecular level as well as host gene sequences applied when new
species are described and when population from previously unknown locations are studied.

The closely related species®® of Zoothamnium niveum in the clade 2 grow predominantly in oxic environ-
ments®3-557%_ They show a wide range of either symbiotic or aposymbiotic life styles but share the diagnos-
tic characteristic of a growth form with alternating branches*. They resemble, at first glance, the aposymbiotic
morph with relatively long branches®-**-55°7% (Fig. 5). We could confirm the similarity of GFIs of aposymbiotic
Z. niveum (0.47) and symbiotic Z. ignavum (0.49), but for other species data are not yet available. Visually Z. alter-
nans®® highly resembles both aposymbiotic Z. niveum and Z. ignavum. Also relatively long branches are found in
symbiotic Z. pelagicum that is in fact a “pseudo-colony*, composed of several ‘short and wide’ colonies growing on
each other®*~*® and in aposymbiotic Z. plumula with additional secondary branches”. Future research will help to
determine whether specific growth forms can be related to specific environmental conditions.

Conclusion

Our study revealed a mechanism of mutualism breakdown. Host development with and without the symbiont led
to a polyphenism i.e. to discrete alternative colony growth forms triggered by the chemical conditions in the envi-
ronment that the swarmer encounters. Prolonged oxic conditions lead to symbiont loss inducing the development
of an aposymbiotic morph with reduced fitness, whereas symbionts were maintained during sulphidic or brief
oxic conditions leading to the development of the symbiotic morph with high fitness. Whether aposymbiotic host
populations play indeed a role in nature and if so, how the aposymbiotic host regains its symbiont to guarantee
connectivity from aposymbiotic to symbiotic host populations remains to be studied.
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Methods

Swarmers during dispersal. Colonies were collected from submerged wood at Sv. Jernej, Adriatic Sea,
2013 (replicate 1) and 2014 (replicate 2) (Supplementary Table S1). Colonies were cut from the substrate and
transferred to embryo dishes filled with oxic seawater (24.5°C=+0.7°C, salinity 33.3 £ 0.9, hereafter abiotic fac-
tors expressed as mean =+ standard deviation). Release of swarmers was monitored after 4h, 24h, and 48h (n=2).
Released swarmers were fixed for scanning electron microscopy (SEM) (Supplementary Table S1).

Swarmer recruitment in preference chambers. Colonies were sampled from concrete blocks sur-
rounded by seagrass debris in 2003 (Supplementary Table S2). For each experiment (n=6), 30 to 50 released
swarmers from about 50 colonies kept in oxic seawater (24°C £ 1°C, salinity 38 & 1) were transferred into the
central plastic cube (8 x 8 x 7cm) of the preference chamber filled with oxic seawater. On each side of the cube,
one vial was mounted and sealed with a dialysis polyethylene membrane (2.6 cm in diameter) permeable for small
molecules to allow diffusion into the central chamber®! (Supplementary Fig. S1). The vials were filled with 30 mL
seawater containing 1) ~1.5mmol L™ sulphide, 2) ~2.5mmol L™ sulphide, 3) 10mmol L™ thiosulphate, and 4)
continuously N,-bubbled, anoxic seawater. After 24 h, the settlement of swarmers on the four membranes and on
the inner cube’s surface was counted using a dissection microscope. Medians and quartiles were calculated and
the nonparametric Wilcoxon-Mann-Whitney test was performed to assess differences between swarmer recruit-
ment to high and low sulphide (R version 3.5.1, package Coin, v1.2-2).

Because abiotic parameters were not measured during this experiment in 2003, we repeated the experiment
without swarmers to measure temperature, pH, salinity, oxygen, and sulphide in the chamber and oxygen and
sulphide at all four membranes in October 2018 using a Fibox 4 (PreSenS, Germany) for oxygen and temperature,
Multi 340i (WTW, Germany) for salinity and pH, and the Cline assay for ¥H,S* (Supplementary Table S2).

Swarmer recruitment in flow-through chambers.  Colonies were collected from diverse submerged wood
in the Adriatic Sea in 2013 and 2014 (Supplementary Table S3). Flow-through chambers®® (n=17; Supplementary
Fig. S1) were filled with 17 mL of oxic seawater containing sulphide (147 £ 35 umol L™'). Between 90 and 227
pale, aposymbiotic and white, symbiotic swarmers were added to each chamber. The time for settlement was kept
between 2 and 23 h during which the pumps were switched off to avoid swarmers being flushed out of the chamber.
Afterwards, settled pale and white swarmers were counted, sulphide was measured, and flow through the chambers
was established to follow colony growth (Supplementary Table S3). The covariance test (R package Energy v1.7-5)
was used to show independence of time of sulphide exposure and number of settled swarmers.

Effects of sulphide and food supply on aposymbiotic host traits. Colonies were collected from
wood in Sv. Jernej in 2014 (Supplementary Table S4). For continuous flow through the chambers, we used an
8-channel peristaltic pump (Minipuls 3, Gilson International, Austria) set at 80 mLh~! flow for oxic seawater and
a syringe pump (KD Scientific, Inc., USA) set between 1.0 and 1.5mLh ™! for sulphide supplementation in 50 mL
syringes (between 1.5 and 1.8 mmol L ™! sulphide in Milli-Q water) (Supplementary Fig. S1). Three chambers
were kept at oxic conditions, three others supplemented with sulphide. Two of these chambers (oxic and sul-
phidic) were fed with 32 um filtered seawater to exclude eukaryote predation but to simulate the in situ microbial
abundances (MA) commonly found in the northern Adriatic Sea during July®!. To reduce the MA, we filtered
the 32 um pre-filtered seawater using the filter cartridge systems Polygard and Express SHC (Millipore, USA),
with a final filtration of 0.2 pm pore size. To enhance the prokaryote density, we quadruple-concentrated 32 um
pre-filtered seawater using a Vivaflow 200 tangential flow module (Vivascience, Germany). Water and syringes
were changed daily.

Abiotic parameters (flow, temperature, salinity, pH, oxygen, sulphide) and MA in the outflow water were
monitored daily. Outflow water was filtered through polycarbonate filter membranes (Millipore GTBP02500
Isopore). Filters were fixed in 2% formalin for 24 h, air dried, and stored at —20°C until staining with DAPI
(4',6-diamidino-2-phenylindole). MA was estimated by counting on an Axio Imager A1 epifluorescence micro-
scope (Zeiss, Germany).

We followed survival as well as colony growth by counting the number of colonies and their respective
branches under a dissection microscope daily. After 7 d the chambers were opened and colonies were fixed for
SEM and fluorescence in situ hybridisation (FISH) (Supplementary Table S4). Shapiro-Wilk tests indicated devi-
ations from normality for several of the experiments. Wilcoxon-Mann-Whitney tests were performed to assess
differences of colony size between oxic and sulphidic conditions at low MA, in situ MA, and high MA. Linear
regressions to quadratic polynomial parabolas (least squares fit) with Pearson R-square coeflicients, and p-values
were applied using R, because parabolas best reflected the growth and degenerative phase described for this cili-
ate®®. Confidence intervals for parabolas were approximated by 10,000 random bootstrap re-samplings using the
program ‘MUBOQB.

Growth of symbiotic and aposymbiotic Z. niveum colonies. Using colonies collected at Sv. Jernej
in 2014, both white symbiotic and pale aposymbiotic settled swarmers (Supplementary Table S3, experiment
68) grew together into white symbiotic and pale aposymbiotic colonies, respectively, in one flow-through
chamber under in situ MA and sulphidic conditions for seven days (Supplementary Table S4, experiment 68).
Differences in colony size of aposymbiotic and symbiotic morphs after seven days were assessed using the
Wilcoxon-Mann-Whitney test.

Growth formindex (GFI). To estimate the relationship between cell population size (number of zooids) and
colony size (number of branches), we selected micrographs of 96 Z. niveum (51 symbiotic and 45 aposymbiotic)
from the above-described experiments and collections of white colonies at Sv. Jernej in 2014. For comparison
we took photographs of 30 Z. ignavum colonies sampled at Sv. Jernej in 2014. A colony growth form index (GFI,
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exponent of the power law relating zooids and branches) was obtained from aposymbiotic and symbiotic Z.
niveum and Z. ignavum as the slope of the log-log linear regression of the number of branches and zooids. This
approach is similar to a study in which the topology of plant roots was characterized by comparing the ‘altitude’
(longest path length of root system, equivalent to number of branches) and the ‘magnitude’ (the number of root
tips, equivalent to the number of zooids)%. The GFI describes the (log-transformed) number of branches that will
develop from the addition of one (log-transformed) new zooid. The significance of the difference between the
GFIs was assessed with a covariance analysis® using R and by calculating of confidence intervals approximated
by 10,000 random bootstrap re-samplings per analysis using MUBOQB.

Scanning electron microscopy (SEM). Colonies sampled at Sv. Jernej in 2014 (Supplementary Table S4)
and swarmers collected in 2013 and 2014 (Supplementary Table S1) were fixed in Trump’s fixative (2.5% glutaralde-
hyde, 2% paraformaldehyde in 0.1 mol L~ sodium cacodylate buffer 1100 mOsm L, pH 7.2) for up to 12h, rinsed
in 0.1 mol L' sodium cacodylate buffer, dehydrated in an ethanol series, transferred to 100% acetone, chemically
dried with hexamethyldisilazane (EMS), coated with gold using a Sputter Coater 108 (Agar, United Kingdom), and
observed on a IT 300 scanning electron microscope (JEOL, Tokyo, Japan). We distinguished symbiotic hosts with
full coverage and partial coverage, and aposymbiotic hosts with less than 10 symbionts in 1,000 um?.

Fluorescence in situ hybridisation (FISH). Colonies sampled at Sv. Jernej in 2014 (Supplementary
Table S4) were fixed in 100% ethanol, embedded in the medium grade LR White resin, polymerized under
nitrogen atmosphere at 40 °C for three days, and several semi-thin (0.5 um) sections were placed in four drops
of MilliQ water on gelatin-coated slides and air dried. Hybridisation was carried out according to Volland et
al.% using the symbiont-specific oligonucleotide probe ZNS196_mod labelled with Cy3 and the EUB,;, probes
EUB338-1, EUB338-1I, EUB338-III* together with the Arch915 probe® labelled with Cy5 to target most bacteria
and archaea on sections placed into two drops. The sections of the other two drops of each slide were used for the
nonsense probes labelled in Cy3 and Cy5 to control for false positives and no signals were observed.

Host 18S rRNA and symbiont 16S rRNA genes sequencing and phylogenetic analysis. Colonies
resembling the pale, aposymbiotic growth form of Z. niveum (#4697/2-7) were collected from minimally degraded,
most likely oxic parts of wood in July 2018. For comparison, also white, symbiotic Z. niveum (#4577) was collected
nearby but from highly degraded, most likely sulphide emitting parts of wood. Samples were fixed in 100% etha-
nol, and DNA was extracted with DNeasy blood tissue kit (Quiagen, Germany). DNA content was measured with
a Nanodrop 2000 spectrophotometer. The primers 82F* and MedlinB*° were used for PCR amplification of the
18S rRNA gene. Gel electrophoresis was performed on a 1% Agarose gel in TBE buffer for 50 minutes at 90 Volt.
For the 16S rRNA gene the primers 27F°! and 1492R** were used. Bidirectional Sanger sequencing was performed
(Microsynth AG, Switzerland). Sequences were analyzed with Geneious v. 11.1. (Biomatters, New Zealand).

To test the close affiliation between Z. niveum from Fort Pierce, USA and Z. niveum from Piran, Slovenia
the nucleotide sequences of the small subunit rRNA genes of all members of clade 24%*! were obtained from
NCBI, aligned with MAFFT®* v7.407 and trimmed to the shortest sequence length obtained from the collected
pale phenotype (1,466 bp) using SeaView” version 4 and ape®® v5.2 package of R: Z. niveurn DQ868350, Fort
Pierce, FL, USA¥; Z. alternans DQ868352, Fort Pierce, FL USA*’; Z. alternans DQ662855, Shazikou, China*’;
Z. alternans DQ662850, Haibohe, China*’; Z. pelagicum DQ868351 Topsail Sound, NC, USA¥; Z. plumula
DQ662854, Quindao, China (published under the name Z. pluma)*’; Z. ignavum. KX669262, Piran, Slovenia®'.
Z. plumula KY675162, Yantai, China*® was used as outgroup. The 18S rRNA eukaryote gene sequences
of both collected colonies were deposited in the GenBank database under accession number MN535886
(Aposymbiotic_Zoothamnium_niveum_str._Piran_4697/5) and MN535887 (Symbiotic_Zoothamnium_niveum_
str._Piran_4577).

Maximum Likelihood and Maximum Parsimony phylogenies with bootstrap support were calculated with
ape and phangorn® v2.4.0 packages in R, under a GTR + I nucleotide substitution model (with best corrected
AIC value). Bayesesian inference phylogeny with posterior probability support was generated with MrBayes’’
v3.2.7a with 1,750,000 generations and a burn-in of 25% of the length. The obtained tree was combined with
colony drawings of a symbiotic colony*’ and a aposymbiotically grown colony of Z. niveum (this publication), Z.
alternans®, Z. pelagicum>, Z. plumula®, and Z. ignavum®' and data on life style***1:>3-555759 Reproduction of Z.
plumula® drawing was granted by Magnolia Press, of Z. alternans™ by the Instytut Biologii Do$wiadczalnej im.
M. Nenckiego, of Z. niveum** by Elsevier, and Z. pelagicum® by CNRS Editions.

Data availability

The datasets generated during and/or analysed during the current study are included in this published article
and its Supplementary Information Files and are available in the FigShare repository, https://figshare.com/
$/98€63972a493c272930e.
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Abstract

Thiotrophic symbioses between sulphur-oxidizing bacteria and various unicellular and
metazoan eukaryotes are widespread in reducing marine environments. The giant co-
lonial ciliate Zoothamnium niveum, however, is the only host of thioautotrophic sym-
bionts that has been cultivated along with its symbiont, the vertically transmitted
ectosymbiont Candidatus Thiobius zoothamnicola (short Thiobius). Because theo-
retical predictions posit a smaller genome in vertically transmitted endosymbionts
compared to free-living relatives, we investigated whether this is true also for an ec-
tosymbiont. We used metagenomics to recover the high-quality draft genome of this
bacterial symbiont. For comparison we have also sequenced a closely related free-
living cultured but not formally described strain Milos ODIII6 (short ODIII6). We then
performed comparative genomics to assess the functional capabilities at gene, meta-
bolic pathway and trait level. 16S rRNA gene trees and average amino acid identity
confirmed the close phylogenetic relationship of both bacteria. Indeed, Thiobius has
about a third smaller genome than its free-living relative ODIII6, with reduced meta-
bolic capabilities and fewer functional traits. The functional capabilities of Thiobius
were a subset of those of the more versatile ODIII6, which possessed additional genes
for oxygen, sulphur and hydrogen utilization and for the acquisition of phosphorus
illustrating features that may be adaptive for the unstable environmental conditions
at hydrothermal vents. In contrast, Thiobius possesses genes potentially enabling it
to utilize lactate and acetate heterotrophically, compounds that may be provided as
byproducts by the host. The present study illustrates the effect of strict host-depend-
ence of a bacterial ectosymbiont on genome evolution and host adaptation.
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1 | INTRODUCTION
The beneficial associations between sulphur-oxidizing bacteria (SOBs)
and diverse protist and invertebrate hosts (Cavanaugh et al., 2006;
Dubilier et al., 2008; Ott et al., 2004; Sogin et al., 2021; Stewart
et al., 2005) span the entire range of ectosymbiotic mutualism, from
the highly diverse microbiomes of alvinocarid shrimps and the low-di-
versity microbiomes of alvinellid polychaetes at deep-sea hydrother-
mal vents (Cambon-Bonavita et al., 2021; Grzymski et al., 2008) to
strictly single symbiont species such as those on stilbonematine
nematodes from marine shallow-water sediments (Ott et al., 1991;
Paredes et al., 2021; Petersen et al., 2010; Polz et al., 1994), or
on an amphipod in freshwater caves (Dattagupta et al., 2009).
Among ciliates, monolayered coats of single ectosymbiotic SOB
species are known from the karyorelictid Kentrophoros (Faure-
Fremiet, 1951; Fauré-Fremiet, 1950; Fenchel & Finlay, 1989; Finlay
& Fenchel, 1989; Raikov, 1971, 1974; Seah et al., 2019) and the per-
itrichs Pseudovorticella (Grimonprez et al., 2018; Laurent et al., 2009;
Maurin et al., 2010) and Zoothamnium (Bauer-Nebelsick et al., 1996a,
1996b; Hemprich & Ehrenberg, 1829, 1831; Rinke et al., 2006, 2009;
Schuster & Bright, 2016). Some symbiotic SOBs form phylogenetic
clusters with free-living relatives (Figure 1; Dubilier et al., 2008).
Here, we provide genomic information on two closely related SOBs
with different lifestyles, that is, an obligate vertically transmitted ec-
tosymbiont and a free-living chemolithoautotrophic bacterium.
Candidatus Thiobius zoothamnicola of the Chromatiaceae
(Oren, 2017,
Thiobius) - originally introduced as Candidatus Thiobios zootham-

(Chromatiales, Gammaproteobacteria) short
nicoli (Rinke et al., 2006) - covers the surface of the giant colonial
ciliate Zoothamnium niveum (short Zoothamnium) that can typically
be found in shallow-water environments from tropical to tem-
perate waters with decaying organic material (Bauer-Nebelsick
et al., 1996a, 1996b, Rinke et al., 2006, 2009, reviewed in Bright
et al., 2014). Thiobius is transmitted vertically (Bauer-Nebelsick
et al,, 1996a, 1996b; Rinke et al., 2006) and has not been found
free-living despite extensive searches using general bacterial
primers as well as a symbiont-specific primer and direct Sanger
sequencing (Monika Bright personal observation, 2022). To our
best knowledge, the giant ciliate mutualism is the only thiotrophic
symbiosis that has been cultivated in the laboratory over several
host generations (Rinke et al., 2007). In contrast, the facultative
endosymbiont Thiosocius teredinicola of the shipworm Kuphus poli-
thalamius is the only thiotrophic symbiont that has been cultivated
without its host (Distel et al., 2017).

