Distribution and physiology
of Alphaproteobacteria living in symbiosis

with marine gutless oligochaetes

Dissertation
zur Erlangung des Grades eines
Doktor der Naturwissenschaften

— Dr. rer. nat. —

dem Fachbereich Biologie/Chemie

der Universitidt Bremen vorgelegt von

Tina Enders

Bremen, Mai 2022



MAX PLANCK INSTITUTE
FOR MARINE MICROBIOLOGY

\@’ Universitat Bremen

Die vorliegende Arbeit wurde in der Zeit von Juli 2017 bis Mai 2022 in der Abteilung
Symbiose am Max-Planck-Institut fiir Marine Mikrobiologie in Bremen unter der Leitung
von Prof. Dr. Nicole Dubilier und direkter Betreuung durch Dr. Harald R. Gruber-Vodicka
angefertigt.

The research presented in this thesis was conducted from July 2017 to May 2022 in the
Department of Symbiosis at the Max Planck Institute for Marine Microbiology in Bremen
under the leadership of Prof. Dr. Nicole Dubilier and direct supervision by Dr. Harald R.
Gruber-Vodicka.

Gutachtende | Reviewers
Prof. Dr. Nicole Dubilier

Dr. Pierre Offre

Tag des Promotionskolloquiums | Date of doctoral defense

20.07.2022

Diese zur Veroffentlichung erstellte Version der Dissertation enthdlt Korrekturen.




Alles zu seiner Zeit







Summary

Index

SUMIMATY ...ttt et e et e ettt e et e e e bt e e sabbeessbteesabeeesabeeesaseessnseesnnseeens 6
ZUSAMMENTASSUNZ .....eeeiiieeiiieeiieeeitieeesiteeetteesteeesteeessseeessseeasssaeesseeessseesssseessseeessseeessseesnsseesnnns 7
INEEOAUCTION ...ttt ettt et s e et e s bt e e bt e saeeenbeesabeeabeesaeeenee 9
ATMS OF thS thESIS .e..eeiiitieiie ettt ettt ettt e st e e 17
Chapter 1 | Alphaproteobacteria associated with gutless oligochaetes ............ccccceeevverennnenee. 22
Chapter 2 | Candidatus Saccharisymbium — a globally distributed symbiont ......................... 48
Chapter 3 | Candidatus Pumilisymbium — a strongly reduced symbiont............cccccccuvreeunennnee. 92
Discussion, future perspectives and concluding remarks............cccoooeeeiieniiiiiienieiiieiee, 141
ACKNOWIEAZEMENLS .......viiiiieiiieiie ettt ettt et ettt e et e e baesabeebeeenbeenseeenseenns 154
Contribution t0 MANUSCIIPES ...eeuvieruieeiierieeieenieeteesteerteestteeteestaeeseessreeseessseenseesssesseessseenns 158
Versicherung an Eides Statt ..........ccooviiiiiiiiiiiiiieieeeese et 159




Summary

Summary

Symbioses are ubiquitous on earth and can be found across all kingdoms of life. The term
symbiosis describes two organisms of different kind living together in a long-term and intimate
association. One specific type are nutritional animal-microbe symbioses in which
microorganisms provide metabolic functions and enable their animal hosts to thrive in
otherwise inaccessible environments. Gutless oligochaetes from shallow water marine habitats
are one example of such symbioses. The annelid worms entirely lost their digestive and
excretory organs. Instead, they rely on nutrients and energy provided by a diverse but specific
set of subcuticular but extracellular symbionts. Research has mostly focused on their
chemosynthetic gammaproteobacterial and the sulfur-reducing deltaproteobacterial symbionts
although Alphaproteobacteria have been shown early on to be partners in these symbioses.
Alphaproteobacteria are an abundant, diverse and multifunctional class of bacteria and are
promising to provide a plethora of functions to the gutless oligochaete symbiosis. However,
little research has focused on their role in the gutless oligochaete symbiosis, which remains to

be elucidated.

This thesis is a first step to characterize the taxonomic and functional diversity of
Alphaproteobacteria in marine gutless oligochaetes. In the first part (Chapter I), I give an
overview of the Alphaproteobacteria that associate with gutless oligochaetes and provide
directions for promising clades for further research. In the second part, I describe two specific,
yet distinct symbiont species. One is a globally distributed representative of the common
subcuticular symbiont community and is most abundant in Olavius ilvae in the Mediterranean
Sea. This Alphaproteobacterium is a heterotroph and thrives on a variety of sugar compounds
(Chapter II). The other one is a low abundant symbiont in the intensively studied Olavius
algarvensis community. It stands out by its highly reduced genome and represents one of the
smallest bacterial genomes described from a marine animal-microbe symbiosis to date
(Chapter III). I used metagenomics, -transcriptomics and -proteomics approaches along with
fluorescence in situ hybridization to gain insight into the symbiont taxonomy, their metabolic

function and integration into the symbiont community, and their location inside the hosts’ body.

Overall, my research sheds light on the most diverse class of gutless oligochaete symbionts
— the Alphaproteobacteria — and provides the basis for future research on individual exciting

symbiont clades.




Zusammenfassung

Zusammenfassung

Symbiosen sind ein globales Phidnomen, das Einzug in alle Doménen des Lebens gefunden hat.
»Symbiose* beschreibt eine Form des Zusammenlebens von Organismen verschiedener Art,
die iiber einen ldngeren Zeitraum in engem Kontakt stattfindet. Eine besondere Form ist die
Symbiose zwischen Tieren und Mikroorganismen, bei denen die Mikroorganismen den
Stoffwechsel der Tiere erweitern und so die Besiedelung neuer Lebensrdume ermoglichen. Ein
Beispiel stellen Darmlose Wenigborster dar, die im kiistennahen Meeresboden leben. Die
Wiirmer haben vollig reduzierte Verdauungs- und Exkretionsorgane und sind stattdessen auf
die Versorgung durch eine Gemeinschaft vielfdltiger Bakterien angewiesen, die sich au3erhalb
der Wirtszellen unter der Cuticula angesiedelt haben. Bisher hat sich die Forschung
hauptsdchlich auf die chemosynthetischen Gammaproteobakterien und die Schwefel
reduzierenden Deltaproteobakterien fokussiert. Dabei war schon frith bekannt, dass
Alphaproteobakterien ebenso Teil dieser Symbiosen sein kdnnen. Alphaproteobakterien sind
eine weit verbreitete und diverse Klasse der Bakterien, die mit ihren vielseitigen
Stoffwechselwegen eine vielversprechende Menge an Funktionen zur Symbiose der Darmlosen
Wenigborster beitragen konnte. Trotzdem wurde ihre Rolle in der Symbiose bisher nicht im

Detail erforscht und bleibt dadurch eine spannende, offene Frage.

Diese Doktorarbeit ist ein erster Schritt, die taxonomische und funktionelle Diversitit der
Alphaproteobakterien in Symbiose mit marinen Darmlosen Wenigborstern zu beschreiben. Zu
Beginn (Kapitel I) gebe ich einen Uberblick iiber die Alphaproteobakterien, die symbiotisch
mit Darmlosen Wenigborstern leben, und verweise auf Gruppen, die fiir zukiinftige Forschung
bedeutsam sein konnen. Im weiteren Verlauf gebe ich Einblick in zwei detaillierte Beispiele
sehr unterschiedlicher Symbionten. Das erste Beispiel stellt ein Vertreter der typischen
extrazelluliren Symbionten-Schicht dar, der weltweit zu finden ist. Dieses Bakterium ist ein
zahlreicher Symbiont der Wirts-Art Olavius ilvae aus dem Mittelmeer und lebt von organischen
Kohlenstoffen wie Zuckern (Kapitel IT). Das zweite Beispiel ist ein Symbiont aus der viel
erforschten Olavius algarvensis Symbiose. Dieses Bakterium sticht durch seine geringe
Haufigkeit und sein stark reduziertes Genom heraus und ist eines der kleinsten bekannten
Bakterien aus dem marinen Lebensraum (Kapitel III). Zur Beschreibung der Taxonomie, der
metabolischen Fahigkeiten und Funktionen in den symbiotischen Lebensgemeinschaften sowie
zur Visualisierung der Bakterien im Wurm, habe ich ,,Omics* (Metagenomik, -transcriptomik

und —proteomik) sowie Fluoreszenz-in-situ-Hybridisierung angewendet.




Zusammenfassung

Zusammenfassend trigt diese Arbeit dazu bei, die vielseitigste der bakteriellen Klassen in
Symbiose mit Darmlosen Wenigborstern — die Alphaproteobakterien — besser zu verstehen und

bietet damit Grundlagen und Aussichten fiir zukiinftige Forschung.