The host Zoothamnium niveum grows fast and reproduces asex-
ually developing specialized macrozooids that leave the colony as
ectosymbionts-covered propagules called swarmers to found new
colonies upon settlement (Bauer-Nebelsick et al., 1996a, 1996b).
Thiobius thriving on the host surface fixes inorganic carbon using sul-
phide and provides organic carbon to the host (Volland et al., 2018).
In return, benefits to the symbiont come through the host's peculiar
contraction and expansion behaviour that ensures the supply of ox-
ygen and sulphide (Rinke et al., 2007). The ciliate colonies can show
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unspecific overgrowth on the stalk, which connects them to the sub-
strate surface (Bauer-Nebelsick et al., 1996a).

Strain Milos ODIII6 (short ODIII6) is a cultured, but not yet formally
described bacterium, that has been isolated from the shallow-water hy-
drothermal vents in Paliochori Bay (Milos, Greece; Kuever et al., 2002;
Sievert, 1999). ODIII6 is mesophilic (optimal growth at 34°C) and oxi-
dizes reduced sulphur compounds under aerobic conditions.

Evolutionary theory predicts that the genome of obligate microbial
symbionts, transmitted vertically from one to the next host genera-
tion, will be reduced in size compared to free-living relatives and will
contain a lower proportion of mobile elements than facultative symbi-
onts (Newton & Bordenstein, 2011; Sachs et al., 2011). Being obligately
host-associated, these bacteria experience bottlenecks in population
size during each transmission event leading to genome reduction
(Bobay & Ochman, 2017; McCutcheon & Moran, 2012; Moran, 1996;
Moran et al, 2009; Toft et al, 2009; Toft & Andersson, 2010;
Wernegreen, 2015). Trait function compensation by the host or other
symbionts can lead to further gene loss and reduced genome size
(Ellers et al., 2012). Since obligate symbiotic bacteria are often isolated
in the host as endosymbionts, they experience limited possibilities
for horizontal gene transfer and access to foreign DNA. Some even
lack the machinery for uptake and incorporation of DNA (Medina &
Sachs, 2010). In contrast, obligate ectosymbionts have access to novel
gene pools (Newton & Bordenstein, 2011). Nevertheless, some ther-
mophilic ectosymbiotic archaea undergo genome reduction. This so-
called thermophilic streamlining was explained by having fewer and
shorter genes in hot environments compared to archaea from other
environments (Nicks & Rahn-Lee, 2017). Much less studied are ver-
tically transmitted bacterial ectosymbionts located on the surface of
eukaryotic hosts. Mostly, these ectosymbiotic microbiomes are com-
posed of complex microbial communities. Only a few cases with a sin-
gle microbial partner are known and even fewer genomic studies are
available (Fokin & Serra, 2022; Husnik et al., 2021).

Here, we show that the ectosymbiont Thiobius has a smaller ge-
nome, fewer genes, reduced GC content, and a smaller mobilome
than the free-living bacterium ODIII6, matching theoretical pre-
dictions. The analyses of metabolic capabilities revealed that the
functional traits of Thiobius are largely a subset of the repertoire
of ODIII6, which has a higher functional versatility to cope with
broader environmental conditions as a free-living bacterium from a
highly unstable, fluctuating hydrothermal vent environment. In con-
trast, Thiobius shows a potential genetic capability to grow hetero-

trophically as an adaptation to its host.

2 | MATERIALS AND METHODS

2.1 | Specimen collection and cultivation

Three Zoothamnium niveum colonies were collected from attached
submerged mangrove roots and wood at 1m depth in 2015 at
Twin Cays (Belize, 6°50'3” N, 88°6’'14” W; strains G42, G43 and
G44), and one colony from a sunken wood at 70cm depth in 2014
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at Guadeloupe (16°16’38” N, 61°33'27” W; strain G4). The ODIII6 DNA library preparation was used for multiplexing the Zoothamnium

isolate was originally obtained from the 107° dilution of a sediment samples, and they were sequenced in a paired-end mode with 125
sample collected at a sediment depth of 8-13mm and at 2m dis- nucleotides of read length using the lllumina HiSeqV4 platform at the
tance from the centre of a gaseous hydrothermal vent at a water Vienna Biocenter Core Facility (https://www.viennabiocenter.org/

depth of 8m in Paliochori Bay (Milos Island, Greece, 36°40'23" N, vbcf/). The low amount of DNA yielded by a single Zoothamnium cili-

24°31'13” E) (Kuever et al., 2002; Sievert, 1999; Sievert et al., 1999). ate colony precluded the use of long-read sequencing technologies.
A culture frozen at -80°C in dimethylsulphoxide was reactivated in The ODIII6 isolate was regrown from a frozen stock culture in 2015
2015 and used to obtain DNA for genome sequencing. and DNA was extracted with an UltraClean® microbial DNA isola-

tion kit (MoBio laboratories). The DNA was sequenced with a MiSeq
(Ilumina) sequencer by a commercial provider, MR DNA (Shallowater,
2.2 | DNA preparation and sequencing TX, https://www.mrdnalab.com/), using the 600Cycles v3 Reagent
Kit (Illumina). At MR DNA, the library of the sample was prepared with
The lower parts of Zoothamnium niveum colonies are usually over- a Nextera DNA Sample Preparation Kit (lllumina).
grown with diverse microbes (Bauer-Nebelsick et al., 1996a; Rinke
et al., 2006), and were therefore cut off to minimize contamination

using Schreiber micro scissors (Fridingen, Germany, European Union). 2.3 | Quality refinement, de novo assembly

The upper parts, covered by a monolayer of Thiobius, were homog- and binning

enized with Tris-EDTA buffer by vortexing and DNA was extracted

according to Zhou et al. (1996). The DNA extraction yielded up to 7ng The sequenced reads of the four Zoothamnium samples were qual-

DNA per pL in ~30pL of final volume for G43. Nextera XT (lllumina) ity filtered with the bbduk command of the suite bbmap v35.92
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(BBMap-Bushnell
more stringent quality threshold of 25 (Phred units). The filtered

B.-sourceforge.net/projects/bbmap/) under a
paired-end reads were assembled with SPAdes v3.7.1 in the metagen-
omic mode (Nurk et al., 2016). MetaBAT v0.26.3 (Kang et al., 2015) was
then used for binning with default parameters. A nucleotide sequence
homology BLAST search (Altschul et al., 1990) of the published 16S
rRNA gene sequence of Thiobius (Rinke et al., 2006) identified the tar-
geted bin. The genome of ODIII6 was de novo assembled by MR DNA
using NGEN (DNAstar, https://www.dnastar.com). Completeness, het-
erogeneity and contamination of the ODIII6 and Thiobius assemblies
were assessed with CheckM v1.0.5 (Parks et al., 2015). Presence of
rRNAs and tRNAs for each amino acid was checked with tRNAscan-SE
(Lowe & Eddy, 1997). Average amino acid identity (AAl; Konstantinidis
& Tiedje, 2005) was calculated with CompareM (https://github.com/
dparks1134/CompareM). The assembly of ODIIl6é with SPAdes was
performed to exclude contamination, using the same set of reads as
the MR DNA assembly. The alignment between both assemblies was
generated and visualized with Mauve (Darling et al., 2010, version
snapshot_2015-02-25), establishing the correspondence between
the contigs. The fastg file containing paired-end linkage information
of the de Bruijn graph was visually inspected with Bandage v0.8.0
(Wick et al., 2015), allowing the assessment of physical connectivity
between contigs of the bacterial chromosome.

2.4 | Synteny analysis and localized gap filling

The four Thiobius draft genome assemblies were aligned with Mauve
(Darling et al., 2010) and the ordering of the contigs was partly rec-
onciled. A less stringent quality threshold of 20 (Phred units) was
applied for the quality filtering and trimming of the G43 reads with
bbduk resulting in the recovery of the full 16S rRNA gene.

2.5 | Phylogenetic analyses

A total of 306 16S rRNA gene sequences were chosen following
the taxa selection of Petersen et al. (2016) and Distel et al. (2017).
16S rRNA gene sequences were directly obtained from GenBank
and RefSeq when available or extracted from publicly available
genomes using Metaxa v2.2 (Bengtsson-Palme et al., 2015). The
alignment was done with MAFFT v7 (Katoh & Standley, 2013) and
TrimAl v1.2 (Capella-Gutierrez et al., 2009) was employed for trim-
ming and filtering the alignments with default parameters. The
obtained sequences were allocated to 292 putative species ac-
cording to a 98.65% identity threshold (Kim et al., 2014; Table S1).
Four species were excluded due to multiple divergent 16S rRNA
gene copies (Hydrogenovibrio halophilus, Lamprocystis purpurea,
Thiofilum flexile and Thiothrix lacustris). Phylogenetic analyses were
performed using three methodological frameworks in order to as-
sess the robustness of the tree inference: maximum parsimony
(MP; Farris, 1970), maximum likelihood (ML; Felsenstein, 1981) and
Bayesian inference (BI; Hastings, 1970). Packages ape v5.2 (Paradis
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et al., 2004) and phangorn v2.4.0 (Schliep, 2011) were used for MP
and ML, and Bl was computed with MrBayes v3.2.7a (Huelsenbeck &
Ronquist, 2001). The substitution model choice followed a Bayesian
information criterion (Schwarz, 1978) as implemented in phangorn.
Bootstrap support (Felsenstein, 1985) in ML and MP trees was cal-
culated with 100 trees in each, and in Bl posterior probability was
used as metric of support. To facilitate visualization, 16S rRNA gene
trees were reduced by pruning most of the branches (Rodriguez-
Puente & Lazo-Cortes, 2013) retaining only the 40 organisms with
genomes available. By comparing the tree topologies, shared inter-
nal nodes and conflicting topologies were manually identified. We
used ML tree as the base of the representation to show the support

of the three approaches.

2.6 | Functional inference of predicted genes and
metabolic pathways

To predict and annotate genes the web version of RASTtk (https://
rast.nmpdr.org, Brettin et al., 2015) was employed with default set-
tings. Functional categories were assigned to the predicted genes
by the use of eggNOG mapper version 2 (Huerta-Cepas et al., 2017,
2019). Metabolic pathways were obtained using the predicted and
annotated genes as an input by two independent methods, fol-
lowed by a manual curation: (a) the online KEGG tool (www.kegg.
jp, Kanehisa & Goto, 2000, Moriya et al., 2007) interrogating path-
way complete modules; and (b) the PathoLogic module from Pathway
Tools (v23.5, Karp et al., 2002, 2010) of MetaCyc (Caspi et al., 2008).
To these two levels of granularity (the fine grain of the genes and
the coarser grain of the metabolic pathways; Vogt, 2010) we added
the overarching level of functional traits (De Oliveira et al., 2022),
defined as microbial characteristics that can be observed and are
linked to fitness (Green et al., 2008). Additionally, secretion, motil-
ity and defence potential capabilities encoded in the genomes were
assessed with MacSyFinder (Abby et al., 2016). The potential pres-
ence of traits was determined by putting together constituent genes
following MetaCyc and KEGG when available, or MacSyFinder for
motility and interaction traits (Abby et al., 2016). Some traits were
not detected by MetaCyc and KEGG, and therefore, were manually
inferred based on scientific literature (Table S2). In the manual cu-
ration logical operators (AND, OR) were employed to combine the
gene presence/absence evidence into traits, as outlined in Karaoz
and Brodie (2022) (Table S2).

2.7 | Orthology analysis

A total of 30 bacterial genomes, closest to Thiobius and ODIII6 based
on the 16S rRNA gene tree phylogeny (Table S3), were selected ex-
cluding the genome of Bathymodiolus sp. SMAR symbiont due to
poor quality of the assembly (52 scaffolds comprising 339 contigs
with N, as low as 10,280nt). Protein sequences were clustered into
orthologous groups using OrthoFinder v2.5.4 (Emms & Kelly, 2019).
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3 | RESULTS AND DISCUSSION

3.1 | Close phylogenetic relationship of Thiobius
and ODIII6

In order to confirm the previously reported close phylogenetic place-
ment of Thiobius and ODIII6 (Distel et al., 2017; Lenk et al., 2011;
Nunoura et al., 2014; Rinke et al., 2006, 2009; Schuster & Bright, 2016),
16S rRNA gene ML, MP and Bl phylogenies were constructed. A pruned
visualization of the resulting ML tree with indication of the conflicts
between the three approaches is shown in Figure 1 (full ML tree in
Figure S1). While some of the shallower internal nodes (closer to the
tips) showed good support (e.g. bootstrap values greater than 70%)
and agreement between the three phylogenetic approaches, many of
the deeper internal nodes were poorly supported and showed topol-
ogy conflicts. While ODIII6 falls in a clade containing the endosym-
bionts of the hydrothermal vent snails Chrysomallon squamiferum and
Alviniconcha sp. Lau Basin, and free-living bacteria, Thiobius can be as-
signed as sister taxon of this clade. The internal node connecting these
clades obtained bootstrap supports of 70% (ML) and 63% (MP), while
the posterior probability support of Bl was 73%. The 16S rRNA gene se-
quences of Thiobius and ODIII6 were 95% identical (over 1396 aligned
nucleotide positions). A relatively low average amino acid identity (AAl)
of 67% was obtained for the whole genomes of Thiobius and ODIIIé.
Both 16S rRNA gene and AAI comparisons show that these two bacte-
ria are related but ODIII6 is more closely related to both gastropod sym-
bionts than to Thiobius (Distel et al., 2017, Lenk et al., 2011, Nunoura
etal., 2014, Rinke et al., 2006, 2009, Schuster & Bright, 2016).

3.2 | High-quality draft genomes of
Thiobius and ODIII6

The best Thiobius metagenome assembled genome (MAG) in terms
of assembly completeness and contiguity was obtained from a single

TABLE 1 Statistics of the genomes assembled in this study.

Thiobius str. Thiobius str.

BelizeG43 BelizeG42
Sequencing coverage 216x 296x
Assembly size (bp) 2,381,364 2,379,254
GC content 49.4% 49.4%
Number of contigs 46 47
N50 (bp) 98,217 98,217
Completeness 96.0% 96.0%
Contamination 0.1% 0.1%
Heterogeneity 0.0% 0.0%
16S recovered Yes Partially
Number of extracted tRNAs 36 34
Amino acids with tRNA 20 19
Missing tRNA amino acid - lle
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ciliate colony collected in Belize (labelled G43, Figure S2; Tables 1
and S4). A total of 8.8 million of the initial 13.5 million read pairs
passed a more stringent quality threshold filtering (phred 25).
SPAdes assembled these reads into 44,538 contigs. MetaBAT binning
grouped these contigs into four bins, one of them containing two
partial matches at contig ends to the published 16S rRNA gene of
Thiobius according to a BLAST search (Rinke et al., 2006; Figure S3).
A less stringent quality threshold filtering (phred 20) led to a very
similar SPAdes assembly that recovered the full 16S rRNA gene. The
corresponding long contig containing the full 16S rRNA gene was
used to replace three contigs from the stringent filtering assembly
that covered the same span (Figure S4, Table S5). Overall, Thiobius
G43 assembly resulted in 46 contigs with a total length of 2.38 Mb,
aNg, value of 98,217, a coverage of 216x and a GC content of 49.4%
(Figure 2). CheckM estimated its completeness as 96.0% and its con-
tamination as 0.1%, and found no heterogeneity (Table 1), meeting
the MIMAG standard for high-quality MAGs (Bowers et al., 2017).
Synteny analysis with Mauve between the four Thiobius MAGs led to
the identification of 26 clusters of contiguity that were utilized in the
final ordering of the contigs (Figures 2 and S2, Table S5).

ODIIIé6's genome MR DNA assembly consisted of 26 contigs, and
had no paired-end linkage associated information available (fastg
file). Because RASTtk annotation revealed one contig with only
phage related genes, we re-assembled the genome using SPAdes and
found through the paired-end linkage information that the corre-
sponding contig was circular and was thereby excluded (Figure S5).
Accordingly, the final ODIII6 assembly resulted in 25 contigs, with a
total of 3.53Mb, a N, value of 245,984, a coverage of 103x, and a
GC content of 61.9%. CheckM estimated its completeness as 99.6%
and its contamination as 0.8%, and found no heterogeneity either
(Table 1).

A comparison between the high-quality draft genomes of Thiobius
and ODIII6 (both appropriate for general assessment of gene content,
Chain et al., 2009), revealed a complete set of tRNAs for translation
of all 20 amino acids in both bacteria. In agreement with theoretical

Thiobius str. Thiobius str.

BelizeG44 GuadeloupeG4 ODIll6
176x 131x 103x
2,311,386 2,369,374 3,528,654
49.6% 49.6% 61.9%
57 46 25
66,776 73,149 245,984
94.4% 96.0% 99.6%
0.1% 0.4% 0.8%
0.0% 0.0% 0.0%
Partially Yes Yes

34 37 41

19 20 20

lle = =
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Candidatus
Thiobius zoothamnicola

6

[N G43 NG44 mHG42 I G4a -
Contiguous traits (shared and not-shared)

1. AsN 6. Fcsd 11. Nrt 16. Soe
2. Cas 7. Hup 12. Pet 17. T2SS
3. CytAA3 8. Hyd 13. Psr 18. Ure
4. CytBA3 9. LakP 14. Pst 19. Urt
5. CytCBB3 10. Lut 15. rDsr

Milos strain
ODlll6

12

100 000 nt
=)

~ Coverage ”' GC content "u GC skew

FIGURE 2 Representation of the draft genomes of Thiobius strain G43 (left) and ODIII6 (right). The most outer grey solid arcs represent the
contigs. ODIII6 contigs are ordered by decreasing length. In Thiobius, information of three additional MAGs was employed to retrieve putative
clusters of contiguity that are presented in decreasing length order. The bridging contigs are shown as solid arcs in colours, the rest of their
contigs are omitted. GC skew typically reflects the attribution of the contig to the leading or to the lagging DNA strand. The correct ordering of
the contigs has not been fully resolved, and this is reflected in the inconsistent GC skew pattern between neighbouring contigs. GC content and
coverage are shown in the most inside rings. The location of relevant traits that show contiguity of their constitutive genes is also shown.

predictions (Sachs et al., 2011), the genome of the vertically transmitted
ectosymbiont Thiobius was 33% smaller than the one of the free-living
bacterium ODIII6, and showed a reduced relative GC content, consis-
tent with the significant positive correlation between GC content and
genome size in bacterial genomes (Almpanis et al., 2018). Whether the
reduced genome size of the vertically transmitted ectosymbiont is due
to any of the mechanisms that are known to affect vertically trans-
mitted endosymbionts, such as those of thiotrophic vesicomyid clams
(Kuwahara et al., 2007; Newton et al., 2007) and of marine flatworms
Paracatenula (Jackle et al., 2019), remains to be studied.

3.3 | Thiobius encodes fewer genes, pathways and
functional traits compared to ODIlI6

To characterize the potential functional capabilities of Thiobius and
ODIII6, their gene complements were predicted with RASTtk (Brettin
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etal., 2015). The annotation of Thiobius yielded 2486 predicted pro-
tein-coding sequences, of which 1494 (60%) received a meaningful
automatic functional prediction. In the manual curation process 21
hypothetical genes (18 non-redundant) obtained a putative annota-
tion. ODIII6 had 3452 predicted protein-coding sequences including
2063 (60%) with meaningful functional predictions, and in the man-
ual curation 21 hypothetical genes (19 non-redundant) were func-
tionally annotated. Thiobius contains about 28% less protein-coding
sequences than ODII6. Accordingly, the lower number of protein-
coding sequences in Thiobius compared to ODIII6 is consistent with
their genome sizes.

We manually selected 46 relevant functional traits involved in
key metabolism and additional functions like storage or interactions,
of these two SOBs. These traits can range from a single gene to the
combination of several metabolic pathways (Tables 2 and S2). Less
than half of the traits (19) showed a compact localization of their
constitutive genes within contigs (Figure 2). PathwayTools inferred
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203 MetaCyc metabolic pathways for Thiobius, while 39 complete
KEGG modules were identified. The annotation of ODIII6 resulted
in 233 MetaCyc pathways and 53 complete KEGG modules. Thiobius
obtained 31 traits and ODIII6 yielded 39, of which 24 traits were
shared (Table Sé). Accordingly, Thiobius showed less pathways and
relevant traits compared to ODIII6, particularly in those related with
oxygen, phosphorus and sulphur.

In order to assess the functional commonalities between Thiobius
and ODIII6 we performed an orthology analysis over a background
set of 28 additional genomes of species included in the phylogenetic
analysis (Table S3). Thiobius and ODIII6 shared 1409 orthogroups
(Figure 3). A higher proportion of functional pathways were shared
between the two organisms (Figure 3). Most of the genes of both or-
ganisms presented an orthologous one-to-one relationship (84% of
genes in Thiobius and 90% of genes in ODIII6; Table S7). Overall, the
relatively high percentage of shared orthogroups, pathways, mod-
ules and traits in Thiobius indicates that its functional capabilities
are mainly a subset of those present in ODIII6 (Figure Sé).

To further investigate the distribution of functional categories,
eggNOG was applied to determine the attribution of COG categories
(Tatusov et al., 2000). In general, the gene counts of the COG cat-
egories followed the genome sizes (Table S8), but there were some
exceptions. ODIII6 and Thiobius COG categories yielded high count
similarities in the categories ‘lipid metabolism’ and ‘secondary struc-
ture’. Nevertheless, this did not imply a fully identical sets of genes,
for example, of the orthogroups involved in the ‘lipid metabolism’
category only a 52% were shared, indicating that different ‘non-or-
thologous’ gene sets were recruited to perform same biological
tasks in the two different bacteria. The least similar categories were
‘cell motility’ and ‘signal transduction’, for which the respective pro-
portions were much lower in Thiobius in relation to its genome size
(Table S8). Therefore, the COG functional categories composition
reflects the free-living lifestyle of ODIII6, with increased motility
representation and a more complex gene regulation that match the
requirements of a free-living lifestyle.

3.4 | Potential for a mixotrophic lifestyle as an
adaptation to the ciliate host

Both Thiobius and ODIII6 show the genomic potential to fix inor-
ganic carbon through the Calvin-Benson-Bassham cycle (Cbb) with
the capability to form carboxysomes to concentrate ribulose-1,5-bi-
sphosphate carboxylase oxygenase (RuBisCO; Badger & Bek, 2008),
the key enzyme of the Calvin-Benson cycle responsible for CO,-
assimilation. According to the neighbouring genes the RuBisCO type
in both Thiobius and ODIII6 is form IAc with a potential functional
niche of low CO, and low to high oxygen concentration (Badger
& Bek, 2008). This is in line with previous studies in Thiobius, in
which RuBisCO was histochemically detected, carboxysomes were
identified by TEM (Bauer-Nebelsick et al., 1996b) and a type IA
RuBisCO large subunit sequence was retrieved (Rinke et al., 2009).
In addition, carbon fixation in Thiobius was confirmed through tissue
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autoradiography and NanoSIMS (Volland et al., 2018). Further, the
contraction and expansion behaviour of the host creates a continu-
ously changing abiotic environment for Thiobius ranging from oxy-
gen rich to sulphidic, anoxic conditions (Bright et al., 2014). ODIllé6
shows two putative bicarbonate transporter-encoding genes down-
stream of the carboxysome structural genes operon, consistent with
previous reports on other chemoautotrophs (Axen et al., 2014; Scott
et al., 2020). ODIII6 further possesses a gene for a beta class car-
bonic anhydrase not integrated in the carboxysome operon but else-
where in the genome, which converts bicarbonate to CO, for carbon
fixation (Supuran & Capasso, 2017).

Organic carbon is stored differently in Thiobius compared to
ODIII6. While Thiobius has the genetic potential for using polyhy-
droxyalkanoates (Pha), genes for glycogen (Glg) and cyanophycin
synthesis (Cph; storing carbon and nitrogen) were found in ODIII6.
In both organisms, the organic carbon is oxidized through the TCA
cycle (TcaC), although. Thiobius encodes additionally genes for the
glyoxylate cycle pathway (GIC; Cozzone & EI-Mansi, 2005). Putative
genes encoding for transporters to import acetate (ActP) and lac-
tate (LakP) along with genes encoding for all three components of
L-lactate dehydrogenase for lactate utilization (Lut) were also pres-
ent. Both acetate and lactate could potentially be metabolized by the
glyoxylate cycle (EI-Mansi et al., 1986; Serafini et al., 2019). While
in many organisms (including Bacillus subtilis) lutABC belongs to the
same operon with a lactate permease (Chai et al., 2009), Thiobius
possesses a different DctP-TRAP-like transporter (LakP), similar to
the one described for Thermus thermophilus (Fischer et al., 2010).
The presence of these transporters indicates a potential for hetero-
trophic metabolism in Thiobius. As the ciliate host may potentially
be able to switch to an anaerobic metabolism under sulphidic condi-
tions and produce lactate and acetate, similarly to the rumen ciliate
Entodinium caudatum (Park et al., 2021), it is tempting to speculate
that these fermentation products may then be released from the
host and taken up by the symbiont, but these anaerobic processes
have yet to be studied in this mutualism. No equivalent capabilities
were found in the genome of ODIII6 in line with its obligate autotro-

phic metabolism.

3.5 | Oxygen is the only electron acceptor in both
bacteria, but ODIII6 is more versatile than Thiobius

According to the genomic potential of their draft genomes, oxygen
is the only electron acceptor that Thiobius and ODIII6 can utilize.
Genes for nitrate respiration, known in many free-living and sym-
biotic thiotrophic bacteria living at oxic-anoxic interfaces (De
Oliveira et al., 2022; Flood et al., 2015; Konig et al., 2016; Nunoura
et al., 2014; Paredes et al., 2021), were not found. This indicates
that both bacteria strongly rely on oxygen both for respiration and
for the oxidation of reduced sulphur species to generate energy.
Indeed, both genomes encode for a cytochrome bc, electron trans-
port complex (Pet), and two cytochrome terminal oxidases, that is,
cbb, (CytCBB3), which was shown to have a high affinity for oxygen
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Ortho roups MetaCyc pathways
8! p y da Y in microhabitats with optimal oxygen concentrations, which po-

/ \ tentially renders the ability to express multiple terminal oxidases
16/ unnecessary.

‘416\ 1409 1082 w ‘ ] 46/\

\\\X/ / \\\\ 3.6 | Both organisms use the oxidation of reduced
sulphur compounds to generate energy

(0 KEGG modules Traits
T e \ The energy fuelling processes for carbon fixation in Thiobius and
// \\ \ /,/ // \\ \ \ ODIII6 comes from the oxidation of reduced sulphur species using

v \ oxygen as terminal electron acceptor. Sulphide oxidation to el-

38 ;‘15 ‘ B 28 = / emental sulphur occurs in both bacteria through two possible path-
C \ / ways, sulphide dehydrogenase (Fcsd; flavocytochrome C, Sorokin
L N\ y 4 . . .
\ /,/ S~ U et al., 1998), and sulphide:quinone oxidoreductase (Sqr). ODIII6 has
= ThiobiusOQ Q oblie T -

a type VI Sqgr and Thiobius has type | and type VI Sqgr (Dahl, 2017).

. . . Theel tal sulphur f d by sulphid idation is stored in sul-
FIGURE 3 Euler diagrams of different levels of granularity € elementat sulphurformed by suiphide oxidation Is storediin su

showing shared and unique genetic potential capabilities of phur globules that are enveloped by proteins (Dahl, 2017) identified

Thiobius and ODIII6. The finer granularity level is the genes in both genomes (Sgp). Indeed, transmission electron micrographs
from the orthogroups (a). Two metabolic pathway databases (Bauer-Nebelsick et al., 1996b) and Raman microspectrometry pre-
were employed: MetaCyc (b), and KEGG modules (c). The coarser viously revealed membrane bound elemental sulphur vesicles in

granularity level are the traits (d). Thiobius (Maurin et al., 2010) used to store sulphur under sulphidic

conditions and oxidize it further during oxic conditions (Volland
in Bradyrhizobium japonicum (Pitcher & Watmough, 2004), and aa, et al., 2018). In ODIII6 cultures, the formation of sulphur globules

(CytAA3), which belongs to the Class A of oxidases with lower ap- attached to the cell could also be observed if thiosulphate was pro-
parent oxygen affinities (Han et al., 2011). This indicates the ability vided (Stefan Sievert personal observation, 2022).

to utilize oxygen at various concentrations. Interestingly, the ge- Thiosulphate is potentially oxidized in both organisms to sul-
nome of ODIII6 contains two copies of the genes encoding cbb,, phate and elemental sulphur through the truncated Sox pathway
which is unusual and could be an additional adaptation to optimize (tSox, Welte et al., 2009, Dahl, 2020), with the possible involvement
oxygen utilization under varying concentrations, as was shown for of SoxL (Weissgerber et al., 2011). For both organisms, elemental
Pseudomonas aeruginosa (Comolli & Donohue, 2004). Further, ODIII6 sulphur is oxidized to sulphite in the cytoplasm by the reverse dis-
possesses two more high-affinity terminal oxidases, cytochrome bd similatory sulphate reductase pathway (rDsr; Dahl, 2015, Gregersen
(CytBD)- and ba, (CytBA3)-encoding genes, which points to a higher etal, 2011, Hensen et al., 2006), and sulphite is oxidized to sulphate
versatility under a broader range of oxygen regimes than Thiobius. either by the adenylylsulphate reductase and the sulphate adeny-
In contrast, Thiobius lives on a ciliate host that can position itself lyltransferase (AprSat), or by the sulphite-oxidizing enzyme (Soe;

FIGURE 4 Major metabolic capabilities found in the draft genomes of (a) Candidatus Thiobius zoothamnicola strain BelizeG43, and (b)
strain Milos ODIII6. Chosen relevant potential functional capabilities are shown (for simplicity not all transporters are depicted in the figure).
Predicted and functionally annotated genes are grouped in metabolic pathways. Functional traits are features such as single metabolic
pathways or composites of them that affect the organism fitness. Structural features such as transporters or secretion systems, and
storage capabilities are also considered as traits. Trait labels are generally in white fonts and in vertical orientation, except for the motility
and interactions on the left. Compound labels are horizontally oriented. Storage compartments are indicated with ellipses. ActP, acetate
transporter; AmtB, ammonium transporter; AprSat, sulphate adenylyltransferase and adenylylsulphate reductase sulphite oxidation; AsN,
assimilatory nitrate reduction; Cbb, Calvin-Benson-Basham cycle; Cph, cyanophycin biosynthesis; CysZ, sulphate transporter; CytAA3,
cytochrome aa, based oxygen respiration; CytBA3, cytochrome ba, based oxygen respiration; CytBD, cytochrome bd based oxygen
respiration; CytCBB3, cytochrome cbb, based oxygen respiration; Fcsd, flavocytochrome c sulphide dehydrogenase sulphide oxidation;
GIC, glyoxylate cycle; Glg, glycogen biosynthesis; Hnp, high-affinity sodium-phosphate symporter; Hup, putative hydrogen oxidation; Hyd,
sulphydrogenase elemental sulphur oxidation; iUcy, incomplete urea cycle lacking last step arginase gene; LakP, lactate transporter; Lut,
lactate utilization; Nrt, nitrate transporter; Pet, cytochrome bc, complex mediated electron transport chain; Pha; polyhydroxyalkanoate
synthesis; PHK, polyphosphate kinase; PHX, exopolyphosphatase; Pit, low-affinity phosphate transporter; Psr, polysulphide reductase;
Pst, high-affinity phosphate transporter; rDsr, reverse dissimilatory sulphate reductase mediated sulphur oxidation; Sgp, sulphur globule
proteins; Soe, sulphite-oxidation enzyme sulphite oxidation; Sor, Sulphur oxygenase reductase mediated sulphur oxidation; Sqr, sulphide:
qguinone oxydoreductase sulphide oxidation; SulP, sulphate permease; T1SS, type | secretion system; T2SS, type Il secretion system;

T5SS, type V secretion system; T6SS, type VI secretion system; T4P, type IV pilus; TcaC, TCA cycle; tSox, truncated Sox mediated sulphur
oxidation; Tst, thiosulphate disproportionation; Ure, Urease mediated urea degradation; Urt, urea transporter; YeeE, thiosulphate
transporter. The hexagon represents a carboxysome.
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Dahl, 2017). Gene sequences for the alpha and beta subunits of the
reverse-type dissimilatory sulphite reductase (dsrAB) and for the
alpha subunit of the adenylylsulphate reductase (aprA) were previ-
ously reported in Thiobius (Rinke et al., 2009). Finally, the putative
sulphate transporter CysZ exports the sulphate to the periplasm
(Figure 4a; Hryniewicz et al., 1990).

In contrast to Thiobius, ODIIIé has additional sulphur-metab-
olizing capabilities: the periplasmic disproportionation of thio-
sulphate by a rhodanese-like sulphurtransferase to sulphide and
sulphite (Tst; Deckert et al., 1998); elemental sulphur reduction to
sulphide in the periplasm by a putative polysulphide reductase (Psr;
De Oliveira et al., 2022), that might also be involved in oxidation as

H. NO; NH,*
2 urea
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suggested for Allochromatium vinosum (Weissgerber et al., 2013);
cytoplasmic disproportionation of elemental sulphur to thiosul-
phate, sulphite and sulphide by the sulphur oxygenase reductase
(Sor; Janosch et al., 2015), as suggested for Thioalkalivibrio paradoxus
(Ruhl et al., 2017); reduction of elemental sulphur to sulphide cou-
pled to the oxidation of hydrogen by the sulphydrogenase (Hyd; Ng
et al., 2000); and sulphate exportation to the periplasm by the sul-
phate permease SulP (Figure 4b; Aguilar-Barajas et al., 2011). A thio-
sulphate transporter gene (YeeE; Tanaka et al., 2020) is also found in
the genome of ODIII6.

Although many sulphur oxidation traits are shared, we observe a
higher versatility in ODIII6 than in Thiobius. In addition, the presence
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of [NiFe] hygrogenase Hup genes (Vignais et al., 2001) in ODIIl6 may
indicate the potential of hydrogen oxidation. However, it was recently
found in Candidatus Endoriftia persephone that hup genes present in
its genome were not involved in hydrogen oxidation but may instead
facilitate intracellular redox homeostasis (Mitchell et al., 2019). The
two subunits L and S in ODIII6 show 75% and 71% amino acid identity

with their Candidatus Endoriftia persephone orthologues.