Introduction

Introduction

Symbiosis shapes all life on earth

We live in a world of sheer endless connectivity. There is almost no living being on this planet
that is not in close interaction with its surrounding organisms. Symbiosis, stemming from the
Greek words for together (sym-) and living (-biosis), is the clue to this phenomenon. Today’s
most widely used definition for symbiosis, especially in science, is based on concepts that the
mycologist Heinrich Anton de Bary presented in a talk in 18791, Throughout this thesis,
symbiosis is considered as the living together of two organisms of different kind in an intimate
and long-term association. Usually, the larger member of the association is referred to as the
host and the smaller member or members in multipartite associations are referred to as the
symbionts. De Bary’s definition includes a variety of possible outcomes to the participants of a
given association. The association can be to the benefit of both — mutualism, the detriment of
one for the benefit of the other — parasitism, a neutral outcome for one or both of the partners —
commensalism. Outcomes of symbioses can furthermore change from mutualism to parasitism
and vice versa in short time frames within the same community, depending on the
environmental factors. One example would be the most widespread insect symbiosis of
Wolbachia spp. (Figure 1A). On one hand, Wolbachia can cause male killing in the host as a
strategy to enforce its own distribution but at the same time it can also be necessary for host
fitness and survivall?l. Symbiosis is prevalent across all kingdoms of life*-*). Well-studied
examples that are by now common knowledge are the interactions of eukaryote macro-
organisms with bacteria, for example root nodule forming rhizobia in legumes or the rumen
microbiome in cattle (Figure 1B-C). Even more rare interactions have been characterized in
great detail, such as archaea of the anaerobe methanotroph (ANME) group that engage with
sulfur-reducing Deltaproteobacteria (Figure 1D). Not only can symbionts of the most distinct
types form intricate symbioses, these associations can also serve remarkably diverse purposes.
Prominent examples are nutritional symbioses in which one partner provides essential
substrates such as microbiota that provide essential amino acids to sap-feeding insects, or
defensive symbioses like the Squid-Vibrio symbiosis where bacteria aid the host to disguise as
moonlight shimmer (Figure 1E-F)!> 8. Overall, symbiosis is ubiquitous on this planet, and it

would fill books to elaborate on its diverse and fascinating outcomes.




Introduction

Figure 1: Symbioses are ubiquitous across all kingdoms of life.
A: Wolbachia are widespread endosymbionts in insects. B: Root-nodule forming Rhizobia.

LY Sraishay ©Todd Bretl

C: Anaerobe methane oxidizing Archaea with their sulfate-reducing bacterial partners. D: Cattle have
diverse rumen microbiomes. E: Sap-feeding insects host vitamin provisioning Buchnera. F: Euprymna
squids in symbiosis with bioluminescent Vibrio. G: Mitochondrium in an animal cells. H: Chloroplasts
in plant cells.

Two major events of symbiosis had great impact on the evolution of life on earth®). The first
event was the endosymbiosis of an aerobic prokaryote by an anaerobe to survive in the early
oxic conditions on earth. The exact origin of the partner is still under debate, but scientists agree
that relatives to today’s Alphaproteobacteria were engulfed and are what we now call
mitochondria (Figure 1G)!'% !l These organelles enabled cells to conserve more energy and
grow into more complex life forms — the eukaryotes. The second event was the endosymbiosis
of photosynthetic organisms to form plastids (Figure 1H). These organelles enable eukaryotes
to build up carbohydrates autotrophically by fixing carbon from the atmosphere using light
energy. With endosymbiosis as a fundament for complex life, it is no wonder that to date no
multicellular organism is known without symbiotic interaction of some sort. Symbiosis enabled
and still enables both pro- and eukaryotic organisms to thrive in niches that seemed
uninhabitable at first glance. This shows the great potential that arises when combining intricate

sets of functions.

Despite of all the benefits of the association for both partners, such intimate symbioses can also
come with challenges. One striking example are insect symbioses where the bacterial symbionts
have such tremendously reduced genomes that the symbionts’ only metabolic function is to
supply their hosts with amino acids unavailable through the animals’ restricted diet'> ). This

example already shows that intimate symbiosis, despite the general benefit for the association
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can have long-term adverse consequences for one or both partners. Genome reduction of the
symbiont resulting from isolation from a broader genetic gene pool is one of these
consequences. Starting with some deleterious mutations, this can lead to loss of functions and
finally extinction of the bacterial symbiont. Consequently, the host might go extinct as well if
there is no alternative to compensate for the function of the symbiont. Fatal consequences of
genome reduction can be overcome by a variety of factors. One can be the transmission mode
of the symbionts. The transmission can be vertical — from the host to its direct offspring, or
horizontal — from other hosts or the environment to the new host, or a mixed mode spanning all
degrees between the two extremes. Connectivity of the symbiont to the environment during
transmission is one way to allow access to external gene pools. Another factor might be whether
the symbiont pool is separated within the host or whether it is open to other symbiont species!'!.
The latter allows for secondary access to new genes via horizontal gene transfer, or other types
of recombination become possible. Flexibility in the gene and symbiont pool minimizes the

impact of isolation and might make the partners of an association less dependent on the survival

of the initial symbiont community over longer evolutionary periods.

Symbiosis has led to multiple complex life forms on earth and has shaped the life as we know
it today tremendously, not only by the event of endosymbiosis to form complex organisms with
chloroplasts and mitochondria. Symbiosis has proven as a concept of success and, despite the
ever-growing research in this field, we have just started to understand these associations and
find new and astonishing forms of interaction. Hence, it is of utmost importance to further
explore symbioses around us if we want to understand how organisms can engage and

communicate with each other.

Animal-microbe symbioses in shallow water marine ecosystems

Animal-microbe symbioses are one prominent example for symbioses. Animals, which are
eukaryotes, and as such arose from the symbiosis of a bacterium and an archaeon to form the
eukaryote cell, have a very long history of engaging with bacteria and continued successful
interaction!”). Well-studied examples are insect symbioses where bacteria provide essential
amino acids or vitamins and co-factors to many sap-feeding hosts or provide enzymes to access
carbon sources not accessible by the host itself such as lignocellulose degrading enzymes in

wood-feeding termites!!'> 161,
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Chemosynthetic nutritional symbioses

Chemosynthesis is the ability to fix carbon with energy derived from the oxidation of inorganic
compounds, as opposed to light energy in photosynthesis. Chemosynthetic symbiosis was
discovered in the 70s in the deep sea where no light reaches the sea floor and even light-derived
nutrients from the surface are scarcel'!”- ¥l Back then, scientists were surprised to discover large
beds of mussels, clams and limpets and other species in this harsh environment!”). Only when
understanding the concept of chemosynthetic symbiosis in these far-out ecosystems,
researchers realized that chemosymbiotic organisms must also be present in shallow water

st2%1. Shallow water marine sediments with their own forms of extreme conditions also

sediment
necessitate the collaboration of chemosynthetic bacteria with animals. The sediments are often
characterized by low organic nutrient availability and long chemical gradients!l.
Chemosynthetic habitats are regularly associated to seagrass meadows, coral reefs or mangrove
forests, which provide at least some substrate influx. A group of organisms that mastered to
overcome the challenges in these sediments are animals living in a chemosynthetic nutritional
symbiosis. Animals that are studied from these habitats are interstitial and small forms like

ciliates, paracatenulid flat worms or gutless oligochaetes, but also macrofauna such as the

lucinid clamsl® 2224,

From a scientific perspective, the advantage of shallow water marine habitats, especially
compared to deep-sea hydrothermal vents systems, is their easy accessibility. Located in coastal
regions, scientists can reach them directly from the shore or by boat. With sampling sites
ranging from knee-deep water down to a few tens of meters, scuba divers can access most
sampling sites. Sometimes even walking in the sediment is sufficient to find chemosynthetic
organisms. Particularily in the tropics and subtropics, a single bucket of sediment can contain
a considerable diversity of hosts. The opportunity to repeatedly retrieve almost unlimited
amounts of samples at very little cost enables in-depth research of these organisms despite the
fact that we are not able to cultivate any of these exciting organisms'> 2>, Densely sampled sites
are the Mediterranean Sea and the Caribbean and suitable sites range from southern to northern
warm temperate ecosystems, as the diversity of chemosynthetic symbioses drops considerably
in cold temperate waters. Diverse chemosymbioses have been described to datel®). However,

with vast areas in the oceans yet unstudied, there will be more to uncover.
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Gutless oligochaetes as diverse chemosynthetic host systems
Gutless oligochaetes (Clitellata, Annelida) are marine interstitial meiofauna from shallow water
sediments and are a chemosynthetic animal-microbe symbiosis that has been studied for more

[26-28]  Scientists have described over 100 species from globally distributed

than 40 years
sampling sites (Figure 2)!*”). These belong to the paraphyletic genera of Inanidrilus and
Olavius. As the name implies, gutless oligochaetes entirely lack digestive and excretory organs
and instead rely on a consortium of nutritional endosymbionts*). The bacteria reside below the
worm’s cuticle outside of the host’s epidermal cell layer. The composition of the consortia is
diverse and has been shown to be characteristic to the host species and the sampling location"*].
Most host species share a chemosynthetic gammaproteobacterial symbiont that fixes carbon by
oxidizing sulfur compounds. Deltaproteobacteria were shown to reduce those compounds and
replenish the sulfur stocks for the gammaproteobacterial symbiont*!!. The worms have a bright
white appearance that is due to the storage of sulfur inclusions in the symbionts. The host
provides the symbionts with their distinct favorable conditions by shuttling them through

chemical gradients of the sediment!*?),

living ==agrass plant

sediment depths [cm]
-0

meiofauna e

dead seagrass
sheaths, rhizomes
and roots

Figure 2: Globally distributed sampling sites of gutless oligochaetes are often associated with
seagrass meadows, coral reefs or mangrove forests.

A: Globally distributed sampling sites of gutless oligochaetes. B: Detailed schematic of seagrass
meadow associated sampling sites of Olavius algarvensis and Olavius ilvae from around Elba, Italy
(figure modified from Kleiner et al. 2015 331). C: Divers close to seagrass meadow. D:Coral reef.
E: Mangrove forest.
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The best-studied host species is Olavius algarvensis from bays around the island of Elba in
Italy that hosts a main and a secondary Gammaproteobacterium, up to four distinct
Deltaproteobacteria and a Spirocheate (Figure 3)!?%3%31:34] The metabolism and the interaction
of the Gammaproteobacteria and the Deltaproteobacteria have been intensely studied(?!> 24 331,
Other well studied host species were collected on Elba in the Mediterranean Sea and the
Caribbean islands of the Bahamas, Bermuda and Belize. Host species that also have been
investigated for their symbiont community in individual studies are I leukodermatus,
1. makropetalos, Olavius crassitunicatus, O. loisae and O. ilvael®* 3%3% These studies showed
that the symbiont composition can greatly differ between host species and sampling sites.
Although the gutless oligochaetes have been methodically studied throughout the years, there
is still a lot of potential for new discoveries and mechanistic insights. One such area of great
research potential is the presence of Alphaproteobacteria in these associations that have been
observed in multiple hosts*® 3%, However, only the latest metagenome study revealed that
Alphaproteobacteria are even more diverse and widely distributed as secondary symbionts than

the Deltaproteobacteria and were even overlooked in those species that have been investigated

more intensively®?),

Host tissue host
s13%c = organic .~ wasle
-25.6 +0.2%

host

Clitellum )
Cuticle

Epidermis
Musculature

4

5

/
Cuticle

Blood vessels

Z = organic o0 o
Nerve cord’ Symbionts 2

Sediment carbon

Figure 3: Gutless oligochaetes lack a digestive system. Instead they rely on a set of metabolically
diverse subcuticular symbionts.

Left: Schematic representation of Olavius algarvensis (©Alina Esken) and a cross section through its
trunk region (OAlexander Gruhl). Right: Stable-isotope fingerprints of Olavius algarvensis symbionts
indicate that the symbionts use internal and external carbon sources (figure modified from Kleiner et
al. 2018B%).
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The successful and ubiquitous class of Alphaproteobacteria

The class of Alphaproteobacteria in the Phylum Proteobacteria is one of the most successful
clades of bacteria on earth. Wherever scientists take a sample and characterize the bacterial
diversity with modern sequencing approaches, Alphaproteobacteria are present and very often
even among the more abundant clades. This includes moderate environments such as soil or
rivers where Alphaproteobacteria can make up to 50% of the community!**- 4!, But also in more
extreme environments like deserts or hypersaline lakes Alphaproteobacteria are successful

42,431 Many free-living Alphaproteobacteria are holding records and play crucial

inhabitants!
roles for human life. SARI11 is a group of marine bacteria of which Candidatus Pelagibacter
ubique has the potential to be the most numerous bacterium on this planet!*¥. Other
Alphaproteobacteria have been tamed and are used to produce industrial scale amounts of
acetate, alcohol and other substrates to feed and aid humans. Alphaproteobacteria are
functionally versatile. The downside of this is that there are no pathways that are characteristic
for them, which means that very often, their function cannot be inferred from their higher level
taxonomy. The Genome Taxonomy Database (GTDB) lists 16016 entries in nearly 100
alphaproteobacterial orders of which 27 have a taxonomic name. These include the eight most
well described orders, namely Acetobacterales, Caulobacterales, Pelagibacterales, Rhizobiales,

sl However, the

Rhodobacterales, Rhodospirillales, Rickettsiales and Sphingomonadale
taxonomy of the Alphaproteobacteria has been under constant debate due to a lack of
representatives in several clades or because historical taxonomy that deviates from recent
sequencing insights, both complicating the matter!*. As introduced earlier,
Alphaproteobacteria play a crucial role in the origin of the eukaryotes. It is still unclear in which
relation these early Alphaproteobacteria that have led to the mitochondria can be placed into
what is the recent diversity of the class of Alphaproteobacteria but it seems they have been

st10:-11.47] Baged on that we can assume that

ascendants or sister to one of the larger recent clade
members of the Alphaproteobacteria might be among the most well-adapted groups of bacteria
to engage with eukaryotic organisms as many of them likely have the tools and mechanisms to

manipulate the eukaryotes’ cellular biology.

Host-associated Alphaproteobacteria evolved to exert a variety of roles that range from
successful free-living examples to pathogens and mutualistic symbionts. Orders prone for
symbiotic interactions are the Rickettsiales and Hyphomicrobiales (former Rhizobiales) but

also Rhodospirillales. Rickettsiales have evolved mostly pathogenic lifestyles and have been
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mainly described to intracellularly infect animals but also many other eukaryote hosts. They
are characterized by small genomes (<2Mb genome size) that have been reduced to only the
necessary functions to infect and spread within their host. A well-studied example is Wolbachia,
a successful insect symbiont, which has both parasitic and mutualistic functions depending on
the setting!?. Rickettsiales are potentially the closest relatives to ancestors of the
Alphaproteobacteria that have been involved in the mitochondrial endosymbiosis event and the

11]

rise of eukaryotes!'” . For example, the Rickettsiales, namely Midichloriaceae, are

microbiome members of the simplest animal phyla, such as Placozoa or Cnidaria, and might

48-501 Hyphomicrobiales are often found in soils and

even engage in mutualistic symbiosis!
interact with plants in both commensalistic and mutualistic ways such as root nodule formation.
They also engage in insect symbiosis and include the smallest bacterium that has been described

to date — Candidatus Hodgkinia cicadicola with only 0.2 Mbp genome sizel!l.

Methods to study the uncultivable

One issue with intricate animal-microbe symbioses is that we are still not able to cultivate the
bacterial symbionts without their hosts. This complicates the ability to examine the symbionts’
physiology and manipulate their genomic information. Fixation of fresh animals provide a solid
basis of preserved tissue for a multitude of possible analyses ranging from sequencing
technologies, proteomics, metabolite investigations and other omics. In the best case, good
access to shallow water symbiosis and the ability to rear or cultivate the holobiont enable us to
study the association as a whole. Somewhat old-fashioned but powerful methods like fixation
in methanol allow a range of different extractions later on with no need to decide on the wanted
outcome ad hoc. Specific fixatives like RNAlater provide improved sample quality for
genomics and proteomic approaches at storage temperatures more suited during field
sampling!®?. Fixation in paraformaldehyde is still the go-to method for in situ hybridization.
Fixation methods are still under development and allow for a broad range of applications. The
development of the so-called second and third generation high throughput sequencing
technologies have made sequencing faster and cheaper than ever before and together with
library preparation improvements currently enables sequencing of large amounts of low-input
samples (500 pg — 20 ng) to an in-depth degreel®*!. These technological breakthroughs have
enabled projects that investigate community structures and that can process marker genes in
high throughput across hundreds or even thousands of samples and with that identify

54, 55

indistinguishable or low abundant community members!>* 31, With such approaches, we can
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Aims of this thesis

for example study single individuals of small animals like the gutless oligochaetes and draw
conclusion on e.g. the role of single members in their symbiotic community. The same is also
true for the development of metatranscriptomics and metaproteomics approaches, with which
we can gain a snapshot of the expression and the metabolic response of the individual partners
at the time of fixation in the field. Sequencing tools cannot yet provide detailed spatial
information, so we rely on hybridization techniques to localize information!®® 37, With the
current state-of-the-art sample preparations such as high pressure freezing and 3D
reconstruction using e.g. micro-CT, we can integrate techniques and pinpoint expression in
single community members and describe their morphological connectedness and potential
modes of interaction to the host!**). Overall, the shallow water symbiosis has come a long way,
from pools of 10 000s of individuals necessary for breakthrough research only a decade ago,
we are now able to specifically collect or manipulate single specimens, extract genomic,
expression or metabolomic information of single individuals and link morphologically

21241 'We can now retrieve multiple layers of data without cultivation

informed data via imaging!
and hence are able to somewhat overcome the barrier of the uncultivable. This progress enables
us to work on an abundance of questions without being able to directly manipulate the symbiotic
system. Consequently, we are currently not limited by the technical possibilities of

investigation, but by the manpower to conduct the experiments and analyze the wealth of data.

Aims of this thesis

This thesis aims to provide an overview of the diverse Alphaproteobacteria that associate with
gutless oligochaetes, especially with respect to their distribution, their taxonomy and their
potential roles in their symbiont communities. Before [ started to investigate
Alphaproteobacteria in gutless oligochaetes, only few representative associations were
published and little has been described on their role and relevance. Findings by Mankowski et
al. concerning the whole gutless oligochaete community composition sparked the idea for this
thesis and tremendously shaped its directions throughout my research*”l, Only the impressive
collaborative effort of sample collection and the ongoing development of cost-efficient high
throughput metagenomic studies allowed us to shed light on such a large variety of host species
and symbiont communities. The data at hand enables us to have a broader overview on this
animal clade and its symbionts, and draw conclusions for a range of species. Here, I addressed
two main questions in more detail. I focused on one of the major but understudied symbiont

clades — the Alphaproteobacteria. What is the diversity of Alphaproteobacteria that associate

17



Aims of this thesis

with gutless oligochaetes? And which roles have Alphaproteobacteria in symbiosis with gutless
oligochaetes? I used metagenomics, metatranscriptomics and metaproteomics approaches on
the computational side, and fluorescence in situ hybridization as microscopy based method on
the other side to gain answers and insights to these questions. In summary, I characterize the
diversity, I put the spotlight on two symbionts that could not be more distinct and I point
towards future directions on which and how to study specific gutless oligochaete host-symbiont

communities.

Question 1: What is the diversity of Alphaproteobacteria that associate with gutless

oligochaetes?

Several Alphaproteobacteria that associate with gutless oligochaetes have been published in

36,381 Alphaproteobacteria have

independent manuscripts with first observations from 1999l
often been underrepresented in the investigations on gutless oligochaetes, resulting in no
comparative studies that have been published. Mankowski ef al. conducted the first overarching
study including the full diversity of Alphaproteobacteria associating with gutless oligochaetes
we know to datel*”). However, the frame of this study did not allow an in-depth characterization
of the single clades of Alphaproteobacteria. Chapter I of this thesis provides this missing
general overview on the single clades and gives more details on global abundance and
distribution patterns as well as the scope of functions they bring into the symbiosis. Chapter I

furthermore highlights clades of alphaproteobacterial symbionts where future research seems

especially worthwhile.