3.7 | Similarities in nitrogen and phosphorous
metabolism

Both organisms show similar potential capabilities in nitrogen me-
tabolism. Nitrate is imported into the cytoplasm through the nitrate
transporter Nrt (Maeda et al., 2019), and is reduced to ammonium in
the first step of assimilatory nitrate reduction, and from there assim-
ilated as organic nitrogen in form of biomolecules (AsN; Takai, 2019).
In addition, the ammonium can be imported into the cytoplasm by
the ammonium transporter AmtB (Wang et al., 2012) further fuel-
ling assimilation. Urea is acquired by the urea transporter Urt and
oxidized to ammonium by the urease (Ure; Bossé et al., 2001). An
incomplete urea cycle lacking arginase is also present (iUcy; De
Oliveira et al., 2022). Overall, urea as well as ammonium are well-
known nitrogen waste products of ciliates (Caron & Goldman, 1990),
and may serve as byproducts the host provides to the symbiont.
Urea was shown to be a source of incorporated nitrogen for bacteria
in intertidal sediments (Veuger & Middelburg, 2007). Whether urea
is utilized by ODIII6 in its natural environment remains to be studied.

Phosphorus is a limiting nutrient in many marine environments,
present in its inorganic dissolved fraction generally as orthophos-
phate (Paytan & McLaughlin, 2007). Both organisms encode the
genes for a high-affinity phosphate transporter (Pst), and addition-
ally ODIII6 possesses genes for two other transporters: a high-affin-
ity Na*/Pi symporter (Hnp) and a low-affinity phosphate transporter
(Pit). Once phosphate is incorporated into the cells, both organisms
also show the potential for polymerizing it into polyphosphate and
hydrolysing back to inorganic phosphates (PHKandPHX), using it as
energy storage (Achbergerova & Nahalka, 2011).

3.8 | Interaction and motility in both organisms
Both Thiobius and ODIII6 have a repertoire of genes to interact with
other organisms and with the environment. They share genes for
the type Il (T2SS) and type V (T5SS) secretion systems. Thiobius ad-
ditionally has genes for the type VI secretion system (T6SS; Kapitein
& Mogk, 2013) known to function in host interaction (Hachani
et al., 2016) and CRISPR-Cas proteins (Cas), while ODIII6 has genes
for the type | secretion system (T1SS). It remains to be studied how
both bacteria use these traits in their natural environment and
whether they may help Thiobius to interact with its host.

Both organisms further possess genes for type IV pilus poten-
tially involved in twitching motility (T4P; Ayers et al., 2010), and
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additionally ODIII6 genome contains several loci for the biosynthetic
genes encoding for a flagellum (Fla). Indeed, ODIII6 was observed
to be motile in cultures, however, loses its motility after a longer
period of cultivation (Sievert pers. obs.). This suggests that the fla-
gellum may no longer be expressed in ODIII6 if constant, favourable
conditions render motility unnecessary. ODIII6 additionally shows
genes for photolyase DNA protection against UV radiation, and re-
pair (Sancar et al., 1987).

3.9 | Mobile genetic elements are less abundant in
Thiobius than in ODIII6

Bacteria can experience horizontal gene transfer through mobile
genetic elements such as phages, plasmids, transposons and inser-
tion sequences, also referred to as the mobilome (Frost et al., 2005).
Free-living bacteria like ODIII6 are more likely to be exposed to
novel gene pools than symbionts (Newton & Bordenstein, 2011).
In addition, vertically transmitted symbionts, such as Thiobius ex-
perience population bottlenecks as each swarmer is covered with
relatively few symbionts that grow to cover the new colony (Bauer-
Nebelsick et al., 1996a, 1996b). Accordingly, we hypothesized a
smaller mobilome in the obligate symbiont Thiobius than in the free-
living ODIII6. Indeed, RASTtk annotation of Thiobius revealed three
genes attributed to phages and 18 genes attributed to other mobile
genetic elements, while ODIII6 has two genes attributed to phages
and 58 genes attributed to other mobile genetic elements (Table S9).
Roughly 60% of these mobile elements were located at the extremes
of the contigs, consistent with their disruptive effect on the assem-
bly processes. These results point to a smaller mobilome in the host-
associated Thiobius than in the free-living ODIII6.

4 | CONCLUSIONS

The phylogenetic relationship of the ectosymbiont Thiobius and the
strain Milos ODIII6 is confirmed through 16S rRNA phylogeny and
average amino acid identity and serves as baseline to compare the
genomes of these two bacteria with very different lifestyles. In agree-
ment with theoretical predictions, but hardly studied in ectosymbiotic
bacteria, Thiobius' genome is smaller than that of its free-living relative
ODIIl6. The characterization at the levels of genes, metabolic path-
ways and traits reveals that Thiobius and ODIII6 share a large propor-
tion of their genetic repertoire and metabolic capabilities. The lower
number of lineage-specific metabolic pathways and relevant traits in
Thiobius compared to ODIII6 may point to a more stable environment
provided by the host, requiring less versatility. This may have led to
a loss of genetic potential in Thiobius and/or gain in ODIII6. In com-
parison with Thiobius, ODIII6 shows a larger functional repertoire, in
particular for its energy metabolism regarding the utilization of sul-
phur, oxygen and hydrogen, consistent with the requirements for a
free-living bacterium to live under the fluctuating conditions of the
hydrothermal vent environment. Thiobius, however, shows potential
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for heterotrophic metabolism, which may be fuelled by byproducts
from the host and thus might represent a remarkable adaptation to
the life style of its protist host. In contrast to reduced genomes of
vertically transmitted, thiotrophic endosymbionts like those of vesi-
comyid clams or catenulid plathylhelmints that experience no micro-
bial competition and little potential for horizontal gene transfer inside
host organs and cells, Thiobius, as an ectosymbiont, faces potential
competitive interactions and viral attacks similar to free-living bacte-
ria such as ODIII6, which is reflected in its capacity to interact with the
environment. In the future, transcriptome evidence and other omics
analyses in conjunction with physiological experiments can elaborate
on the intricacy of these functional capabilities.
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Abstract

The mutualisticinteractions between Riftia pachyptila and its endosymbiont Candidatus
Endoriftia persephone (short Endoriftia) have been extensively researched. However,
the closed Endoriftia genome is still lacking. Here, by employing single-molecule real-
time sequencing we present the closed chromosomal sequence of Endoriftia. In con-
trast to theoretical predictions of enlarged and mobile genetic element-rich genomes
related to facultative endosymbionts, the closed Endoriftia genome is streamlined
with fewer than expected coding sequence regions, insertion-, prophage-sequences
and transposase-coding sequences. Automated and manually curated functional anal-
yses indicated that Endoriftia is more versatile regarding sulphur metabolism than
previously reported. We identified the presence of two identical rRNA operons and
two long CRISPR regions in the closed genome. Additionally, pangenome analyses re-
vealed the presence of three types of secretion systems (ll, IV and VI) in the different
Endoriftia populations indicating lineage-specific adaptations. The in depth mobilome
characterization identified the presence of shared genomic islands in the different
Endoriftia drafts and in the closed genome, suggesting that the acquisition of foreign
DNA predates the geographical dispersal of the different endosymbiont populations.
Finally, we found no evidence of epigenetic regulation in Endoriftia, as revealed by
gene screenings and absence of methylated modified base motifs in the genome. As
a matter of fact, the restriction-modification system seems to be dysfunctional in
Endoriftia, pointing to a higher importance of molecular memory-based immunity
against phages via spacer incorporation into CRISPR system. The Endoriftia genome is
the first closed tubeworm endosymbiont to date and will be valuable for future gene

oriented and evolutionary comparative studies.
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1 | INTRODUCTION

Many symbiotic mutualisms involve horizontally transmitted mi-
crobes that live solitary in the environment as well as sheltered in/on
eukaryote hosts (Bright & Bulgheresi, 2010; Douglas, 2010). Often
for both symbiont and host the mutualism is facultative. Mutualism
for the giant tubeworm Riftia pachyptila (short Riftia), however, is
strictly obligate (Bright & Lallier, 2010). High dependency on its sole
partner Candidatus Endoriftia persephone (short Endoriftia) is ap-
parent already in Riftia's (and other vestimentiferan) aposymbiotic
larvae that must pick up the suitable partner from the hydrother-
mal vent environment once they settle (Nussbaumer et al., 2006).
Later, the gutless adult only survives if the provision of inorganic
nutrients for the chemotrophic sulphur oxidizing Endoriftia is recip-
rocated with released organic carbon (Bright et al., 2000; Childress
& Girguis, 2011; Felbeck & Jarchow, 1998). In addition, the host also
digests the bacteria (Bosch & Grassé, 1984; Bright & Sorgo, 2003;
de Oliveira et al., 2021; Hand, 1987; Hinzke et al., 2019, 2021). In
contrast, apparently, life for host-associated Endoriftia is faculta-
tive as evidenced by the uptake of these bacteria during horizontal
transmission (Nussbaumer et al., 2006) from a free-living environ-
mental pool detected at East Pacific Rise hydrothermal vents and
adjacent cold deep-sea basalts and sediments as well as at the
pelagic zone (Harmer et al., 2008; Polzin et al., 2019). Further, re-
lease of symbionts upon host death was shown experimentally
to lead to free-living dividing populations in high pressure vessels
(Klose et al., 2015), indicative of proliferating free-living Endoriftia
in the environment. Several ribosomal and nuclear marker studies
showed that Endoriftia is present in different vestimentiferans other
than Riftia (i.e., Tevnia jerichonana, Ridgeia piscesae, Oasisia alvinae,
Esparpia spicata at vents only) ruling out the codiversification of this
bacterium with their respective hosts (Di Meo et al., 2000; Feldman
et al., 1997; Nelson & Fisher, 2000).

Theory establishes that partner choice is a mechanism for
positive assortment between cooperating partners (Fletcher &
Doebeli, 2009; Queller, 1985) that acts prior establishment of the
association (Bull & Rice, 1991). In horizontally transmitted symbi-
onts, partner choice is expected to ensure the selection of the co-
operating partner. This mechanism is selective enough not to allow
any other microbe to enter but is also permissive enough to allow
polyclonal symbiont populations selected from the environment
to establish in the host (Genkai-Kato & Yamamura, 1999; Heath
& Stinchcombe, 2014; Vrijenhoek, 2010). Indeed, many different
associations involving horizontal transmitted symbionts house
polyclonal symbiont populations which are selected from the envi-
ronment (Perez et al., 2021; Polzin et al., 2019; Sachs et al., 2009;
Wollenberg & Ruby, 2009). Unique among horizontal transmitted
symbionts, however, is that Riftia and other vestimentiferan hosts
have a single symbiont-housing organ, the trophosome, in which a
single strain of Endoriftia dominates over many others, as evidenced
by multilocus gene sequencing (Perez et al., 2021; Polzin et al., 2019)
and metagenomics (Polzin et al., 2019). This is in contrast to other
horizontally transmitted symbioses as those involving the bobtail

110

squid (Wollenberg & Ruby, 2009) or the legumes (Sachs et al., 2009)
in which several symbiont-housing organ compartments are present
with each harbouring usually one or two strains. In this respect, it is
important to stress that studies on the genetic diversity of Endoriftia
are focused on small discreet parts of the trophosome of single in-
dividual hosts, thus not providing a complete view of the genetic
makeup of Riftia's endosymbionts across the entirety of the large
symbiont-housing organ nor across the Riftia population level.

The first draft genome of this facultative generalist bacterium
was obtained from Riftia (Robidart et al., 2008), followed by further
draft genomes from Riftia and the other vent host species Tevnia
jerichonana and Ridgeia piscesae (Gardebrecht et al., 2012; Perez &
Juniper, 2016). However, so far, despite extensive in silico and ex-
perimental investigations, a complete and closed Endoriftia genome
is still lacking. The varying degrees of the Endoriftia genome frag-
mentation affect many “genome-centric” analyses (e.g. gene content
investigations, synteny, pangenome analyses) and negatively impact
gene prediction and annotation (e.g. false positive/negative anno-
tation rates (Klassen & Currie, 2012)), thus hampering downstream
analyses and the correct biological interpretation of the data. Here,
by using accurate circular consensus long-read sequencing (Wenger
et al., 2019), we closed the genome of the dominant strain of Riftia's
endosymbiont Ca. Endoriftia persephone. Moreover, we thoroughly
characterized, in a broad comparative evolutionary genomics frame-
work, the Endoriftia genome in relation to its metabolic capabilities,
defence system mechanisms, genetic mobile elements, and epigen-
etic regulation. To date, the Endoriftia genome constitutes the first
closed tubeworm endosymbiont's genome publicly available and will
be an important resource to broaden our understanding not only
about Riftia-Endoriftia symbiosis, but also for other chemosynthetic

animal-microbe systems.

2 | MATERIALS AND METHODS

2.1 | Sample collection and sequencing

A sample of trophosome obtained from a female Riftia pachyptila
collected at the Tica hydrothermal vent site (Alvin dive 4839, 9°
50.398N, 104° 17.506 W, 2514m depth, 2016) was separated from
the host tissue as described in Polzin et al. (2019). The DNA of the
enriched endosymbiont fraction was extracted using the Qiagen
Blood & Cell Culture DNA Mini Kit (cat no./ID: 13323) following
the manufacturer's instructions. The long-read metagenome library
was prepared using the PacBio large-insert DNA protocol and the
SMRTbell Express Kit. The sequencing was performed on a Sequell.
The library construction and sequencing were performed at the Vienna
BioCenter Core Facilities (https://www.viennabiocenter.org/vbcf/).
Highly accurate single-molecule consensus reads (HiFi reads) with a
minimum of three passes were generated from the raw sequence data
using the ccs tool present in the “PacBio Secondary Analysis Tools
on Bioconda”. The HiFi reads were assembled with Flye version 2.5
(Kolmogorov et al., 2019). The circularized contig containing the full
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genome of Endoriftia was polished using the tool arrow available at
the “PacBio Secondary Analysis Tools” on Bioconda package. Genome
completeness was performed with the CheckM software using the
“Gammaproteobacteria” lineage (Parks et al., 2015). We manually
fixed the first codon of the gene dnaA as the chromosome origin in the
closed, already circularized, and polished Endoriftia genome.

2.2 | Annotation and genotyping

To annotate the genome we employed a nested approach of integra-
tive levels (Novikoff, 1945). The predicted genes were treated as a part
of identifiable metabolic pathways and these were grouped as func-
tional traits, which are understood as microbial characteristics linked
to the microbe's fitness (Green et al., 2008). Other relevant structural
features were also treated as traits (e.g. transporters, storage capabili-
ties). Additionally, we further annotated the protein coding sequences
predicted from the closed Endoriftia genome using automated tools
such as Prokka version 1.14.0 (Seemann, 2014), eggNOG mapper
version 2 (Huerta-Cepas et al., 2017, 2019), and KEGG through the
web-based server KAAS (Moriya et al.,, 2007) followed by manual
curation of the automatic results. The identification of the mobile
genetic elements (i.e., mobilome) was performed with the online ver-
sion of ISfinder (https://isfinder.biotoul.fr/) (Kichenaradja et al., 2010;
Siguier et al., 2006), IslandViewer4 (https://pathogenomics.sfu.ca/
islandviewer) (Bertelli et al., 2017), alien hunter (https://www.sanger.
ac.uk/tool/alien-hunter/), PHASTER (https://phaster.ca/) (Arndt
etal.,, 2016; Zhou et al., 2011), SpacePHARER (Zhang et al., 2021), and
BacANT (Hua et al., 2021). CRISPR regions were further investigated
and characterized with CRISPRCasFinder browser (https://crisprcas.
i2bc.paris-saclay.fr/CrisprCasFinder/Index) (Couvin et al., 2018). To
enrich the comparative genomic analyses we downloaded, filtered,
and assembled the host-associated metagenome described in Polzin
et al. (2019), using BBDuk version38.42 and metaSPAdes version
3.13.0 (Nurk et al., 2017), respectively. Genotyping was performed by
comparing four housekeeping loci retrieved from the closed genome,
(i.e., atpA, gyrB, recA and uvrD) against the sequence types generated
by Polzin et al. (2019) through BLASTN similarity searches (Camacho
et al., 2009).

2.3 | Methylome analyses

The base modification analysis was performed with SMRTLink ver-
sion 9.0.0.92188, and the screening of important methyltransferase
enzymes was executed with hmmsearch version 3.2.1 using MTases
PFAM domains (PF00145, P02384, PFO1555).

2.4 | Comparative genomic analyses

Average nucleotide identity index analysis was performed with OAU
(OrthoANI) tool (Lee et al., 2016) and publicly available tubeworm
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endosymbiont genomes. Three orthology analysis inferences (phy-
logenomic set (N = 13): all Endoriftia genomes, other available tube-
worm endosymbionts and Sedimenticola thiotaurini; pangenome set
(N = 7): solely Endoriftia genomes; and, positive selection set (N = 7):
the complete closed Endoriftia genome, all available non-Endoriftia
tubeworm endosymbionts, and Sedimenticola thiotaurini) were per-
formed with Orthofinder version 2.3.8 (Emms & Kelly, 2019).

The phylogenomic analysis was performed with a super-matrix
generated with FasConCAT version 1 (Kiick & Meusemann, 2010) by
concatenating the single copy orthologue sequences present in the
phylogenomic set. The phylogenomic tree inference was performed
on a partition model analysis using IQ-TREE version 1.6.11 combin-
ing ModelFinder, tree search, and 1000 ultra-fast bootstrap (Hoang
et al., 2018; Kalyaanamoorthy et al., 2017 ; Nguyen et al., 2015). The
Venn diagrams were obtained using the package venn available at
R (https://CRAN.R-project.org/package=venn). Circular plots were
generated using Circos (Krzywinski et al., 2009).

The pangenome (persistent, shell, cloud) was calculated with
the tool PPanGGOLIN version 1.1.136 (Gautreau et al., 2020) using
the six previously published Endoriftia draft genomes (Gardebrecht
et al.,, 2012; Perez & Juniper, 2016; Polzin et al., 2019; Robidart
etal.,2008) and the closed genome herein reported. The Orthofinder
results obtained from the pangenome set were used as input in
PPanGGOLIN version 1.1.136 under the “--clusters” parameter.

Nonsynonymous (dN) and synonymous (dS) substitution rates in
the closed Endoriftia genome were calculated with PAML/CODEML
version 4.8a package (Yang, 2007) using the Orthofinder version
2.3.8 positive selection set results. Briefly, the single copy protein
orthologues identified in Orthofinder version 2.3.8 and the corre-
sponding gene sequences were converted into a codon alignment
using the software PAL2NAL (Suyama et al., 2006). Gene trees
were inferred from codon alignments with IQ-TREE version 1.6.11
(Kalyaanamoorthy et al., 2017; Nguyen et al., 2015) and used in the
subsequent analyses. Pairwise estimates of dN/dS ratio obtained
from positive (model = 2, NSsites = 2, fix_omega = 0, omega = 1)
and null (model = 2, NSsites = 2, fix_omega = 1, omega = 1) branch-
site models (Zhang et al., 2005) specific to the Endoriftia closed ge-
nome lineage were calculated using PAML/CODEML version 4.8a
package. The closed Endoriftia lineage was defined as “foreground
branch” and assumed to contain different values of dN/dS, whereas
the dN/dS of all other branches of the tree (i.e., “background”
branches) contained a fixed distribution. The estimated log likeli-
hoods of the positive and null models were then used to construct
likelihood ratio tests and the p-values were obtained employing the
following formula: p-value =;(2 (2*AlnL, degree of freedom); where
the degree of freedom is 1. The aforementioned pipeline was per-
formed one more time with the single copy orthologues obtained
from the phylogenomic set. Since recombination events can falsely be
interpreted as signs of molecular adaption (Anisimova et al., 2003),
we identified positive selected genes which were located in in-
ferred recombination hotspots in the closed Endoriftia genome.
Recombination events were inferred using ClonalFrameML (Didelot
& Wilson, 2015) by specifying a starting phylogenetic tree and the
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core alignment blocks (>500nt) extracted from the multiple se-
guence alignment generated with progressiveMauve version 2.4.0
(Darling et al., 2010), and the genomes present in the positive se-
lection set. All previous bioinformatic tools were executed with the
default parameters.

The positively selected genes present in the nonrecombinant
regions of the closed Endoriftia genome were annotated with
InterproScan version 5.39-77.0 (Jones et al., 2014) and the enrich-
ment analysis for GO was performed with topGO version 2.36.0
(https://bioconductor.org/packages/release/bioc/html/topGO.
html) using Fisher's exact test against the Endoriftia background
(all genes identified in the closed Endoriftia genome) coupled with
weight01 algorithm (Alexa et al., 2006).

3 | RESULTS AND DISCUSSION

3.1 | Overview of the closed genome of Ca.
Endoriftia persephone

The draft (meta)genome of Endoriftia was first generated by Robidart
et al. (2008) using Sanger sequencing. Further pyrosequencing,
short-read sequencing and genome assemblies of Endoriftia greatly
improved contiguity (Gardebrechtetal.,2012; Perez & Juniper, 2016),

however,aclosedgenomewasnotobtained (Figure 1a). Usingaccurate
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single-molecule consensus reads (PacBio HiFi reads) we sequenced
and closed with ~2000 fold-coverage (~120x circular consensus
sequencing with three passes) the Endoriftia genome (Figure 1b).
The genome size is ~3.6 Mb and presents a completeness of 99.18%,
as revealed by CheckM (Parks et al., 2015), rendering this genome
the first closed and most complete Endoriftia genome (Figure 2)
(Gardebrecht et al., 2012; Perez & Juniper, 2016; Polzin et al., 2019;
Robidart et al., 2008) and of a vestimentiferan endosymbiont to date
(Breusing et al., 2020; Gardebrecht et al., 2012; Li et al., 2018, 2019;
Robidart et al., 2008). The extremely low strain homogeneity and
contamination levels (0% and 1.05%, respectively; Supplementary
Table S1) are a clear indicative that the complete closed Endoriftia
genome is not composed of closely related strains (i.e., chimeric
assembly). Furthermore, the sequences of the dominant strain of
Riftia-associated Endoriftia present at the vent site Tica at the East
Pacific Rise, generated by Polzin et al. (2019) and the respective
orthologs in the complete closed genome (also sampled in Tica) were
identical, showing that the genome herein described belongs to the
dominant strain of Endoriftia.

The genome encodes 3217 coding sequences (CDS), from
which 319 present a signal peptide sequence, 49 tRNAs coding
for all 20 amino acids, 12 non-coding RNAs and six rRNA genes
(two copies of 5S, 16S and 23S) (Table 1) located in two dis-
tinct and identical chromosomal clusters, contradicting previous
studies (Perez & Juniper, 2016; Polzin et al., 2019) (Figure 3a).

(b)

et LULULTTIRY
;\\“L‘m i ‘mcm.'v';‘w'”

Candidatus Endoriftia

persephone S?
~3.6 Mb ¥
&

%’Ww'\ J"”’ il
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W gy e
i iy g 1 B
L] iy

FIGURE 1 Overview of the complete and closed genome of Endoriftia and publicly available drafts. (a) The ~3.6 Mb closed genome of
Candidatus Endoriftia persephone. The six distinct publicly available Endoriftia drafts were mapped back to the closed genome presented
herein. The concentrical circles from the centre to the periphery represent in purple (Robidart et al., 2008); in yellow and black (Gardebrecht
et al., 2012); in green and maroon (Perez & Juniper, 2016) and in cyan (Polzin et al., 2019) the different draft metagenomes. The black and
red lines in the middle of the figure represent repetitive regions >5 kpb and >500 pb in the endosymbiont closed genome, respectively. (b)
Circos plot showing the PacBio coverage across the closed genome (grey histograms; ~2000x coverage). The GC content is represented by
the blue histograms. GC skew data is shown by the grey and purple histograms. Blue and red boxes correspond to coding sequence regions
in the forward and reverse strands of the closed Endoriftia genome, respectively. The two grey boxes correspond to the rRNA clusters in the
closed Ca. Endoriftia genome
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Interestingly, two tandem rRNA gene clusters with the exact syn-
tenic organization (including the intergenic tRNAs) were previ-
ously detected in a Ridgeia-associated raw metagenomic assembly
(JGI's IMG-Mer database; GOLD analysis ID project: Ga0041824;
contig Draft11:123922) (Perez & Juniper, 2016). Consistent with
earlier studies (Perez et al., 2021; Perez & Juniper, 2016), but
contradicting Gardebrecht et al. (2012) (Riftial draft genome), we
recovered two large and complete CRISPR (clustered regularly in-
terspaced short palindromic repeat) regions composed of 12 and
39 direct repeats units, with respective sizes of ~9.4- and ~11.6-
kb (Figure 3b). The two clusters belong to class I, type C and -E,
respectively, with the conserved CRISPR2 region located ~370bp
upstream of the gene purT (phosphoribosylglycinamide formyl-
transferase 2), as recently described by Perez et al. (2021). It has
been shown in a recent study (Perez et al., 2021) that CRISPR
regions present in Ridgeia-associated Endoriftia contain a higher
genetic diversity than housekeeping genes. In our analyses, we
did not observe in the closed Endoriftia genome any intragenomic
conservation of spacer sequences (Data S1), pointing as well to a
high genetic variability of these spacer sequences. Since the dy-
namics and evolution of bacterial adaptive immunity are shaped
by context-dependent environmental factors (e.g. local virome)
and different bacterial strains often harbour distinct CRISPR loci
(Westra et al., 2016), CRISPR-based genotyping could improve the
final strain-level characterization of uncultured Riftia-associated
(and free-living) Endoriftia populations.
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Functional annotation of the closed Endoriftia genome using
eggnog-mapper version 2 revealed that 2899 predicted genes
(~89.9%) could be assigned to 20 distinct broad cluster of ortholo-
gous genes (COG) categories, with the categories “function unknown
(S)”, “energy production and conversion (C)” and “signal transduction
mechanisms (T)” containing the greatest number of genes (Table S1).
The percentage of uncharacterised predicted genes (i.e., genes with
either unknown function or that remain unannotated) in Endoriftia
genome (797 genes/25% of the total) and in the most complete ge-
nome of cold-seep endosymbiont available to date (endosymbiont of
Lamellibrachia barhami; 1239/27%) (Breusing et al., 2020) is similar.
This indicates that the function of a large number of genes in the
tubeworm's endosymbiont genomes remains unknown.

After detecting positive selection and identifying particular
changes in patterns of amino acid conservation (i.e., signs of positive
selection at a protein/codon level), we identified a small percentage
of genes in the Endoriftia closed genome showing signatures of ad-
aptative evolution (p-value < 0.05; 223 genes /6.93%) in comparison
to cold-seep tubeworm endosymbionts (positive selection set; N = 7)
(Lamellibrachia, Paraescarpia, Seepiophila) and the free-living closely
related bacterium Sedimenticola (Table S1). The positively selected
genes are involved in a wide range of biological activity including cell
cycle (e.g. ftsZ, ftsY, ftsK, flgD, fliK), DNA replication/repair (e.g. holA,
uvrA, parE, gyrA, smc2), stress response (e.g. lepA, hscB), and cofactor
biosynthesis (e.g. moaB, btuF, hemF, hemY). Furthermore, gene ontol-
ogy (GO) analyses performed on the positively selected genes show
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TABLE 1 Overview of the publicly available Endoriftia metagenomes and the complete and closed genome based on Prokka version 1.14.0 annotation (Seemann, 2014)

Repeat
region

Largest
contig

Number of
contigs

tmRNA

tRNA

rRNA

CDS

Gene

N50

GC (%)

Total length

Assembly name

49

[¢)
6
3
8
4
8
3

3217

3282
3262

3,604,761
531,644
83,967
7630

58.59

3,604,761
1,660,857
236,298
40,802

3,604,761
3,534,855
3,441,033
3,417,427
3,637,102

Y
Riftia sym. (Polzin et al., 2019)

This_stud

49

3197
3162
3428

58.77
58.88
58.87
58.16

12
97

47

3223

Ridgeia sym. 1 (Perez & Juniper, 2016)

43

3485

693

Ridgeia sym. 2 (Perez & Juniper, 2016)

44
42

3389
3407

3447
3462
4845

92,701
29,688
1953

248,702
95,370
10,451

184

Tevnia sym. (Gardebrecht et al., 2012)
Riftia sym. (Gardebrecht et al., 2012)
Riftia sym. (Robidart et al., 2008)

58.82

3,481,040
3,203,254

30

4805

57.87

2170
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an enrichment of distinct molecular function terms related to binding
(GTP, folic acid, and purine ribonucleoside), aminoacyl-tRNA hydro-
lase, ATP hydrolysis and peptidase activities (Figure S1). Due to the
low nucleotide sequence divergence among the different Endoriftia
populations within mid-ocean ridge systems (Perez & Juniper, 2016),
only two genes with signs of positive selection were identified in
the complete closed genome in comparison to cold-seep tubeworm
endosymbionts (Lamellibrachia, Paraescarpia, Seepiophila), the free-
living closely related bacterium Sedimenticola thiotaurini and the dif-
ferent Endoriftia draft genomes (phylogenomic set; N = 13; Table S1).
These genes, mreC (cell shape-determining protein) and hemB (delta-
aminolaevulinic acid dehydratase), are involved in cell division/
shape (van den Ent et al., 2006) and haem biosynthesis (Choby &
Skaar, 2016), respectively. Although more adequate metrics exist to
detect positive selection in closely related bacterial populations (pN/
pS), the previous results might indicate sympatric adaptations in the
complete closed genome herein described and other Endoriftia pop-
ulations (Table S1).

3.2 | Metabolic capabilities of Endoriftia

To further explore the potential metabolic capabilities of Endoriftia
we combined multiple functional annotation tools and performed an
exhaustive manual curation (Table S2). Our results corroborate most
previous findings of genes involved in autotrophy, N metabolism,
sulphur oxidation and motility (Gardebrecht et al., 2012; Kleiner
et al.,, 2012; Markert et al., 2007; Perez & Juniper, 2016; Robidart
et al., 2008) (Figure 4), in addition to novel genes and potential new
metabolic capabilities in Endoriftia. Genes related to two carbon-
fixation pathways were present in the genome, the Calvin-Benson-
Basshamcycle(Cbb)andthereductive TCAcycle(rTca) (Felbeck, 1985;
Hinzke et al., 2019; Minic & Hervé, 2004). Cbb is performed by a
form Il RuBisCO (Badger & Bek, 2008) and no carboxysome genes
were found (Scott et al., 1999). As previously described, a CO,
concentration mechanism was indicated by the presence of carbonic
anhydrase genes belonging to the alpha and beta classes (Robidart
et al., 2008). We, additionally, identified another carbonic anhydrase
geneinthe closed Endoriftia that falls into the gamma class (discussed
more in details below). The reductive TCA cycle is supported by the
presence of the two genes aclA and aclB (Leonard et al., 2021), based
in the conserved domain composition of aclA (Nunoura et al., 2018),
and the gene cluster synteny with Thioflavicoccus mobilis (Rubin-Blum
et al., 2019) and phylogenetic inferences (Figure S2). A contiguous
gene cluster korDABC encoding for the tetrameric version of
2-oxoglutarate:ferrodoxin oxidoreductase was also found upstream,
and in the vicinity, of other genes involved in the reductive TCA cycle
(Rubin-Blum et al., 2019). Two copies of dimeric versions korAB are
also present in the genome and are thought to be capable of acting in
both oxidative and reductive directions (see note S2 in Rubin-Blum
et al., 2019). We found genes involved in the glycogen synthesis for
carbon storage (Glg) (Sorgo et al., 2002) and cyanophycin synthesis
for carbon and nitrogen storage (Cph) (Gardebrecht et al., 2012).
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FIGURE 3 Genomic features obtained from the closed Endoriftia genome. (a) Two identical rRNA operons located in the closed Endoriftia
genome. (b) Two large CRISPR (clustered regularly interspaced short palindromic repeat) regions composed of 12 and 39 direct repeats units,
with respective sizes of ~9.4- and ~11.6 k present in the closed Endoriftia genome. (c) Type Il secretion system (T2SS) operons in the closed

Endoriftia genome

Genes for the oxidative direction of the TCA cycle are present as
well (TcaC) (Markert et al., 2007). The presence of the gene cluster of
ccoNOQP is indicative of cytochrome cbb, based oxygen respiration,
able to function at low oxygen concentrations (CytCBB3) (Pitcher
& Watmough, 2004). Similarly, we found the petABC gene cluster
for cytochrome bc, complex mediated electron transport (Pet)
(Trumpower, 1990).

[NiFe] hydrogenase (Hup) genes were also identified in the
closed genome, pointing to hydrogen oxidation capability. Recently,
however, incubation experiments did not support this hypothesis
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(Mitchell et al., 2019). The closed genome harbours the genes of
four main nitrogen processes: (1) denitrification (nitrate reduction to
nitrite either performed in the periplasm by NapAB or in the cyto-
plasm by NarGHI, followed by the successive reductions until dini-
trogen by NirS, NorCB and NosZ symbolized together here as Nirors
(Gardebrecht et al., 2012; Zumft, 1997); (2) dissimilatory nitrate
reduction (reduction to nitrate by NapAB or by NarGHI and elec-
tron transfer though the NADH ubiquinone oxidoreductase chain
(Gardebrecht et al., 2012); (3) assimilatory nitrate reduction (symbol-
ized here as AsN) (Girguis et al., 2000; Moreno-Vivian et al., 1999);
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FIGURE 4 Major metabolic capabilities found in the closed Endoriftia genome. Selected relevant potential functional capabilities of
Candidatus Endoriftia persephone inferred from its closed genome are shown (for simplicity not all transporters are depicted in the figure).
Predicted and functionally annotated genes are grouped in metabolic pathways. Functional traits are features such as single metabolic
pathways or composites of them that affect the organism fitness. Structural features such as transporters or secretion systems, and storage
capabilities are also considered as traits. Trait labels are generally in white fonts and in vertical orientation, except for the motility and
interactions on the left. Compound labels are horizontally oriented. Storage compartments are indicated with ellipses. AmtB, amonium
transporter; AprSat, sulphate adenylyltransferase and adenylylsulphate reductase sulphite oxidation; AsN, assimilatory nitrate reduction;
Cbb, Calvin-Benson-Basham cycle; Cph, cyanophycin biosynthesis; CysZ, sulphate transporter; CytCBB3, cytochrome cbb, based oxygen
respiration; Fcsd, flavocytochrome c sulphide dehydrogenase sulphide oxidation; Glg, glycogen biosynthesis; Hnp, high affinity sodium-
phosphate symporter; Hup*, putative hydrogen oxidation (Mitchell et al., 2019 found uptake of hydrogen apparently does not serve to

fuel carbon fixation, neither was hydrogenase activity measured); Hyd, sulhydrogenase elemental sulphur oxidation; iUcy, incomplete urea
cycle lacking last step arginase gene; NapAB, periplasmic nitrate reduction to nitrite; NarGHI, cytoplasmic nitrate reduction to nitrite; NarK,
nitrate-nitrite antiporter; Nirors, sequential oxidation from nitrate to dinitrogen by nirS, norBC and nosZ as final steps of the denitrification
process; Nrt, nitrate transporter; Pet, cytochrome bc, complex mediated electron transport chain; Pit, low affinity phosphate transporter;
Psr, polysulphide reductase elemental sulphur reduction; Pst, high affinity phosphate transporter; Qmo, quinone-interacting membrane-
bound oxidoreductase mediated sulphite oxidation; rDsr, reverse dissimilatory sulphate reductase mediated sulphur oxidation; rTca,
reductive TCA cycle; Sgp, sulphur globule proteins; Soe, sulphite-oxidation enzyme sulphite oxidation; Sqr, sulphide:quinone oxydoreductase
sulphide oxidation; SulP, sulphate permease; T2SS, type |l secretion system; T4P, type IV pilus; TcaC, TCA cycle; tSox, truncated Sox
mediated sulphur oxidation; Tst, thiosulphate disproportionation; YeeE, thiosulphate transporter

and, (4) an incomplete urea cycle (iUcy) lacking the last step gene for
arginase. While genes encoding for ammonium transporter (AmtB),
nitrate transporter (Nrt), and nitrate-nitrite antiporter (NarK)
(Gardebrecht et al., 2012), were found, four of the five urea trans-
porter subunits-encoding genes were absent. Consequently, uptake
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of urea waste from the host as previously hypothesized by Robidart
et al. (2008), does not seem possible (de Oliveira et al., 2021).