Question 2: Which roles have Alphaproteobacteria in symbiosis with gutless oligochaetes?

Olavius algarvensis is the most well studied gutless oligochaete. It’s gamma- and
deltaproteobacterial symbionts have been studied intensively for their metabolism and
interactions both with the hosts and among themselves. O. algarvensis does not host
subcuticular Alphaproteobacteria. O. ilvae co-localizes with O. algarvensis around Elba and
has a similar symbiont community. This might be one of the reasons why Alphaproteobacteria
have not been the focus of investigation with these two easy to access gutless oligochaetes. In
Chapter II I close this gap and describe an Alphaproteobacterium in the host species O. ilvae
that, despite previous research on its community composition, has been overlooked until the
advent of metagenomics*. Based on complementing meta-omics approaches I describe its

metabolism and develop a hypothesis on its role in its host system. I also show with
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fluorescence in situ hybridization that this Alphaproteobacterium is co-localized with the other
subcuticular symbionts. In Chapter III, I describe a rather unusual member of the gutless
oligochaete community that challenges the concept of mutualistic symbiosis in gutless
oligochaetes. The investigation of large metagenomic datasets for population structure
investigations led to the discovery of a novel alphaproteobacterial phylotype in O. algarvensis.
According to my results, this Alphaproteobacterium is distinct to all other symbionts described
to date as it has a drastically reduced genome, appears in low abundance and is likely not
localized in the subcuticular symbiont layer. In addition to reconstructing the metabolism,
I used metagenomics based analyses to describe its abundance patterns and draw conclusions
on its potential role in the host. Taken together, Chapter II and III represent two specific extreme

cases of the diverse roles Alphaproteobacteria can play in the gutless oligochaete symbiosis.
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.all

15 distinct clades of Alphaproteobacteria make up the most abundant and diverse symbiont
class in globally distributed gutless oligochaete hosts. These symbionts have various taxonomic

backgrounds and a great potential to extend the nutritional access of their hosts in their

environments.
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Abstract

Gutless oligochaetes are marine worms that lost their digestive and excretory organs and instead
rely on the nutrition and waste product recycling from a set of subcuticular bacterial symbionts.
A recent metagenomic study on 64 host species from 17 global sampling sites showed that
Alphaproteobacteria are the most diverse and abundant class of symbionts of gutless
oligochaetes. However, little is known on the diversity and function of these
Alphaproteobacteria. Here, we analyzed the phylogenetic diversity and biogeographic
distribution of alphaproteobacterial symbionts in gutless oligochaetes and provide first insights
in their metabolic potential. Alphaproteobacteria reside in more than half of the studied gutless
oligochaete host species at nearly all locations sampled. The detected clades form mostly novel
families or genera in the orders Rhizobiales, Rhodobacterales and Rhodospirillales and are
distantly related to published bacteria. Alphaproteobacteria are a functionally diverse class of
bacteria and could provide promising functions to extend the nutrient and thus habitat spectrum
of gutless oligochaetes. This study provides an overview on current knowledge of the global
distribution and taxonomy of Alphaproteobacteria in symbiosis with gutless oligochaetes and

points to clades on which future research efforts could be focused.

Keywords

Alphaproteobacteria, marine bacterial-animal symbiosis, gutless oligochaete, diversity

Introduction

Gutless oligochaetes are small marine annelids from shallow water sediments that have no
digestive and excretory organs. Instead, they rely on a chemosynthetic community of diverse
and yet host species specific set of bacteria to provide nutrition and recycle waste products!!>2!.
More than 100 gutless oligochaete species have been described in the past, and they can
dominate the interstitial animal fauna at their collection sites in tropical to warm temperate
habitats!®l. 16S ribosomal RNA (rRNA) based studies indicated that these highly successful
hosts largely share their main gammaproteobacterial symbiont Ca. Thiosymbion that often
makes up the bulk of the symbiont biomass, but can host a variety of secondary symbionts!*!%l,
However, research into symbiont composition and the roles of the individual partners in the
multipartite symbiosis has focused mainly on one specific host species, Olavius algarvensis,

[1,11-14

from seagrass meadow associated habitats around the island of Elba, Italy 1. In Olavius

algarvensis, the chemoautotrophic Ca. Thiosymbion interacts with the second major symbiont
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group, sulfur-reducing Deltaproteobacteria via a syntrophic sulfur cycling!!!. These
Deltaproteobacteria live off organic substrates, including host waste products!!!!. Spirochaetia
were also regularly detected in Olavius algarvensis but their role and function in the Olavius

8141 A recent metagenomics analysis on a large

algarvensis symbiosis remains elusive to date!
dataset of 64 gutless oligochaetes species from 17 globally distributed sampling sites challenges
the overall importance of Deltaproteobacteria in gutless oligochaetes (Figure 1) This
untargeted approach based on 16S rRNA gene sequences revealed that the main
Gammaproteobacterium is indeed member of the symbiosis in all but one of the studied host
speciest!® 131, Furthermore, Deltaproteobacteria make up a diverse secondary symbiont group
with nine distinct clades from currently known host species, which all have been previously
detected in individual studies!'’!. But overall, Alphaproteobacteria make up the most diverse
and the most abundant secondary symbiont group around the globel?!. Only five of the 15
alphaproteobacterial genera had been previously detected, largely in gutless oligochaete species
from the Caribbean (Figure 2)!> '), Investigations on Alphaproteobacteria in association with
gutless oligochaetes have mainly been based on 16S rRNA genes and fluorescence in situ

hybridization (FISH)™ 7). So far, no genomic data was available to describe the metabolism of

the Alphaproteobacteria and their resulting function in the gutless oligochaete symbiosis.

Here we use a dataset of 233 gutless oligochaete metagenomes to characterize the different

clades of Alphaproteobacteria that are associated with this globally sampled host diversity!> '],

We describe the geographic ranges and the host ranges of all clades by integrating our datasets
with publicly available data, reconstruct their taxonomic affiliations within the class of

Alphaproteobacteria and provide a comparative analysis on the possible metabolic roles.

Figure 1 (next page): Alphaproteobacteria are the most abundant and diverse symbiont clade
associating with 64 globally sampled gutless oligochaetes host species.

Top and left tree: Maximume-likelihood trees of the host 28S rRNA gene phylogeny (left) and the
symbiont 16S rRNA gene phylogeny including one individual per host species/symbiont clade. The
scale bar indicates 10% estimated sequence divergence. Nodes with non-parametric bootstrap support
>90% are highlighted in both trees. In addition, nodes with posterior probabilities >90% estimated
with MrBayes are highlighted in the host tree. Middle panel: Averaged relative abundance of symbiont
clades per host species as estimated with EMIRGE. The alphaproteobacterial clade is highlighted in
orange. The figure was modified from Mankowski et al. 20211,
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Figure 2: Five clades of Alphaproteobacteria associating with four gutless oligochaete host
species from the Caribbean were published before 2021.

Five clades of Alphaproteobacteria hosted by gutless oligochaetes have been detected on 16S rRNA
level prior to a global metagenome study by Mankowski et al.!?. These Alphaproteobacteria were
hosted by four host species from the Caribbean and belong to the orders of Rhodospirillales and
Rhizobiales. Their affiliation and naming in the different studies from 2018 and 2021 are stated beside
the 16S rRNA gene phylogenetic tree! 1°
fluorescence in situ hybridization in the subcuticular symbiont layer!

1. Clades labelled with an asterisk have been visualized with

7100 Sequences from gutless

oligochaete symbionts are highlighted in yellow and red boxes. The consensus tree shown is based on
maximum likelihood analysis. Scale bars represent 10% estimated phylogenetic divergence. The tree
was modified from Bergin et al. 2018.

Methods and materials

Sample collection, processing and metagenomic analysis

All gutless oligochaete samples were treated as described in detail by Mankowski et al.> 11, In
summary, 233 specimens of gutless oligochaetes were collected at 17 globally distributed
shallow water sampling sites. DNA of single worm individuals was extracted, sequencing and
quality control were done at the DOE JGI (Walnut Creek, California, USA) and the Max Planck
Genome Centre (Cologne, Germany). Reads were quality trimmed and filtered and assembled

to obtain symbiont metagenomes-assembled genomes (MAGs). Host species and symbiont
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species were determined based on ribosomal and mitochondrial marker genes. Symbionts were

clustered in functional genera with 95% similarity of the 16S rRNA gene sequence.

Analysis of abundance and distribution

We aimed to determine the global distribution and abundance of Alphaproteobacteria in
association with gutless oligochaetes. Therefore, we determined occurrences of
Alphaproteobacteria in distinct host species and sampling locations based on presence of
detected 16S rRNA gene sequences!?. Sampling sites and occurrences of Alphaproteobacteria
at sampling sites and in host species were plotted in RStudio (RStudio v1.4.1106, R v4.0.4)
using a variety of packages. Final figures were edited with Adobe illustrator v25.03.

Phylogenetic reconstruction of symbiont taxonomy
We used the metagenomic pipeline as described in detail by Mankowski et al.

(github.com/amankowski/MG-processing_from-reads-to-bins)!'¥)  for the 233 gutless

oligochaete metagenomes and detected 216 Alpha bins in 140 specimens. For phylogenetic
placement, we used MAGs with the best statistics from a multi-tool binning approach per host
species and location. Available MAGs of all Alphaproteobacteria associated with gutless
oligochaetes were placed in the GTDB tree at version 1.5.0 with the R202 reference data using
the GTDB-Tk software!'®). Trees were visualized and annotated with iTOL and final figures

edited with Adobe illustrator v25.03 (www.adobe.com/products/illustrator)!'”!.