We found that Endoriftia is more versatile regarding sul-
phur metabolism than previously reported in Riftia-, and Tevnia-
endosymbiont associated studies (Gardebrecht et al., 2012; Kleiner
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et al., 2012; Robidart et al., 2008). Genes for two different mecha-
nisms of sulphide oxidation to elemental sulphur are present: flavo-
cytochrome c sulphide dehydrogenase (Fcsd) (Kleiner et al., 2012;
Sorokin et al.,, 1998), and sulphide:quinone oxidoreductase (Sqr)
(Dahl, 2017; Kleiner et al., 2012). Genes encoding for sulphur glob-
ule proteins, previously confirmed by electron energy loss spec-
trography (Pflugfelder et al., 2005), are also present in the genome
(Sgp) (Dahl, 2017). Elemental sulphur from these globules could be
mobilized back through the action of a polysulphide reductase (Psr;
newly reported here), for sulphide supply (Robidart et al., 2008).
Same function can be performed by a sulfhydrogenase in the cyto-
plasm (Hyd; newly reported here) (Ng et al., 2000). Additionally, both
elemental sulphur and sulphide can undergo a reverse dissimilatory
sulphate reductase mediated oxidation to sulphite in the cytoplasm
(rDsr) (Dahl, 2017; Gardebrecht et al., 2012; Kleiner et al., 2012;
Robidart et al., 2008). The resulting cytoplasmic sulphite can finally
be oxidized to sulphate either by a membrane-bound quinone-
interacting oxidoreductase (Qmo) (Dahl, 2017; Kleiner et al., 2012),
by another sulphite-oxidizing enzyme (Soe; newly reported here)
(Dahl, 2017), or by the combined action of sulphate adenylyl-
transferase and adenylylsulphate reductase (AprSat) (Dahl, 2017,
Gardebrecht et al.,, 2012; Robidart et al., 2008). Genes encoding
for a permease and a transporter are identified in the genome to
export sulphate from the cytoplasm (SulP and CysZ) (Hryniewicz
et al., 1990; Zolotarev et al., 2008). Furthermore, a gene encoding
for a sulphite transporter is also detected (TauE/SafE). Genes for a
truncated Sox pathway are also present (tSox) (Welte et al., 2009)
oxidizing thiosulphate to elemental sulphur and to sulphite, in the
periplasm. The presence of putative sulphane sulphurtransferase
genes (Tst; newly reported here) (Aird et al., 1987) can indicate
thiosulphate disproportionation to sulphite and sulphide in the peri-
plasm. A gene encoding for the recently characterized thiosulphate
uptake protein YeeE (Tanaka et al., 2020) was also identified in the
genome. Whether thiosulphate then is used for cysteine synthesis
as described (Tanaka et al., 2020) needs to be further investigated.
The presence of five sets of TRAP transporter (TAXI and Dct)
subunits-encoding genes and tripartite tricarboxylate transporter
Tct family subunits-encoding genes in the genome supports the
idea of organic acid internalization in the symbiont cells (Kleiner
et al., 2012). Riftia pachyptila's circulating fluids and tissues contain
high concentration of nonessential amino acids like alanine, gluta-
mate, glycine and serine (Cian et al., 2000). The identification of
sodium/glutamate symporter-, sodium-glycine/alanine symporter-,
sodium/proline symporter- and SLCé subfamily, as well as acetate
permease-, citrate permease-, OprB family carbohydrate-selective
porin-, PEP: sugar phosphotransferase system subunits-, and oli-
gopeptide ABC transporter-encoding genes, suggest the possibil-
ity of amino acid transportation and independent ways of organic
compound acquisition other than CO, fixation in Endoriftia. Genes
for three phosphate transporters were found: a low affinity trans-
porter (Pit), a high affinity transporter (Pst), and a high affinity so-
dium dependent symporter (here symbolized as Hnp). Finally, we
have identified the presence of complete gene set related to type-II
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secretion system in the closed Endoriftia genome (Figure 3c) (Perez
& Juniper, 2016), and confirmed the presence of the type IV pilus
and flagellum complete gene sets (Gardebrecht et al., 2012).

3.3 | Comparative genomics, phylogenetics and
phylogenomics

To investigate the overall genomic similarity among the 12 differ-
ent vestimentiferan endosymbionts found in cold-seep and vent
environments, we calculated with OrthoANI (Lee et al., 2016) the
average nucleotide identity indexes using the aligned genomic re-
gions present in the tubeworm endosymbiont genomes (Table S1).
Pairwise comparisons of endosymbiont genomes revealed that
the gammaproteobacteria phylotype “Candidatus Endoriftia perse-
phone” is present in Tevnia jerichonana, Ridgeia piscesae and Riftia
pachyptila (Gardebrecht et al., 2012; Perez & Juniper, 2016; Robidart
et al., 2008), as revealed by OrthoANI score values greater than
97%. These results are in accordance with Perez and Juniper (2016).
Considerably lower ANI values between 73% and 74% show that
the seep endosymbionts of Lamellibrachia luymesi, Lamellibrachia
barhami, Paraescarpia echinospica, Seepiophila jonesi, and Escarpia
spicata indeed diverge from Endoriftia as previously shown by
16S rRNA similarity (McMullin et al., 2003; Reveillaud et al., 2018;
Vrijenhoek, 2010) and more recent genomic studies (Breusing
et al., 2020; Yang et al., 2020).

Phylogenomic and phylogenetic 16S analyses of vestimentiferan
symbionts revealed the presence of two distinct and fully supported
clades, one containing the hydrothermal vent “Candidatus Endoriftia
persephone” and the other containing the cold seep representa-
tives, in agreement with previous reports (Breusing et al., 2020;
McMullin et al., 2003; Reveillaud et al., 2018; Vrijenhoek, 2010;
Yang et al., 2020) (Figure S3). The ingroup relationships within the
Endoriftia and “seep endosymbionts” clades differ in the phyloge-
nomic and 16S trees, however, it is clear that Ridgeia endosymbionts
form their own clade sister group to Tevnia and Riftia endosymbionts,
as shown in previous studies (Chao et al., 2007; Feldman et al., 1997,
McMullin et al., 2003; Perez & Juniper, 2016). Based on the phylog-
enomics/phylogenetics data, a paraphyly was observed with the en-
dosymbionts of Lamellibrachia luymesi and L. barhami, indicating that
at least two distinct gammaproteobacterial chemoautotrophic bac-
teria are able to infect the cold-seep Lamellibrachia tubeworms, as
previously reported (McMullin et al., 2003; Reveillaud et al., 2018).
As a matter of fact, the OrthoANI score value for the Lamellibrachia
endosymbiont pair is much lower (~92%) than the values herein re-
ported for the different Endoriftia genomes (>97%), indicating that
seep endosymbionts are more genetically divergent (Table S1).

A comparison of the genome sizes among vestimentiferan endo-
symbionts and free-living relatives revealed that Endoriftia's closed
genome (~3.6 Mb/3217 coding sequence genes (CDS)) is consider-
ably smaller harbouring fewer CDS than that of Sedimenticola thio-
taurini (~3.9 Mb/3739 CDS) and S. selenatireducens (~4.6 Mb/4276
CDS) (Flood et al., 2015; Louie et al., 2016). Therefore, the theoretical
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prediction of enlarged genome sizes related to facultative symbionts
(Sachs et al., 2011) clearly does not hold true for Endoriftia. The
genome size, GC content, and number of genes among the publicly
available Endoriftia draft genomes, and the complete and closed ge-
nome herein described, are comparable (Table 1). The only exception
is Robidart et al. (2008) draft genome, which presents an elevated
number of predicted genes caused mainly by the fragmented nature
of the assembly and possibly contamination. In fact, pairwise nu-
cleotide similarity searches revealed distinct numbers of unmapped
genomic segments in the fragmented drafts in relation to the closed
genome. These unmapped genomic segments harbour many trans-
posase, CRISPR-Cas, and secretion system related genes. As previ-
ously reported, genes involved in the type IV and type VI secretion
systems were identified in Ridgeia-Riftia-Tevnia-associated Endoriftia
(Gardebrecht et al., 2012; Perez & Juniper, 2016) (Table S1), but not in
the closed genome herein described (where only the type Il was iden-
tified). Protein secretion is key to modulate the interaction between
bacteria and their environment (Tseng et al., 2009) and type Il and
type VI secretion systems have been recognized in other tubeworm
endosymbionts. The diversity of secretion systems in Endoriftia may
indicate lineage-specific adaptations towards the free-living and
host-associated life stages in the different populations.

Orthology inferences performed with the distinct Endoriftia ge-
nomes revealed the presence of 1882 orthogroups shared by all the
seven genomes, from which 1544 (~82%) were composed of single-
copy genes (Figure 5a; Table S1). Only a small number of species-
specific orthogroups were identified (i.e., paralogous groups; 32
groups), reinforcing the idea of homogeneity between the different
Endoriftia populations (Gardebrecht et al., 2012). The complete and
closed genome herein described, as well as the drafts obtained from
Polzin et al. (2019) and Gardebrecht et al. (2012), did not contain
any lineage-specific paralogous groups. Furthermore, only 18 puta-
tive genes present in the complete Endoriftia genome, mostly com-
posed of short repetitive sequences without any sequence similarity
against the NCBI nr or eggnog databases, were not assigned to any
group.

3.4 | Pangenome of Ca. Endoriftia persephone

Since horizontal gene transfer events are pervasive in bacteria,
the gene toolkit of an individual bacterial strain or subpopulations
is much more restrained than the genetic repertoire of a species
(Medini et al., 2005; Mira et al., 2010). The pangenome of Endoriftia
based on the publicly available draft genomes and the closed ge-
nome (Gardebrecht et al., 2012; Perez & Juniper, 2016; Polzin
et al., 2019; Robidart et al., 2008) presents a conserved core (i.e.,
persistent) represented by ~51% of all endosymbiont orthogroups
(3048 genes) (Figure 5b). The shell and cloud orthogroup sets (non-
core orthogroups present in more than one endosymbiont genome
or lineage-specific genes, respectively), comprise 16.3% (966) and
32.3% (1917) of the total pangenome (Figure 5c). Compared to
the previous estimates of Perez and Juniper (2016), the Endoriftia
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pangenome described herein presents a higher proportion of shell
and cloud genes. Only a small part of the closed Endoriftia genome
(1.8%), as well as the draft genome obtained from Polzin et al. (2019)
(0.9%), is composed of more phyletically restricted genes. Most
of the shell genes belongs to the Ridgeia piscesae endosymbionts,
whereas the cloud results certainly reflect the overall low qual-
ity of the initial Endoriftia draft genome assemblies (>96% of the
cloud was unique to Robidart et al. (2008) draft genome; Figure 5c)
rather than bona fide lineage-specific genes acquired by horizontal
gene transfer. Overall, our results indicate that the relatively large
size of the variable genomic regions is due to sequencing and as-
sembling biases rather than true biological variability among the dif-
ferent Endoriftia population, as previously discussed by Perez and
Juniper (2016).

3.5 | Mobilome of Ca. Endoriftia persephone

The acquisition of mobile genetic elements (MGEs) is known to
contribute to the evolution of novel traits in bacteria (Ochman
et al., 2000). MGEs are important drivers of the genomic plasticity
in bacteria and could potentially facilitate host/symbiont interac-
tions (Dietel et al., 2018; Finan, 2002; Newton & Bordenstein, 2011,
Ochman & Moran, 2001; Siguier et al., 2014). Here, we fully charac-
terize the mobilome in the closed Endoriftia genome (Figure 6).

We identified signs of a phage infection in the closed Endoriftia
genome containing an incomplete ~15.2 kb prophage region that har-
bours seven phage-like protein interspersed by 11 hypothetical genes
without any know function (Figures 6a, S4). Sensitive taxonomic
identification of the prophage region pointed to a Caudovirales in-
fection, the most abundant phage order found at hydrothermal vents
(Castelan-Sanchez et al., 2019). Therefore, the presence of a single
small and incomplete prophage sequence in the closed Endoriftia
genome is not surprising, since facultative endosymbiotic bacteria
are directly exposed to bacteriophages in both free-living and intra-
cellular environments (Metcalf & Bordenstein, 2012). It is important
to stress, however, that low gene density regions containing trans-
posases are present in the closed Endoriftia genome (as well as other
Endoriftia genome drafts), which could be an indication of ancient
bacteria-phage interactions that evaded software recognition due
to sequence erosion. Moreover, we screened and annotated 77 in-
sertion sequences (IS) belonging to known described 31 different IS
classes (e.g. ISXac2, ISPsy43; Table S1), hitherto uncharacterised in
the Endoriftia genome. Few of these genes possibly encode for func-
tional proteins due to the presence of integrase, core-, and toprim-
catalytic domains sequences. The great majority of transposons
(mainly DDE-, HTH- classes) found in the closed Endoriftia genome
are composed of truncated and degenerated sequences indicative
of a lack of complete functional transposases. A comparative study
performed with 384 bacterial genomes indicated that ~2.5% of total
gene number in facultative intracellular bacteria corresponded to
transposon elements (Newton & Bordenstein, 2011). Interestingly,
Endoriftia does not harbour as high number transposon-encoding
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FIGURE 5 Venn diagram and pangenome of Candidatus Endoriftia persephone based on six publicly available drafts and the closed

genome. (a) Seven set Venn diagram showing the shared orthologous gro
the closed genome herein described. (b) Pangenome of Candidatus Endor
partitions. (c) Relative number of present in the three different partitions

sequences in its genome (57 genes/~1.73% of the total number of
genes) (Table S1) as would be expected to occur in facultative in-
tracellular endosymbionts (Metcalf & Bordenstein, 2012; Newton &
Bordenstein, 2011).

Despite a previous characterization of a putative plasmid con-
taining F-type conjugative proteins (tra locus) in Riftia 1 endosym-
biont genome draft (Gardebrecht et al., 2012), the closed Endoriftia
genome, as well as the remaining five investigated draft genomes,
do not possess any tra-related proteins. It is known that tra genes
encode a transfer-apparatus that aids conjugative transfer of mobile
genetic elements between bacteria, despite the high energetic de-
mand to maintain such systemin a cell (Zatyka & Thomas, 1998). This
finding calls for questioning this mechanism concerning the possi-
ble horizontal gene transfers among the different populations of
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ups among the six publicly available Endoriftia draft genomes and
iftia persephone highlighting the persistent, shell, and cloud gene
in the seven Endoriftia genomes

Endoriftia. Additionally, we did not identify any extrachromosomal
elements in our long-read assembly, as reported in other studies
(Gardebrecht et al., 2012; Nelson et al., 1984; Robidart et al., 2008).
Finally, we found a gene that encodes a putative reverse transcrip-
tase in the closed Endoriftia genome, which raises the possibility of
foreign DNA integration into the bacterial genome.

To complement our mobilome screenings and enrich the cata-
logue of putative horizontally acquired genes in the closed Endoriftia
genome, we employed three different methods of detecting genomic
islands (i.e., large genomic regions arisen by horizontal gene transfer)
(Langille et al., 2010) (Figure 6a). The number of putative horizon-
tally acquired genomic clusters in the closed genome varies be-
tween seven (IslandViewer4) and 22 (alien hunter), ranging from 100
to 225 coding sequence genes (Table S1). Since it is well-described

ASUADIT SUOWWOD) AANELAI) d[qeatfdde ) Aq pausanoS are SA[ONIE YO asn JO SI[NI 10§ AIeIqI] JUI[UQ AJ[IAN UO (SUOTIPUOD-PUB-SULIA)WOY K3[1a’ KIeIqrjaurjuoy//:sdny) SuonIpuoy) pue swia], ay) 33§ *[$207/S0/zg] uo Areiqr auruQ A3[1py “(-ou] eANqe) 2qnopeay Aq 899¢1°8660-SSL1/1111°01/10p/wod Kaim’ KIeiqraur[uoy//:sdiy woiy papeoumo(] ‘8 ‘z20z ‘8660SSLT


Salvador Espada-Hinojosa
119


DE OLIVEIRA ET AL.

Wi LEYﬂ

in the literature that the accuracy of different genomic island pre-
diction methods greatly varies (da Silva Filho et al., 2018; Langille
et al., 2010; Lu & Leong, 2016), and many nonoverlapping predic-
tions (Figures 6b,c) were obtained, we focused our discussion on the
results supported by more than one method.

We did not identify any lineage-specific genes (i.e., cloud genes)
located in the genomic islands of the closed genome. In fact, the
genes located in the genomic islands are present in nearly all six
Endoriftia draft genomes, indicating that the acquisition of this pu-
tative foreign DNA predates the geographical dispersal of the dif-
ferent Endoriftia populations. Genes encoded in the islands contain
transposition machinery, electron carrier-, transporter, nutrition-
related, signal transduction, stress, and toxin combating, membrane-
associated, DNA modification, regulatory, and sulphur metabolism
protein-encoding genes. Nearly 45% of the predicted genes present
on the genomic islands could not be assigned to any functional cate-
gory and remain hypothetical in nature (Table S1).