We calculated the average nucleotide identity (ANI) of the distinct clades of Alphaproteobacteria

associating with gutless oligochaetes to gain insight into the amount of species per clade and their

clustering (enve-omics.ce.gatech.edu/g-matrix/)!'®!,

Profile analysis of clusters of orthologous groups (COGs)

We analyzed the metabolic potential of MAGs from gutless oligochaete associated
Alphaproteobacteria based on clusters of orthologous groups (COG) categories that represent
larger functional classifications. We obtained COG profiles for the different
alphaproteobacterial clades and representatives of 149 alphaproteobacterial families with
eggNOG-mapper v2.1.6 and diamond as protein aligner'!*?2l, To obtain alphaproteobacterial

family representatives, the bacterial tree bac120 r86.2 was downloaded from the GTDB

database (gtdb.ecogenomic.org/downloads) and trimmed to the Alphaproteobacteria and
Magnetococcia outgroup in iTOL!7). Branch lengths for each leaf were extracted with Newick

utils (nw_distance), the average branch length was calculated for each family, and for each
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family the genome that was closest to the average branch length was chosen for further

phylogenomic analyses (genomes listed in zenodo.org/record/6514058)123]. For the 16S rRNA

gene tree, the corresponding 16S rRNA gene sequences were extracted from the
bac120 ssu r86.2.fna sequence collection provided by GTDB using faSomeRecords
(github.com/santiagosnchez/faSomeRecords). Relative abundances of genes of the MAGs in

larger metabolic categories was quantified and plotted with non-metric multidimensional
scaling (NMDS) and principal component analysis (PCA) calculated in RStudio (RStudio

[24

v1.4.1106, R v4.0.4) using a variety of packages!?*l. Final figures were edited with Adobe

illustrator v25.03.

Protein extraction and peptide preparation

We extracted proteins from five specimens of five marine gutless oligochaete host species
(0. ilvae, I. aduncosetis, 1. leukodermatus, 1. reginae, and I. scalprum). We conducted a tryptic
protein digestion following the filter-aided sample preparation (FASP) protocol, adapted from
Wisniewski et al., 2009, for all samples'®’!. We added 60 uL SDT-lysis buffer (4% , w/v, SDS,
100 mM Tris-HCI pH 7.6, 0.1 M DTT) and heated samples to 95 °C for 10 min. To minimize
sample loss, we did not do the 5 minutes centrifugation step at 21,000g as described in the
original FASP protocol®!. Instead, only a short spin down was conducted. Subsequently, we
mixed the lysate with 400 L UA solution (8 M urea in 0.1 M Tris/HCI pH 8.5) in a 10 kDa
MWCO 500 pL centrifugal filter unit (VWR International) and centrifuged the mixture at
14,000g for 20 min. Next, we added 200 uL of UA solution and centrifugal filter spun again at
14,000g for 20 min. Subsequently, we added 100 uL of IAA solution (0.05 M iodoacetamide
in UA solution) and incubated samples at 22 °C for 20 min in the dark. We removed the IAA
solution by centrifugation following three washing steps with 100 uL of UA solution.
Subsequently, filters were washed three times with 100 pL of ABC buffer (50 mM ammonium
bicarbonate). We added 0.5 pg of Pierce MS grade trypsin (Thermo Fisher Scientific) in 40 uL
of ABC buffer to each filter. We incubated filters overnight in a wet chamber at 37 °C. The
next day, we eluted the peptides by centrifugation at 14,000g for 20 min followed by addition
of 50 uL of 0.5 M NacCl and another centrifugation step. Peptides were quantified using the
Pierce MicroBCA Kit (Thermo Fisher Scientific) following the instructions of the
manufacturer. For the 2D-LC-MS/MS analysis, we desalted the peptides with Sep-Pak C18
Plus Light Cartridges (Waters). Acetonitrile from the peptide elution step was exchanged for

0.1% formic acid (v/v) using a centrifugal vacuum concentrator. The desalting step was
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necessary to enable binding of peptides to the SCX column during sample loading for the

2D-LC method.

1D-LC-MS/MS

All samples were analyzed by 1D-LC-MS/MS as described in Hinzke et al. 20191261, 1500 ng
of peptides were loaded in loading solvent A (2% acetonitrile, 0.05% trifluoroacetic acid) onto
a 300 pm i.d. x 5 mm trap cartridge column packed with Acclaim PepMap100 C18, 5 pum,
100 A (Thermo Fisher, 160454) using an UltiMate 3000 RSLCnano Liquid Chromatograph
(Thermo Fisher Scientific). The trap was connected to a 75 pm x 75 cm analytical EASY-Spray
column packed with PepMap RSLC C18, 2 um material (Thermo Fisher Scientific), which was
heated to 60 °C via the integrated heating module. The analytical column was connected via an
Easy-Spray source to a Q Exactive HF-X Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific). Peptides were separated on the analytical column at a flow rate of
225 nl min! using a 460 min gradient. The gradient went from 98% buffer A (0.1% formic
acid) to 31% buffer B (0.1% formic acid, 80% acetonitrile) in 364 min, then from 31% to 50%
buffer B in 76 min and ending with 20 min at 99% buftfer B. Eluting peptides were ionized via
electrospray ionization (ESI) and analyzed in Q Exactive HF-X. Full scans were acquired in the
Orbitrap at 60,000 resolution. The 15 most abundant precursor ions were selected in a data
dependent manner, isolated with the quadrupole with a 1.2 m/z isolation window size,
fragmented in the HCD cell with a NCE of 25, and measured in the Orbitrap at 7,500 resolution.
The mass (m/z) 445.12003 was used as lock mass as described in Olsen et al. 20057, Lock
mass use was set to ‘best’. Singly charged ions were excluded from MS/MS analysis. Dynamic
exclusion was set to 30 s. On average 209,160 MS/MS spectra were acquired per sample with

the 460 min gradient.

2D-LC-MS/MS

For the 2D-LC-MS/MS runs, we used the same instrumentation as for the 1D run. We followed
the LC methods described in Hinzke et al. 2019 for the pH plug runs®®.. We loaded 9000 ng of
peptide mixture with loading solvent B (10 mM phosphate buffer pH 3,20% ACN and 600 mM
NaCl) onto a 10 cm, 300 um Micro SCX LC column (Thermo Fisher Scientific) at a flow rate
of 300 pl min~!. The specific plumbing scheme used in the RSLCnano corresponded to the
standard set up recommended by the manufacturer for on-line 2D pH plug separations. During
loading, the C18 trap (see above) was in-line downstream of the SCX column to capture

peptides that did not bind to the SCX column (breakthrough). After loading, the CI18

30



Chapter 1 | Alphaproteobacteria associated with gutless oligochaetes

pre-column was switched in-line with the 75 pm x 75 cm analytical column (same as for 1D)
and the breakthrough was separated using an 120 min!?®/, Subsequently, elution of peptides
from the SCX to the C18 trap (same as for 1D-LC) took place by injection of 20 pl of 8 different
pH plugs with increasing pH (CTIBiphase buffers, Column Technology, Inc.) from the
autosampler. The C18 trap was then again switched in-line with the analytical column and
peptides separated with gradients of eluent A and B. Data acquisition in the mass spectrometer

was done as described by Mordant and Kleiner, 20218,

Protein identification and quantification

We used a custom database which contained 1,362,363 protein sequences, including protein
sequences predicted from host transcriptomes, non-redundant host sequences from the closely
related species Olavius algarvensis and symbiont protein sequences predicted from
metagenome assembled genomes, as well as a cRAP protein sequence database
(http://www.thegpm.org/crap) of common laboratory contaminants. The database is available
from the PRIDE repository (see data availability). Searches of the MS/MS spectra against this
database were performed with the Sequest HT node in Proteome Discoverer version 2.2.0.388

(291 The following parameters

(Thermo Fisher Scientific) as described in Jensen et al., 2021
were used: trypsin (full), maximum two missed cleavages, 10 ppm precursor mass tolerance,
0.1 Da fragment mass tolerance and maximum of 3 equal dynamic modifications per peptide,
namely: oxidation on N (+ 15.995 Da), carbamidomethyl on C (+ 57.021 Da) and acetylation
on the protein N terminus (+ 42.011 Da). False discovery rates (FDRs) for peptide spectral
matches (PSMs) were calculated and filtered using the Percolator Node in Proteome
Discoverer. Percolator was run with a maximum delta Cn 0.05, a strict target FDR of 0.01,
a relaxed target FDR of 0.05 and validation based on g-value. The Protein FDR Validator Node
in Proteome Discoverer was used to calculate g-values for inferred proteins based on the results
from a search against a target-decoy database. Proteins with a g-value of <0.01 were categorized
as high-confidence identifications and proteins with a g-value of 0.01-0.05 were categorized as
medium-confidence identifications. Search results for all samples were combined into
a multiconsensus report in Proteome Discoverer and only proteins identified with medium or
high confidence were retained, resulting in an overall protein-level FDR of 5%. For protein
quantification, normalized spectral abundance factors (NSAFs) were calculated per species and
multiplied by 100, to give the relative protein abundance in %%, The mass spectrometry

metaproteomics data and protein sequence database have been deposited to the
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ProteomeXchange Consortium via the PRIDE (Vizcaino ef al. 2016) partner repository with

the dataset identifier XXX (access for reviewers: Username: Password: ).

Results and discussion

Alphaproteobacteria - A diverse and global class of symbionts

We used single animal metagenomics and 16S rRNA gene sequences based profiling to track
the 15 alphaproteobacterial genera in 64 gutless oligochaete host species sampled from
17 globally distributed sites (for other clades see Mankowski et al. 202111). Looking at the
Alphaproteobacteria in a host centered view, they are present in all major lineages of the gutless
oligochaete phylogeny and their association is not linked to host phylogeny!?!. The host species
have diverse and species-specific colonization patterns with alphaproteobacterial genera.

Individual host species can host from none up to six symbionts from alphaproteobacterial

genera.
® *pe?
® v .
. .
Y @
o @
o ®
. ®

Gutless oligochaetes
® without Alphaprotecbacteria
@® with Alphaprotecobacteria

Figure 3: Alphaproteobacteria associate with gutless oligochaetes at 14 of 17 global regions.
Based on presence patterns of 16S rRNA genes detected in metagenomes of gutless oligochaete host
specimen, Alphaproteobacteria are hosted by gutless oligochaetes at 14 out of 17 globally distributed
regions, except Peru, South Africa and New Caledonia.
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In a symbiont centered perspective, we could detect Alphaproteobacteria in hosts sampled at
14 of the 17 regions, except in New Caledonia, South Africa, and Peru (Figure 3, Figure 4a).
The Alphaproteobacteria were consistently present across samples from the Southern Pacific
and the Caribbean (Figure 3). On a local scale, the Alphaproteobacteria were particularly
diverse and abundant in samples from, the Great Barrier Reef (Australia), Okinawa (Japan), the
Red Sea (Egypt), as well as in most sites in the Belize Barrier Reef (Belize), in Bermuda, and
in Guadeloupe. In contrast, Alphaproteobacteria occurred in only few individuals from Hawaii
and the Mediterranean Sea, where Deltaproteobacteria were the dominant secondary symbiont
class (Figure 4B-D). Three alphaproteobacterial genera were present in a broad variety of the
64 host species at 14 of the 17 sampling locations: AlphalO was the most widely distributed
and was found in 21 host species at 15 sites from 9 regions, Alphal2 followed similar
distribution patterns in 17 host species at 13 sites from 6 regions, and Alpha3 was found in
14 hosts at 14 sites from 8 regions (Figure 4C-D and Tablel). The genera Alpha5, Alpha7 and
Alphal were also globally distributed, with 5 to 9 host species and 7 to 12 sites from 4-6 regions.
The remaining nine clades of Alphaproteobacteria were rather rare and only detected in few
locations and host species. However, they do not show specific patterns of co-occurrence or
exclusion, neither among themselves, nor with other symbiont lineages'?). Remarkably, the
abundant clades Alphal0, Alphal2 and Alpha3 seem more abundant in early branching gutless
oligochaetes and the Inanidrilus clade endemic to the Caribbean (for detailed host and symbiont

sampling locations see Supplement Figure S1 and S2).

Alphaproteobacteria can serve as the sole secondary symbiont, e.g. Alpha6 in O. vacuus and
O. ullae, Alpha7 in O. prodigus or Alphal2 in O. sp. lees and O. sp. bahamas]1, or make up the
only class of secondary symbiont in addition to Cand. Thiosymbion, e.g. in a combination of
AlphalO with Alphal2 and Alpha3 in /. reginae. Alphaproteobacteria can also co-occur with a
great variety of secondary symbionts from the Gammaproteobacteria, Deltaproteobacteria,
Spirochaetia, Actinomarinales and Marinimicrobiales (Figure 1)!?). In summary, the most
abundant genera constitute six of the 10 most abundant secondary symbiont clades of a total of
32 bacterial genera associated with gutless oligochaetes, which underpins the importance of

Alphaproteobacteria in these successful and widely distributed chemosynthetic hosts.
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Figure 4: Alphaproteobacteria make up three of the five most abundant symbiont clades in
gutless oligochaete hosts and are particularly abundant and diverse in host species from the
Caribbean.
(A) Gutless oligochaete sampling regions colored according to ocean basins. (B) Occurrence of all
sampled symbiont 16S rRNA gene sequences associating with gutless oligochaetes colored by ocean
basin they were sampled at. Presence of 33 symbiont clades per 64 host species from 17 globally
distributed sampling sites (C) plotted by region and (D) plotted by symbiont.
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Novel families and genera from five orders

To improve our phylogenetic and taxonomic assessments we generated metagenome assembled
genomes (MAGs) using state of the art and automated assembly and binning approaches.
We were able to retrieve high quality MAGs for 12 of the 15 genera detected via 16S rRNA
based analysis (high quality: 80% complete and <5% contamination based on CheckM analysis.
No MAGs could be obtained for Alpha4, Alphal4 and Alphal5. Using these MAGs, we then
created taxonomic classifications and investigated phylogenetic relations to bacterial reference
genomes based on the Genome Taxonomy Database (GTDB). According to GTDB based
classification, the symbiont MAGs belong to six orders of Alphaproteobacteria, namely
Rhizobiales, Rhodobacterales, and Rhodospirillales, as well as three novel orders, two related
to Kiloniellales and one related to Sphingomonadales (Figure 5 and Table 1). Specifically,
Alpha5 is placed at the root of Sphingomonadales in the order GCA-2731375 and Alpha7 and
Alphal2 are related to the Kiloniellales sensu strictu, in the orders UBA6615 and UBA9366.
The six most abundant alphaproteobacterial symbiont clades are all members of the

Rhodospirillales or related to Kiloniellales.

All alphaproteobacterial MAGs recovered from gutless oligochaetes form symbiont genus
specific clusters, and none are intermixed with other MAGs from the databases. Some of the
symbiont genera are the first representatives for novel family-level clades and are only distantly
related to reference MAGs (see Data availability for GTDB tree shared in iTOL). The symbiont
genera are distributed throughout the alphaproteobacterial taxonomy, which suggests multiple

uptakes of clades that have no prior history of symbiosis with invertebrates.

The alphaproteobacterial genera associated to gutless oligochaetes were based on 95%
similarity of the 16S rRNA gene sequence that represent the genus level and were supported by
our GTDB analysis (Table 1)!?. To analyze the within genus heterogeneity, we used ANI values
to cluster MAGs for each genus and detected between 1 and 14 species (ANI matrices are

provided at zenodo.org/record/6514664). Most genera clustered into site specific species.

Within the 14 regions many of the site specific species occurred in several host species
(Table 1). Overall, we found that alphaproteobacterial symbiont clades are specific to gutless
oligochaetes, represent diverse and novel families and genera and can encompass a broad

diversity of species.
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Figure 5: Alphaproteobacteria associating with gutless oligochaetes belong to five orders.
Metagenome-assembled genomes of 15 clades of Alphaproteobacteria cluster within five orders based
on marker genes of the GTDB taxonomy. The majority of gutless oligochaete associated
Alphaproteobacteria belong to the orders of Rhodospirillales and Kiloniellales. All clades are
symbiont-exclusive and often form novel genera or families. The tree scale represents the average
number of substitutions per site.

Research on gutless oligochaetes focused on O. algarvensis from the Mediterranean Sea or
Caribbean samples of the species 1. leukodermatus, 1. loise, I. makropetalos and I. manae!*% 1%
31.321 From these five host species, five of the 15 alphaproteobacterial symbiont genera we

characterize here were known prior to the large metagenomic study by Mankowski et al.?!.
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These genera had to be renamed due to inconsistencies and are, in order of decreasing host
range, Alphal0O, Alphal2, Alpha3, Alphal and Alpha2 (Figuel). It is not surprising that
AlphalO, Alphal2 and Alpha3 had previously been detected, as these were also the most
abundant alphaproteobacterial clades in our dataset. Alphal and Alpha2 in the contrary were
more rare in our dataset, but both are hosted by 1. leukodermatus that has been the focus of a
dedicated study of its symbiont community!> 7). Other widely distributed clades such as Alpha7
have been overlooked, despite their presence in host species that have been the focus of
16S rRNA gene and FISH based analyses such as O. i/vae that co-occurs with the well-studied
host O. algarvensis. Overall, the three most abundant alphaproteobacterial symbiont clades
associating with gutless oligochaete have been detected by low throughput and PCR based
studies. The great majority of alphaproteobacterial clades, even abundant ones like Alpha5 and
Alphal have however escaped detection via PCR and clone library analyses and were only

identified through the combination of broad taxon sampling and untargeted metagenomics!?..

Functional diversity underlies the diversity of alphaproteobacterial symbionts

We set out to compare the metabolic capabilities of the diverse alphaproteobacterial genera
using the recovered MAGs by analyzing gene space attribution to larger metabolic functions.
To this end, we calculated relative abundances of genes in clusters of orthologous groups
(COQG) categories, as they provide a unified framework to elucidate larger metabolic functions
that each of the alphaproteobacterial genera might bring to the symbiosis (Figure 6, 7 and S3).
In addition to within and between genera comparisons, we included representative genomes for
149 alphaproteobacterial families to assess the embedding in the larger alphaproteobacterial
landscape of metabolic life-styles. Overall, the alphaproteobacterial symbionts clustered within
the spectrum of metabolic profiles from the 149 representatives, indicating that no outstanding
genomic streamlining had occurred in any of the symbiont genera. The most abundant
alphaproteobacterial symbiont clades formed separate clusters which supports our hypothesis
that they bring distinct functions to their hosts (Figure 6). Only clades of close taxonomic
relation cluster together, indicating a similar functional background. The comparative analysis
of relative gene abundances in COG categories of all investigated MAGs revealed that members
of the Kiloniellales, i.e. Alpha7 and Alphal2, have higher relative gene abundances in
carbohydrate metabolism (COG category G; Figure 7). Some widely distributed, but also some
less abundant symbionts alike have relatively more genes in the category of co-enzyme

metabolism (COG H; Alpha6, Alphal3 and Alphal6). Alphal and Alpha5 have highest relative
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Figure 6: Alphaproteobacteria associating with gutless oligochaetes have distinct COG profiles
and cluster within the diversity of alphaproteobacterial family representatives.