Among these genes, we can highlight the presence of an alter-
native sigma factor (algU), which is involved in the integration of
the horizontally acquired genes into the regulatory network of the
bacterium host (Huang et al., 2012; Panyukov & Ozoline, 2013), and
two copies of carbonic anhydrase (CA): p-CA cytoplasmic -and a-CA
periplasmic. We identified a third carbonic anhydrase gene in the
persistent genome of Endoriftia, which codes for a y-CA type. These
three known classes are important catalysts for CO, hydration reac-
tionin bacteriaresponsible for not only regulating the intracellular pH
(Supuran & Capasso, 2017), but also for the carbon fixation through
the Calvin-Benson cycle. They do not present any transmembrane
domains and only the a-CA harbours a signal peptide, based upon
TMHMM2 and signalP-5.0 predictions, indicating a periplasmatic lo-
cation. The discovery, sequence characterization and phylogeny of
CA genes in Endoriftia genome answers a long-standing hypothesis
(De Cian et al., 2003) (Figure 6d), which suggested an orchestration
of cytosolic and membrane-bound CA genes in the endosymbiont
to efficiently incorporate CO, from the external bacteriocyte into
the bacterial cytoplasm. Our data clearly shows that Endoriftia lacks
membrane-associated CA genes to enhance CO, diffusion across the
cell membrane. Surprisingly, we could not locate the genes encoding
for a- and B-CA on the genomic islands present in the Ridgeia draft
genomes (Perez & Juniper, 2016) (Figures 6d, S5). However, due the
important role of these genes in the host-associated and free-living
environments, this absence is probably linked to assembly biases and
completeness, rather than secondary losses in this specific Endoriftia

population (see Figure 6 legend for more details).

3.6 | Absence of DNA methylation in host
associated Endoriftia

Single molecule real time sequencing (SMRT) also provides infor-
mation on the presence or absence of methyl modification of the
genome at adenine or cytosine sites. In fact, DNA methylation is
a process involved in a several biological processes in prokaryotes

120

MOLECULAR ECOLOGY

including regulation of DNA replication, swift responses to-
wards environmental stresses, and host-symbiont interactions
(Casadesus & Low, 2006). Here, we investigated the base modi-
fication signals corresponding to the m4C and m6A DNA meth-
ylation in the closed Endoriftia genome. The modification quality
value (QV) data indicated very low values and none of the con-
served methylation motifs were detected, which points towards
the absence of methylation in the host associated closed Endoriftia
genome during our sampling conditions (Figure Sé). However, we
cannot completely rule out other symbiont subpopulations found
in alternative sources (e.g. different parts of the trophosome, sym-
bionts at the free-living stage) that may contain signs of methyla-
tion in their genome.

Additionally, we identified in the closed Endoriftia genome an
operon containing three contiguous and fragmented N-6 adenine-
specific methyltransferase gene copies with different levels of
N6_Mtase domain conservation (revealed by hmmsearch anal-
ysis against PF02384 model). Neighbouring these three genes
is the presence of a gene fragment containing an inactive DDE-
type transposase suggesting a phage-mediated gene inactivation.
Similarly, bacteria possess restriction-modification (R-M) system to
reduce the chance of invading phages (Murray, 2000). Functional
type | restriction modification (RM) system comprises three sub-
units: HsdR, HsdM and HsdS (Murray, 2000). Interestingly, the
hsdS gene is missing from the closed Endoriftia genome, and the
RM system appears to be dysfunctional due the fragmentation of
one hsdM and two hsdR genes. Furthermore, a genomic island of
Endoriftia contains a putative 5-methylcytosine-specific restric-
tion endonuclease McrA- and DNA-cytosine methyltransferase
Dcm-encoding genes, among which the amino acid sequence of
dcm gene could not conclusively reveal presence of any active site
according to PFAM searches. Overall, the absence of methylation
signals indicates that the partial methyltransferase genes are not
active in the closed Endoriftia genome described herein due a se-
ries of phage transposons insertions. These results hint towards a
strong dependency of Endoriftia upon CRISPR-Cas machinery to

cope with viral infections.

4 | CONCLUSION

This study reports the closed genome of the facultative general-
ist Candidatus Endoriftia persephone from deep-sea hydrothermal
vents. We explored the closed Endoriftia genome to fully character-
ize the metabolic potential of Riftia's endosymbiont based in a broad
comparative approach focused on functional traits. This methodol-
ogy enabled us to complement and link previous genomic/proteomic
studies improving our understanding of Endoriftia's physiology and
evolution. Additionally, due the deep long-read sequencing we were
able to uncover the full genomic content of Endoriftia allowing the
correct identification of many hitherto unknown structural varia-
tions and repetitive elements, which will be a valuable resource for
genetic diversity studies of uncultured bacterial taxa. The closed
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Burkholderia pseudomallei K96243 (YP_108862.1)
Ralstonia eutropha H16 (YP_725701.1)
Leifsonia xyli subsp. xyli str. CTCBO7 (YP_062697.1)
Bacillus subtilis subsp. subtilis str. RO-NN-1 (YP_005558024.1)
Enterococcus faecalis 06-MB-DW-09 (EPH93090.1)
ulfurihy ibi (WP_007547159.1)

Sulfurihydrogenibium azorense (WP_012674376.1)
Porphyromonas gingivalis (WP_012457873.1)
Vibrio cholerae 0395 (YP_001218355.1)
Klebsiella pneumoniae (CDL59494.1)

Robidart et al. (2008) (MCNPNBIB_02977)

Polzin et al. (2019) (LHPEGIIC_00756

Gardebrecht et al. (2012) Tevnia (DMJIHGIA_01865) (EGW54578)  ca. Endoriftia
This study (ELPFPBOH_03155) v-CA
Gardebrecht et al. (2012) Riftial (HMHBLCGN_00303) (EGV49978)
Perez & Juniper Ridgeia 1 (DDLEKDF]_02885) (KRT53691)
Perez & Juniper Ridgeia 2 (NGAMOLHF_01662) (KRT58591)

@ UFboot >95
@ 90 > UFboot < 95
@ 75 > UFboot < 90

(e)

Robidart et al. (2008)

Gardebrecht et al. (Riftial) (2012)

Gardebrecht et al. (Tevnia) (2012)

* * Perez & Juniper (endosym1) (2016)

* '3 Perez & Juniper (endosym2) (2016)

Polzin et al. (2019)

This study

%

FFF
Q¥ & X

* present in the raw metagenome data
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Polzin et al. (2019) (LHPEGIIC_02846) Ca. Endoriftia
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FIGURE 6 The mobilome of Candidatus Endoriftia persephone. (a) Genomic islands, and prophage regions identified in the closed
Endoriftia genome. (b) Venn diagram depicting the overlapping genomic regions identified in the closed genome using IslandViewer4, alien_
hunter and PPanGGOLin. (c) Number of persistent, shell and cloud genes located in the predicted genomic islands. (d) Maximum-likelihood
phylogenetic tree of carbonic anhydrase genes using 1000 ultrafast bootstrap replicates. Internal (generated by our annotation pipeline) and
external (NCBI accession numbers) Endoriftia proteins ids are displayed in the leaves of the phylogenetic tree. (e) Distribution of carbonic
anhydrase genes in the closed Endoriftia genome and in the five publicly available draft genomes. Note that despite we did not identify the
genes encoding for a- and B-CA in the Ridgeia draft genomes, these genes are indeed present in the raw metagenomic assemblies publicly
available at JGl's IMG-Mer database (GOLD analysis ID project: Ga0041824; Draft11_123875, Draft11_123872)

Endoriftia genome also enabled us to identify and annotate genomic
regions linked to horizontally transferred events and to analyse the
epigenetic landscape in this bacterium, raising interesting questions
about the evolution of the methylome and mobilome in facultative
endosymbiotic systems. To conclude, the Endoriftia genome is the
first closed endosymbiont genome obtained from a vestimentiferan
tubeworm and will be valuable for a plethora of comparative physio-
logical and evolutionary studies within the vestimentiferan-microbe
mutualism field, as well as many in other metazoan-symbiont
systems.
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Conclusions and Outlook

Microbe - eukaryote mutualisms are remarkably diverse with respect of the number of
microbial partners. The human gut harbors a microbial community of 10™ microbial cells
with more than 2000 species (Sender et al. 2016, Thursby and Juge 2017). In contrast, a
Zoothamnium niveum colony is covered by a population of around half a million bacterial
cells of a single microbial phylotype, Candidatus Thiobius zoothamnicola, not counting the
possible unspecific overgrowth at the base of its acellular stalk. According to evolutionary
game theory, we consider that the relationship between Zoothamnium niveum and
Candidatus Thiobius zoothamnicola is a one-to-one, binary relationship. This most simple
situation is by far the exception rather than the rule in nature, but allows to develop better

theoretical models to assess the effect of one partner on the other.

In Chapter 2 we demonstrated that Candidatus Thiobius zoothamnicola performs carbon
fixation when exposed to sulfide and oxygen, and part of the fixed carbon is transferred to
the Zoothamnium niveum colonies hosting them on their surfaces. This happens through
both milking and farming. In the milking process, the bacterial cell passively leaks part of the
low molecular weight organic carbon resulting from its chemosynthetic activity and the host
acquires it. In the farming process, detached symbiont cells are ingested by the filter feeding
host. While farming benefits the host, it is costly for the symbiont. In contrast, the milking
process is considered a byproduct the symbiont provides to the host at no extra costs. We
further found that the leakage to the host remains stable regardless of environmental
conditions. This indicates that neither symbiont nor host are able to control the transfer of

byproducts.

In Chapter 3, we disrupt the environment by shutting down sulfide supply, a naturally
occurring perturbation in the giant ciliate habitat. Ultimately the colony dies, and the fate of
the symbiont still covering the dead colony remains to be further followed, but prior death
the host releases its next generation. We observed, however, a reduction in efficiency in the
reproductive effort of the ciliate, because the colony must produce a surplus of new

macrozooids to keep pace with the release of swarmers for granting chance to seed a new
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generation. Ten new macrozooids have to be produced under sulfide starvation for the
effective release of six swarmers, in comparison with a one-to-one ratio of macrozooids and
swarmers in the presence of sulfide. Overall, this association is well adapted to its

notoriously instable environment.

In Chapter 4 we discovered that the host Zoothamnium niveum retains the possibility to
play the loner strategy when losing the symbiont in the swarmer dispersal stage, showing a
polyphenism in which the aposymbiotic host resembles the ancestral colony shape of the
Zoothamnium genus, broader and shorter than the symbiotic morph, with more zooids in
each branch. This is to our knowledge the first time polyphenism has been shown in a
mutualism, being induced by the presence of the symbiont. The taller shape of the
symbiotic colonies could be adaptive as it could better mix sulfidic and oxic seawater and
provide better access of these chemicals to the symbionts. In a sense the symbiotic
Zoothamnium niveum colonies act as skyscrapers for their thiotrophic symbiont. Because
the host has been detected already also in the environment in very low numbers, this
retained capability of the host to live aposymbiotically, opens new questions about its
potential capability to reacquire the symbionts. As of yet we have not discovered a free-
living symbiont population but other possibilities such as horizontal transfer from others
symbiotic colonies may be possible. Additionally, we observed a negative effect of sulfide in
the maximal size of the aposymbiotic colonies compared to the size of aposymbiotic
colonies grown under oxic conditions. This indicates a possible effect of sulfide

detoxification by the symbiont as an additional byproduct commodity to the host.

In Chapters 5 and 6, applying genomics and metagenomics, we addressed two contrasting
bacterial symbionts, Candidatus Thiobius zoothamnicola and Candidatus Endoriftia
persephone, both belonging to the same family Sedimenticolaceae. Candidatus Thiobius
zoothamnicola is a vertically transmitted, obligate ectosymbiont, Candidatus Endoriftia
persephone is a horizontally transmitted, facultative endosymbiont. While vertically
transmitted endosymbionts have smaller genomes than their free-living relatives due to
transmission bottlenecks reducing the purifying activity of natural selection (Moran 1996,
Mira and Moran 2002) and due to trait loss compensated by their symbiotic partner (Ellers

2012), horizontally transmitted symbionts exhibit larger genomes than their free-living
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relatives. The hypothesis here is an alternance of symbiotic and free-living lifestyles requires
more evolutionary adaptations, i.e., more traits, than a strictly symbiotic lifestyle (only
adaptation to the host is needed) or a free-living lifestyle (facing competition and predation)
(Sachs et al. 2011). Whereas the prediction holds for the ectosymbiont Candidatus Thiobius
zoothamnicola, unexplainably, it does not for the endosymbiont Candidatus Endoriftia

persephone.

In direct comparison, Candidatus Thiobius zoothamnicola has a smaller genome size with
less genes and less traits than Candidatus Endoriftia persephone. They share many genes for
the following functional traits: Calvin-Bensom-Bassham cyle and the caboxysomes, sulfide
oxidation sulfide quinone reductase, sulfide dehydrogenase (flavocytochrome C), truncated
SOX pathway, reverse dissimilatory sulfate reduction pathway, adenylylsulfate reductase,
sulfate adenlylyltransferase, sulfite oxidation enzyme, a sulfate transporter and the sulfur
globules, polyphosphate usage and the high-affinity phosphate transporter, assimilatory
nitrate reduction, an incomplete urea cycle and a nitrate transporter, type 2 secretion
system and type IV pilus. They differ in their preference for oxygen concentration in the
habitat. Endoriftia is adapted to low oxygen concentrations, while Thiobius cytochrome

terminal oxidases requires high oxygen concentrations.

Overall, Candidatus Endoriftia persephone contains many more genes for the following
functional traits, revealing higher versatility in carbon, sulfur, phosphorous and nitrogen
metabolism: a second possibility for carbon fixation with the presence of genes for
reductive TCA cycle, glycogen for carbon storage, rhodanese mediate thiosulfate
disproportionation, a sulfhydrogenase, a quinone-interacting membrane-bound
oxidoreductase and two more transporters (a sulfate permease and a thiosulfate
transporter), dissimilatory nitrate reduction and denitrification traits, a phosphate
transporter, and all genes for a flagellum (Robidart et al. 2008, Gardebrecht et al. 2012,

Perez and Juniper 2016).

Candidatus Thiobius zoothamnicola instead has genes for polyhydroxyalcanoates storage

but otherwise mostly shares the trait potentials with Candidatus Endoriftia persephone.
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Remarkably, the ciliate ectosymbiont exhibits the potential for lactate utilization and
possible lactate and acetate transporters, coupled with the presence of the glyoxylate cycle.
Further, it shows the potential for urease and the presence of a urea transporter. All these
potential traits remain to be experimentally tested, but their gene presence in the genome
indicate the possibility of additional byproduct benefits for the symbiont using nitrogen

waste or fermentative products from the host.

At the beginning of my PhD project, the exchange of commodities between Zoothamium
nuveum and Candidatus Thiobius zoothamnicola was proposed as consisting in the
nourishment of the former by the later with leaked organic carbon in exchange to a better
access to oxygen and sulfide (figure 11 in Chapter 1). At the end of my PhD, we consider the
Zoothamnium niveum — Candidatus Thiobius zoothamnicola a nutritional mutualism, with a
facultative host and a obligate ectosymbiont, specifically associating with each other, and
providing as byproduct benefit organic carbon to the host and detoxifying sulfide, and a host
providing a better access to oxygen and sulfide as a byproduct benefit to the symbiont, in
addition to a potential of the host providing further byproducts to the symbiont in form on

fermentative and nitrogen waste, as indicated by the symbiont genome.

We have the opportunity now to culture the mutualism and aposymbiotic hosts. We also
have available genomes of both partners (in the meantime the host genome has also been
sequenced in our lab) to study experimentally the exchange of commaodities in this system.
With bacterial genomic evidence we can test now whether lactate, acetate and/or urea are
cost-free byproducts from the host to the symbiont. Such work could include the use of
isotopically labeled molecules applying NanoSIMS and running in parallel transcriptomics
and other omics. Ultimately, a bipartite flux balance analysis could be at reach, enabling
bottom-up costs estimates. The aposymbiotic host additionally offers other experimental
possibilities to generate controls and to disentangle symbiont effects on the host. The
maintenance mechanism of the association is a further topic of interest that is ripe to be
addressed. The possibility to produce metrics for fitness related parameters for both
partners of the binary association enable experimental designs to interrogate for the action
of partner fidelity feedback in comparison with alternatives such as punishments, by

creating situations in which one partner resembles a situation of cheating (e.g. symbiont not
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performing carbon fixation) and determining if there are costly actions from the other
partner to punish the cheater, or if the coupling between fitness of the partners produce a
synergistic surplus of fitness favoring the maintenance of the association (Weyl et al. 2010,

Archetti et al. 2011).

A humble binary system of two mutualists, a bacterium and a colonial ciliate, is now ready
for further elucidation of the mechanisms to come and to stay together, from coupling of

functions in ecology to the evolutionary forces at work in interspecific cooperation. Just as
this bacterial species learned to live on top of their larger host without harming it or being
excessively harmed, we can learn to recognize the factors that will enable us to inhabit our

host, the planet Earth in a sustainable way.
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Chapter 3. Host-
symbiont stress
response to lack- iR
ofsulfide in the giant
ciliate mutualism.

Supplementary N
material AP 200200
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S1 Fig. Scheme of colony. The colony iscomposed of astalk with alternate branches and three different cell
types—terminal zooids for division, microzooids for nutrition, and macrozooids for asexual reproduction.
The size of the colony iscounted in number of branches. Acolony with initial macrozooids present at the
start of the experiment and remaining macrozooids at the end of experiment isshown. During experimental
time the release of swarmers was also counted.
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S2 Fig. Time schedule of the sulfide starvation experiment. Colonies (n =120) were monitored every 12
h(horizontal time line). Released swarmers from each of this time points were divided in 4cohorts (A, B, C,
D; vertical time line).
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S3 Fig. Comparison of colonies from Sv. Jerne;j

and Strunjan. All Wilcoxon-Mann-Whitney tests 7 ®

fail to reject the null hypothesis of equal 5 27

medians: (A) colony size (p =0.72), (B) number of S84 0

initial macrozooids per colony (p =0.49), (C) 8q :

number of swarmers (released macrozooids) per ; - E

colony (p =0.46) and (D) size of swarmers (p 3 7
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S4 Fig. FISH micrographs colonies. Colony alive after 48 h(A) DAPI staining (blue), (B) symbiont-specific probe

(green), (C) EUBmix and Archea probes (red) (D) composite of A, B, C; note the increase in microbial fouling from
top to bottom. Colony alive after 72 hwith very few symbionts left (E) DAPI staining (blue), (F) symbiont-specific
probe (green), (G) EUBmix and Archea probes (red), (H) composite of E, Fand G.
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Chapter 4. Thiotrophic bacterial symbiont induces
polyphenism in giant ciliate host Zoothamnium niveum.