Non-metric dimensional scaling (NMDS) of the functional profiles based on relative abundances of
COG categories from alphaproteobacterial MAGs of 233 gutless oligochaete host specimens (shades
of red) and representatives of 149 alphaproteobacterial families (light grey). Driving factors are plotted
by principal component analysis (PCA) in Supplement Figure S3.

abundance of genes involved in lipid metabolism (COG I) and Alpha5 in addition for secondary
metabolite synthesis and degradation (COG Q) while Alpha3 has the highest relative gene
abundance for signal transduction mechanisms (COG T). With the most divergent metabolic
profile, Alpha9 appeared to be an outlier within the alphaproteobacterial symbionts, largely
caused by high genome space allocation to internal trafficking and secretion (COG U),
replication and repair (COG L) and translation (COG J). Notably, the most widely distributed
symbiont clade Alpha 10 does not have a remarkable metabolic profile compared to the other
symbionts but rather features a well-balanced genomic investment across all COG categories.
This could indicate that Alphal0 has a generalist’s metabolism and might be an explanation for
its success in colonizing a variety of gutless oligochaete host species at many locations. Overall,
the Alphaproteobacteria in association with gutless oligochaetes were very diverse, with largely
heterotrophic roles in the symbiosis. Alphaproteobacteria likely also provide additional specific

functions to the host, as suggested by the genomic investment into e.g. secondary metabolites
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Figure 7: Distinct relative abundances of genes in COG categories indicate metabolic functions
that Alphaproteobacteria might bring to the gutless oligochaete symbiosis.

Relative gene abundances in % per COG category were assigned with eggNOG and are depicted for
all alphaproteobacterial MAGs from 233 gutless oligochaete specimens. The categories of
carbohydrate metabolism (COG G), co-enzyme metabolism (COG I) and lipid metabolism (COG H)
are examples for markedly different gene abundances in the symbiont MAGs.

in Alpha5. Host community specific and in-depth analyses of the genomic potential and
expressed metabolism of the individual symbionts will be necessary to grasp each symbionts

precise role in each of the gutless oligochaete symbiosis that it contributes to.

Divergent metabolic activities in the three main alphaproteobacterial symbiont genera

We demonstrated that Alphaproteobacteria are the most diverse and wide-spread secondary
class of symbionts associated with gutless oligochaetes. Most clades have versatile metabolic
capabilities, and to understand the exact contributions of a given symbiont in a given gutless
oligochaete symbiosis, targeted research using expression data was necessary. Symbiont clades
that appeared most relevant to study based on their broad distribution and abundance were
Alpha3, Alphal0 and Alphal2. Ofthese three, Alpha3 stands out with its wide host range within

gutless oligochaetes and its presence in the microbiomes of gutbearing relatives to the gutless
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oligochaetes (Table 1)1/, Proteomic expression data indicated that Alpha3 is a sulfur oxidizing
chemoautotroph that employs the sox pathway for sulfur oxidation and a ribulose bisphosphate
carboxylase for carbon fixation, suggesting key functional overlap to the main

gammaproteobacterial symbiont.

AlphalO is the most widely distributed alphaproteobacterial symbiont within gutless
oligochaetes. Our genome and proteome analyses suggest that Alphal0 symbionts are
heterotrophic symbionts, likely living off internal carbon sources such as waste products from
the hosts” metabolism. Often co-occuring with AlphalO and similarly widely distributed are
symbionts of clade Alphal2?!. Our expression data indicated a metabolism focused on
saccharide degradation and an ability to respire carbon monoxide under aerobic conditions,
hence Alphal2 might provide access to additional external carbon sources from surrounding
seagrass meadows or coral reefs!!?. Overall, the expressed functions of the main genera of
Alphaproteobacteria in symbiosis with gutless oligochaetes significantly expand their consortia
towards mixotrophic symbiont communities, a role that cannot be underestimated given the

gigatons of sugars that are bunkered under seagrass meadows worldwide!*!.

Conclusion

Untargeted metagenomic approaches revealed that Alphaproteobacteria make up the most
abundant and most widely distributed class of secondary symbionts in the gutless oligochaete
symbiosis. The symbiont genera come from several orders, and can form several closely related
species that were taken up multiple times by different hosts. We found that the symbionts have
diverse metabolic potential and might be able to recycle sulfur compounds, fix carbon, and
provide access to additional external carbon sources. Studying the main clades of
Alphaproteobacteria in more detail will provide important insights in the function of the
intricate and multipartite gutless oligochaete symbioses as well as into many more hosts that

co-occur in these vast coastal hot-spots of remineralization and sulfur cycling.

Data and code availability

The 16S rRNA gene sequence data and assembled genomes used and generated in this study
will be deposited in the European Nucleotide Archive (ENA) upon peer-review submission and

are currently available upon request.
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The scripts that were used for data visualization concerning mapping and COG profiling are

available at github.com/TinaEnd/Alpha_all_GO.

Phylogenetic 16S rRNA gene and MAG based trees are available in project Alphas all GO at

itol.embl.de/shared/tenders.
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1 Sampling sites of hosts and symbionts
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Figure S1: Based on presence of 16S rRNA genes detected in metagenomes of 233 gutless
oligochaetes, 33 clades of bacteria associate with 64 gutless oligochaete species sampled at 17
globally distributed sites.
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Figure S2: 233 gutless oligochaete specimen of 64 species were sampled at 17 globally distributed sites.

46



Chapter 1 | Alphaproteobacteria associated with gutless oligochaetes

2 COG analysis
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Figure S3: Alphaproteobacteria associating with gutless oligochaetes have distinct COG profiles
and cluster within the diversity of alphaproteobacterial family representatives.

Principal component analysis with driving COG categories of the functional profiles based on relative
abundances of COG categories from alphaproteobacterial MAGs of 233 gutless oligochaete host
specimens (shades of red) and representatives of 149 alphaproteobacterial families (light grey). Non-
metric dimensional scaling (NMDS) of the same dataset as is plotted in Figure 6.

Data and code availability

The 16S rRNA gene sequence data and assembled genomes used and generated in this study
will be deposited in the European Nucleotide Archive (ENA) upon peer-review submission and

are currently available upon request.

The scripts that were used for data visualization concerning mapping and COG profiling are

available at github.com/TinaEnd/Alpha all_GO.

Phylogenetic 16S rRNA gene and MAG based trees are available in project Alphas_all GO at

itol.embl.de/shared/tenders.
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:abundant

The proposed Candidatus Saccharisymbium is one of the most widely distributed
alphaproteobacterial genera in symbiosis with several globally distributed gutless oligochaete
species. We can find it in the host species Olavius ilvae, which is abundant in seagrass meadow

associated sediments around the island of Elba, Italy.
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Abstract

Alphaproteobacteria are an abundant and diverse class of endosymbionts of gutless oligochaete
worms from shallow water marine habitats associated with seagrass meadows and coral reefs.
However, little is known about the function of Alphaproteobacteria in the multipartite gutless
oligochaete symbiosis. Here, we describe six closely related species of Alphaproteobacteria that
form a symbiont-exclusive genus that represents a novel family within the order of
Rhodospirillales. These species are associated with seven host species that were collected from
the Mediterrancan Sea, the Atlantic, the Pacific and the Indian Ocean. Fluorescence in situ
hybridization of the host species Olavius ilvae showed that the symbionts co-localized with
previously described Gamma- and Deltaproteobacteria in the subcuticular symbiont layer. The
high quality metagenome-assembled genomes for all six species had an average size of 4.4 Mbp
and a GC content of 69.8%. The symbiont genomes encoded a variety of heterotrophic
metabolic pathways and expression analysis using metatranscriptomes and metaproteomes
indicated that they base their metabolism on the import and degradation of various oligo- and
polysaccharides. Enzymes to use both oxygen and nitrous oxide as terminal electron acceptors
in the respiration chain are expressed. We hypothesize that the newly discovered symbiont
family of Rhodospirillales extends the metabolic access of the hosts to organic substrates from

the environment such as sugars excreted from nearby seagrass meadows.