Supplementary material

Supplementary Figure S1

(a) Hard PVC preference chamber with central cube (cc) and four attached vials with gas-permeable membranes (arrowheads) to allow gas diffusion
and swarmer settlement. Two cylinders were filled with low (Is) and high (hs) sulphide concentrations, the third cylinder with thiosulphate (ts)
solution, and the fourth cylinder with anoxic seawater (as). (b) Flow-through system with 8-channel peristaltic pump providing constant seawater
flow to the plexiglas chamber through the upper inlet, and syringe pump providing sulfide to the chamber through the lower inlet. (¢) Chamber with
upper and lower inlet and outlet. (d) Close-up at the upper corner of the chamber showing both white symbiotic colonies and pale aposymbiotic

colonies (arrows) growing next to each other.

symbiotic Z. niveum aposymbiotic Z. niveum symbiotic Z. ignavum

4/s
6/6

stalk [ branch

11 branches 11 branches 11 branches
41 zooids 77 zooids 80 zooids

Supplementary Figure S2
Illustration of growth form of symbiotic and aposymbiotic Z. niveum and symbiotic Z. ignavum. Note that all three colonies exhibit 11 branches, but
differ the number of zooids on each branch. First number = branch number, second number = number of zooids on this branch; each ending

delineates a zooid, which is not drawn.
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Supplementary Figure S3

Gel electrophoresis pictures showing
PCR products of 18S (a) and 16S (b) rRNA
genes (SZ = size marker = Gene ruler'™
1kb DNA Ladder, Waltham,
Massachusetts, USA; colonies collected
in the field resembled aposymbiotically
grown morph (# 4697/2-5): 2-5h = host,
2-5s = symbiont; pos = positive control
of colony (# 4577) collected in field
resembled symbiotically grown morph;
neg = negative control).
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AAATTAAGTARACCT TAGEACT TAGAGGAAACAAAAGT CGTAACAAGGTTTCCOTAGGTGAACCTGCAGAAGEATCAA

AAATTAAGTAAACCTTAGCACTTAGAGGAAACAAAAGTCGTAACAAGGTTTCCGTAGGTGAACCTGCAGAAGGATCAA
ARATTAAGTARACCTT
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Supplementary Figure S4
Alignment of 18S rRNA gene
from Zoothamnium niveum:
aposymbiotic morph (#
4697/5, NCBI accession
number MN535886) and
symbiotic morph (# 4577,
NCBI accession number
MN535887) from Piran,
Slovenia and Z. niveum
(DQ868350.1) from Fort
Pierce, FL, USA.



Supplementary Figure S5

Micrograph of colonies grown on submerged wood.

Replicates 1 2
Sampling wood number 41 61 -63
Sampling location Sv. Jernej Sv. Jernej
Latitude 45.498286 N 45.498286 N
Longitude 13.59352 E 13.593521E
Depth (m) 0.5 05-1.5
Sampling date 7 July 2013 9 July 2014
Colonies used for swarmer release 10 120
Number of initial swarmers 15 240
Incubation time (h) Number of swarmers analysed with SEM
4 3 8
24 6 10
48 4 10

Supplementary Table S2: Swarmer recruitment

Supplementary Table S1: Swarmers during
dispersal

Replicate 1 and 2 with wood number from with
colonies were retrieved, sampling location with
latitude and longitude, depth, and sampling date;
number of colonies used for producing swarmers
in embryo dishes, number of initial swarmers that
were incubated under oxic conditions between 4
and 48 h and analyzed with SEM.

Sampling
to sulfide in preference chambers Sampling location concrete blocks, Bay of Stareso, Corse
: : : . Latitude 4258047 N

(a) Sampllr'1g location, Iatltu.de, longitude, depth, Longifude 38 E

and sampling date of colonies from two concrete Depth 7-10m

blocks surrounded by seagrass Posidonia Sampling date September 2003

. . . . Colonies used for swarmer release 50
oceanica debris used for producing swarmers in Replicates 1 2 3 4 5 ¢
embryo dishes under oxic conditions for Number of initial swarmers 4 40 50 50 30 30
settlement preference experiment with six Number of settled swarmers
: prete p / Low sulphide 5 5 3 8 1 4

replicates, showing number of colonies used for High sulphide 35 1 2 8 4
swarmer release, initial number of swarmers

and settlement of swarmers exclusively

colonizing membranes emitting high and low

sulphide within 24 hours.

Replicate . B
chemistry  time  YH,S (umolL") O,(umolL') T(°C) Salinity  pH (b) The experiment was repeated without
In chamber 0h 0 211 194 32 .

ah 0 167 o1 3 sw.arr'ners |n'O.ctober 201‘8 to measure the

Low sulphide 1-24h 11245 54+ 18 abiotic conditions (sulphide, oxygen,
High sulphide  1-24% 38625 211 temperature, salinity, pH) in the chamber at
Thiosulphate 1-24h 0 186 +20 o .
N,-bubbled 1-24h 0 <1 the beginning (Oh) and after 24h; sulfide and
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oxygen concentrations were measured at
the four membranes facing the chamber
after 1h, 5 h, 18 h, and 24 h (mean %
standard deviation).



Supplementary Table S3: Swarmer recruitment in flow-through chambers

Wood number from which colonies were sampled, Sampling location with latitude and longitude,
depth, and sampling date of colonies from submerged wood used for producing swarmers in
embryo dishes incubated under oxic conditions and transferred to flow-through chambers for
recruitment experiment under oxic condition between 2 and 22 hours; 17 replicates with replicate
number provided; for each replicate time of settlement of swarmers, initial number of swarmers,
total number of settled swarmer, and number of settled symbiotic and aposymbiotic swarmers are
provided; aposymbiotic and symbiotic swarmers were counted after settlement.

Number Number

Sampling . . . Time of Number Total of of apo-
wood Samp.lmg Latitude  Longitude Depth Sampling  Replicate settle-  of initial number symbiotic symbiotic
number location (m) date number ment (h) swarmers of settled settled settled
SWAIETS  cwarmers swarmers

59 Sv.Jernej 45.49829N 13.59352 E 1.5 4 July 2014 70 2 120 46 11 35

59 Sv. Jernej 45.49829N 13.59352 E 1.5 4 July 2014 71 2.5 120 48 45 3

41 Sv. Jernej 45.49829N 13.59352 E 0.5 7 July 2013 43 3.5 227 90 35 55
61-63  Sv.Jernej 45.49829N 13.59352E 0.7 9 July 2014 77 7.5 120 75 59 16

70 Sv.Jernej 45.49829N 13.59352 E 1.0 16 July 2014 79 7.5 150 79 67 21

70 Sv. Jernej 45.49829N 13.59352 E 1.0 16 July 2014 78 9 120 61 48 13
72-76 Strunjan  45.52810N  13.60406 E  0.7-1.5 22 July 2014 84 9 90 59 50 9
72-76 Strunjan  45.52810N  13.60406 E  0.7-1.5 22 July 2014 86 9.5 90 26 9 17
72-76 Strunjan  45.52810N  13.60406 E  0.7-1.5 22 July 2014 87 9.5 90 36 28 8
72-76 Strunjan  45.52810N  13.60406 E 0.7-1.5 22 July 2014 88 9.5 150 40 14 26
60-63 Sv.Jernej 45.49829N 13.59352E 0.3-0.7 9 July2014 74 11 160 51 34 17
60-63 Sv.Jernej 45.49829N 13.59352E 0.3-0.7 9 July2014 75 12.3 200 97 61 36

70 Sv.Jernej 45.49829N 13.59352 E 1.0 16 July 2014 83 12.5 105 35 10 25
56-58 Sv.Jernej 45.49829N 13.59352E 0.5 -1.0 29 June 2014 68 13 132 129 91 38

41 Sv. Jernej 45.49829N 13.59352 E 0.5 7 July 2013 39 21 220 105 80 25

41 Sv. Jernej 45.49829N 13.59352 E 0.5 7 July 2013 41 23 218 158 144 14

41 Sv. Jernej 45.49829N 13.59352 E 0.5 7 July 2013 42 22 218 105 80 25

Supplementary Table S4. Effects of sulphide and food supply on aposymbiotic host traits

Sampling location and date of collection of colonies from submerged wood (wood number and
depth) used for producing swarmers in embryo dishes used as inoculum (number of total swarmers,
number of settled aposymbiotic swarmers, time of settlement); experiments under environmental
conditions (2H,S and O, concentration, temperature, salinity, pH, water flow through chambers,
microbial abundance in seawater shown as median and Q,5 and Q;5) used for growing aposymbiotic
colonies for seven days; colony size as number of branches, number of colonies, colony survival at
day 7 are counted; life span, maximal colony size and time when maximal colony size is reached are
estimated; numbers of colonies analyzed with scanning electron microscopy (SEM) and fluorescent in
situ hybridisation (FISH) at the end of the experiment are shown.

Experiment 77 75 68 72 78 83
Sampling
Wood number 61-63 61-63 56-58 59 70 70
Sampling location Sv. Jernej (date) 9 July 2014 9 July 2014 29 June 2014 4 July 2014 16 July 2014 16 July 2014
Depth (m) 0.7 0.7 05-1.0 1.5m 1.0m 1.0m
Swarmer inoculum
Number of total swarmers 120 200 132 120 120 105
Number of settled aposymb. swarmers 16 36 38 N/A 13 25
Time of settlement (h) 7.5 12.3 13.0 25 9.0 12.5
Experimental conditions
ZH,S (umol L) 21+6 0 19+7 0 24+3 0
0 (umol L) 215+7 22144 216 +5 216+ 4 218+4 212+8
Temperature (°C) 253£05 241404 25.1+0.6 25.0+£0.6 25.3£0.3 25.5+0.3
Salinity 329+12 32.8+0.7 31.8£05 32.2+0.7 33.1+1.0 338+1.2
pH 8200 81£0.0 82£0.0 81£0.0 82£0.0 82£0.1
Flow (mLh) 84+2 814 63 +21 79+6 82%5 76 £13
Microbial abundance (x10° mL') 2.0(1.8,2.9) 3.0(24,3.8) 7.9 (7.6, 8.0) 7.5(7.3,78) 115(9.3,15.2) 16.5(15.6,17.2)
Colony growth and survival
Colony size, day 7 (no. of branches) 6(6,7) 3(2,3) 6(6,7) 3(2,4) 8(8,9) 0
Number of colonies on day 7 5 25 21 30 9 0
Colony survival on day 7 (%) 28 25 100 30 64 0
Estimated lifespan (d) 123 8.0 13.2 8.1 17.4 6.4
Estimated maximal colony size 59 6.1 5.8 7.2 7.7 7.3
Estimated time of maximal colony size (d) 6.0 4.0 6.4 4.0 85 3.2
Methods applied at end of experiment
SEM (n) N/A N/A 4 8 4 N/A
FISH (n) 4 6 6 5 5 N/A
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Supplementary Table S5. The symbiotic and aposymbiotic Z. niveum

phenotypes

Data of symbiotic and aposymbiotic morphs grown in the same chamber
(number 68) are presented as median and interquartile range of estimated
number of branches and survival on day 7, and estimated life span,
estimated number of branches at the estimated time of vertex. Fitness
drop measured as relative reduction in number of branches between

symbiotic and aposymbiotic colonies.

Experiment 68 Experiment 68
Symbiotic morphs Aposymbiotic morphs
Number of branches 22 6
(18, 29) (5,6)
n=21 n=21
Estimated number of zooids 107 24
Survival (%) 66 100
n=32 n=46
Estimated lifespan -
13.2
(days)
Estimated max. number of - cg
branches )
Estimated time -
6.4
of vertex (day)
Fitness 100 27

(relative growth reduction)
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Chapter 5.
Comparative genomics
of a vertically
transmitted
thiotrophic bacterial
ectosymbiont and its
close free-living
relative.
Supplementary
information

Figure S1. Maximum likelihood tree of the 16S
rRNA gene. Bootstrap support is indicated in the
internal nodes.

142



200000 A;non 60 ;zo nwni)n mnioo 1;0 000 i 1400000 : 1i mmj
Belize G43 W’Wr i Rahin k)i ki qw i i A ) 1 i yll

Belize G44 —_— T ™ |
(I A U AR

Belize G42 ' ’1 ihabARA it e a1 o R L

Guadeloupe G4 [[™ [T ' ™
| | | ] l

= |
=3
=
—
—
-4
s
=

100 000 nt

Figure S2. Mauve synteny plot of the four Thiobius MAGs, showing full reconciliation of contig ordering.
Vertical dashed lines indicate the limits of the clusters of contiguity. The clusters of contiguity are
ordered by decreasing length of the block.
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Figure S3. Binning outcome of Zoothamnium niveum Belize G43 sample, as organized by coverage (in
logarithmic scale) and GC content. Thiobius bin location is indicated by the red color of the contigs.
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Figure S4. Linkage analysis of Thiobius G43 SPAdes assembly with Bandage, showing the incorrect
extension of contig n928 that disrupts the contiguity of the 16S rRNA gene in the stringent quality
threshold read refinement assembly (G43.1). The misassembled nodes in the bottom right part show a
lower coverage and are likely contamination from a different organism with a lower presence in the
sample. A slight variation in the workflow consisting in a more permissive read filtering threshold
provides a contig that overcomes this trouble. The bridging node from the de Bruijn graph has a
coverage of 92x that is consistent with the rest of the stretches.
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Figure S5. ODIII6 initial assembly contained a contig that shows only annotation of bacteriophage proteins.
A SPAdes reassembly of ODIII6 allows the Bandage visualization of the DeBruijn graph, showing that the
contaminating contig is circular, and is disconnected from the main component that contains all other
contigs of the assembly. 145
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Figure S6. The shared part of the genomes is represented differently with the varying levels of integration.
From finer to coarser grain: genes (orthogroup), pathway (either MetaCyc or KEGG module), and trait.
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Chapter 6. The complete genome of the facultative generalist
Candidatus Endoriftia persephone from deep-sea hydrothermal
vents. Supplementary information
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Supplementary Figure 1
- Gene ontology (GO)
enrichment analyses for
the positively selected
genes identified in the
complete and closed
Endoriftia genome. The
graphs correspond to
three domains of
ontologies: molecular
function (MF), biological
process (BP), and cellular
component (CC). The
selected genes were
analysed for enrichment
in specific GO categories
using the TopGO
program against the
background (all coding
sequence genes). Y axis
corresponds to enriched
GO terms found in the
respective domains (BP,
MF and CC). X axis
correspond to the log
function of Fisher p-
values obtained for each
one of the enriched
terms. The back line
denotes a p-value = 0.05.
P-values greater than
1,30 (log 0,05) indicate
statistically significant
enriched term.
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Supplementary Figure 2 - Maximum parsimony (left) and maximum likelihood gene tree (right)

reconstructions with several gene orthologs of ac/B and sucC. The gene trees corroborate that the
aclB and sucC Endoriftia genes cluster with their respective homologs. epe, Candidatus Endoriftia

persephone; tes, Candidatus Thiodiazotropha endoloripes; tea, Candidatus Thiodiazotropha
endolucinida; hcs, Hydrogenovibrio crunogenus; sti, Sedimenticola thiotaurini; svm, Solemya velum;
tms, Thioflavicoccus mobilis. Both trees were calculated over a Muscle alignment in SeaView v4.5.4
with default parameters and 100 non-parametric bootstraps).
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Supplementary Figure 3- Rooted maximume-likelihood phylogenomic (left) / phylogenetic 16S (right)

trees of tubeworm endosymbionts using 1000 rapid bootstrap and SH-aLRT test replicates. The

supermatrix was generated concatenating 1,879 shared orthogroups. 16S sequences were obtained
from the different drafts by sequence similarity searches using the reference sequences obtained
from the complete and closed genome. Node supports correspond to SH-aLRT and bootstrap values.
The grey box indicates the unique endosymbiont phylotype of Tevnia, Ridgeia and Riftia tubeworms.
Fully supported nodes are indicated by green circles in the tree nodes.
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Supplementary Figure 4 — Prophage region identified in the complete and closed
Endoriftia genome. The 15,2 kb incomplete phage region located in the closed genome of
Endoriftia. Sensitive similarity searches identified a Caudovirales infection.
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Supplementary Figure 5 — Genomic islands identified by IslandViewer4 and their
distribution in the seven Endoriftia genomic datasets. A, IslandViewer4 identified seven
genomic islands present in the complete and closed Endoriftia genome harbouring 162
coding sequences. B, Genomic islands 1 and 3 identified in the complete and closed

genome are missing in the Polzin et al. (2019) and Perez & Juniper (2016) Endoriftia
drafts.
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Supplementary
Figure 6 —
Modification
quality value (QV)
and scatter plots
of sequencing
coverage with the
identified motif
sites. The low QV
(A), absence of
conserved
methylation
motifs (B-C), as
well as the
incomplete
methyltransferas
e domains
identified in
important genes
related to
epigenetic
regulation in
Endoriftia (see
main text)
suggest a lack of
methylation in
the host-
associated
Endoriftia
genome herein
described.
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