Keywords

Alphaproteobacteria, marine bacterial-animal symbiosis, gutless oligochaete, sugar degradation

Introduction

Nutritional animal-microbe symbioses have enabled animals to thrive in ecological niches that
would not be accessible without their bacterial partners. One striking example are marine
chemosynthetic symbioses in which bacteria fix carbon dioxide from the atmosphere driven by
chemical energy from the oxidation of inorganic molecules such as sulfur or methane!!!. First
detected in the deep sea, chemosynthetic symbioses are also abundant in oligotrophic shallow
water sediments in marine coastal regions. One of the most diverse and most widely distributed
chemosynthetic symbioses are annelids called ‘gutless oligochaetes’ from the genera Olavius
and Inanidrilus'®3!. More than 100 species are described from tropical and subtropical regions
and their prime habitats are connected to seagrass meadows and coral reef sediments'*. Gutless

oligochaetes have no digestive system and no excretory organs and instead rely on a consortium

50



Chapter 2 | Candidatus Saccharisymbium — a globally distributed symbiont

of diverse, yet specific bacteria to maintain their metabolism!> ®!. Their main chemosynthetic
symbiont is Candidatus Thiosymbion, a Gammaproteobacterium from the purple sulfur
bacteria, the Chromatiaceae!’l. These symbionts fix carbon dioxide based on energy derived
from oxidizing sulfur compounds!® °!. Since reduced sulfur compounds are scarce and need to
be replenished, the Gammaproteobacteria have been shown to engage in an internal sulfur cycle
with sulfate-reducing Deltaproteobacterial'®. These make up a large and diverse group of
secondary symbionts in several host species of gutless oligochaetes and have been studied in
detail for their metabolic function and role in the symbiosis®!!. Other secondary symbiont
clades have been detected on the 16S ribosomal RNA (rRNA) gene level, belonging to the

Gammaproteobacteria, Alphaproteobacteria and Spirochaetial® 1% 13

. However, only few
studies have described the role and function of these secondary symbionts based on genomic
data, and all of them have focused on the Gamma- and Deltaproteobacteria dominated
consortium of the host species Olavius algarvensis from the Mediterranean Sea.
Recent metagenomic studies on a large set of gutless oligochaete hosts showed that
Alphaproteobacteria are an abundant and even more diverse group of secondary symbionts than
the Deltaproteobacterial'*l. Several alphaproteobacterial symbionts can also serve as the only
additional symbiotic partner next to the main chemosynthetic Gammaproteobacterium but their
metabolism and function in the symbiosis remain elusive!®. Generally, Alphaproteobacteria are
a diverse and multifunctional clade of bacteria prone to engage in symbiosis with a wide range
of hosts from different animal phyla. The most prominent examples come from terrestrial
systems, e.g. Wolbachia that associate with almost all terrestrial arthropod clades or Candidatus

[15. 18] Marine examples are

Hodgkinia cicadicola that have the smallest described genome
manifold and have been described from several host phyla, including sponges, placozoans,

corals and flatworms!' 722,

Given the stable association of several alphaproteobacterial clades in globally abundant gutless
oligochaetes, we expect these clades to have beneficial traits and important roles in these
symbioses!!'*. One of the most prevalent alphaproteobacterial symbiont clades occurs in the
highly abundant and easily accessible Mediterranean host species Olavius ilvae!'*. Focusing
on this host species and a Caribbean host species, we here characterize this novel and globally
distributed family of Alphaproteobacteria with phylogenetic, light-microscopic and
physiological analyses. The symbiont belongs to the Rhodospirillales and resides in the
subcuticular layer, co-localizing with the main and other secondary symbionts. Based on

physiological reconstruction and expression analysis, the symbiont degrades various
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saccharides as its main metabolic function. For this reason, we propose the novel genus

Candidatus Saccharisymbium (from here on referred to as Saccharisymbium).

Methods and materials

Sample collection

Gutless oligochaete specimens were sampled in the years between 1991 and 2020 from globally
distributed sampling sites of shallow water sediments associated with seagrass meadows or
coral reefs in water depths ranging from 0.3 to 7 m. Detailed metadata is noted in Supplement

(141" For genomic, transcriptomic or

Table Sla-c and also described in a previous study
proteomic analysis, specimens were fixed in RNAlater (Thermo Fisher Scientific, Waltham,
MA, USA) and stored at -20 °C or 4 °C or flash frozen in liquid nitrogen until used. Specimens
used for fluorescence in situ hybridization were fixed in 4% paraformaldehyde (PFA) and

stored in methanol at -20 °C.

Short-read DNA/RNA extraction, sequencing, assembly and binning

DNA and RNA from individual specimens was obtained by homogenizing the samples with
bead beating or proteinase K digestion and extracted using the DNeasy Blood & Tissue Kit or
the AllPrep DNA/RNA/Protein Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. Metagenomic library preparation, quality control and sequencing was carried out
at the Max Planck Genome Centre (Cologne, Germany). Paired-end reads with 2x150 bp read
lengths were sequenced aiming for an average of 30 million reads per sample. Reads were

quality filtered and trimmed with bbduk.sh (BBtools, jgi.doe.gov/data-and-tools/bbtools/) and

error corrected with bayeshammer implemented in SPAdes!?* ?*l. Read quality was assessed
with FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/) before and after trimming.

Species identification based on 28S rRNA, mtCOI for the host and 16S rRNA genes for the

14.251_ Genome assembly

symbionts from short-read libraries was done as previously described!
was done with metaSPAdes and genomes binned with a multi-tool binning approach as
described by Mankowski et al.**!. The quality of metagenome-assembled genomes (MAGs)

such as completeness and contamination was assessed with checkM!2¢],

Long-read DNA extraction, sequencing, assembly and binning

Genomic DNA was extracted from one fresh Olavius ilvae specimen. High molecular weight
genomic DNA was isolated with the MagAttract HMW DNA Kit (Qiagen, Hilden, Germany).
Quality was assessed by the Agilent FEMTOpulse and DNA quantified by the Quantus dsDNA
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kit (Promega, Madison, USA). DNA was processed to obtain a PacBio Sequencing-compatible
library following the recommendations outlined in "Procedure & Checklist — Preparing HiFi
Libraries from Low DNA Input Using SMRTbell Express Template Prep Kit 2.0". Libraries
were sequenced on a Sequel II instrument at the Max-Planck Genome Centre with sequencing
chemistry 2.0, binding kit 2.0 on one 8M SMRT cell for 30 h applying continuous long read
(CLR) sequencing mode. The CLR reads were mapped using the most complete short read
MAG as reference (OilvSAN1). The mapped reads were then assembled using Flye (v 2.8)!?7],
The completeness of the assembly was assessed with QUAST and checkM!?% 281, MAGs were

visually inspected with Bandage (Supplement Figure S1)1,

Phylogenomic placement of symbionts

Phylogenetic placement of Saccharisymbium spp. was done based on full-length 16S rRNA
gene sequences and marker gene sets of available MAGs. A 16S rRNA gene tree was calculated
using a maximum likelihood approach and maximum likelihood ratio tests (mafft-xinsi,
IQ-TREE —m MFP —alrt 1000)P* 3! Reference sequences included were related hits to
Saccharisymbium spp. from NCBI’s environmental and type strain nucleotide collections

32.33] MAGs of Saccharisymbium spp. were placed

(nr/nt, env_nt) and relevant GTDB relatives
in the GTDB tree at version 1.5.0 with the R202 reference data using the GTDB-Tk software[*].
All trees were visualized and annotated with iTOL and final figures edited with Adobe

illustrator v25.03 (www.adobe.com/products/illustrator)®**. Average nucleotide identity (ANI)

values between the individual MAGs of the symbiont clade were calculated with the ANI/AAI-

Matrix Genome-based distance matrix calculator (http://enve-omics.ce.gatech.edu/g-

matrix/)1,

Gene expression analysis

We analyzed gene expression in three individuals each of the two host species Olavius ilvae
from Sant’Andrea, Elba, and Inanidrilus sp. ULE from Curlew Cay, Belize. Metagenomic and
total RNA metatranscriptomics libraries aiming at 30 million paired-end reads (2x150 bp) were

(23] We were able to

prepared for single specimens. MAGs were binned as described previously
obtain a high quality MAG of Saccharisymbium spp. from two host specimens of each species.
These MAGs were annotated with prokka (v1.14.5, --compliant) and the coding sequences
(CDS) were used as reference for mapping the corresponding transcriptomic reads with
bbmap.sh (v38.90, minid=0.99 t=32 trimq=20 qtrim=Ir untrim=t pairedonly=t pairlen=600

mintrimlength=100 32bit=t covstats=covstats.txt statsfile=statsfile.txt bamscript=bs.sh;
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sh bs.sh)*% 371, Expression patterns were evaluated focusing on genes that had an average or

median fold expression greater than 1.

Symbiont fractionation for proteome analysis

O. ilvae worms were collected from Sant’Andrea bay, Elba, Italy, homogenized in batches of
25-30 individuals, and fractionated via density centrifugation following a protocol adapted from
Hinzke et al.’*¥/. Specimen batches were placed in glass Duall homogenizers (tissue grind pestle
and tube SZ22, Kontes Glass company, Vineland, New Jersey) with 0.5 ml sterile artificial
seawater and homogenized by grinding. The homogenate was transferred to 2 ml screw cap
cryovial tubes and filled to a final volume of 1.5 ml with sterile artificial seawater. The samples
were centrifuged for 2 min at 4000x g at 4 °C and the supernatant was transferred to a new
cryovial (designated S1). The remaining pellet (P1) was resuspended in 1.5 ml sterile artificial
seawater. The centrifugation conditions were repeated on these two fractions (S1 & P1). The
supernatant from P1 was transferred into a new cryovial (S2) and the remaining pellet was
resuspended in sterile artificial seawater. The supernatant from S1 was transferred to a new
cryovial (S3) and the pellet was frozen at -80 °C. The centrifugation conditions were repeated
on fractions P1 and S2. The supernatant from S2 was transferred to a new cryovial (S4) and the
pellet was frozen at -80 °C. The supernatant from P1 was discarded and the pellet was frozen
at -80 °C. Fractions S3 and S4 were centrifuged for 7 min at 21,000x g at 4 °C. The supernatant
of S4 was discarded and the supernatant of S3 was transferred to a new cryovial (S5). All
cryovials were finally frozen at -80 °C for long term storage. From each batch, fractions P1 and
S3, representing the larger symbiont fraction and the smaller symbiont fraction, were selected

for protein extraction.

Protein extraction and peptide preparation

We extracted proteins from five specimens of the marine gutless oligochaete Olavius ilvae,
distinct from the samples used for genomic analysis. We conducted a tryptic protein digestion
following the filter-aided sample preparation (FASP) protocol, adapted from Wisniewski et al.,
2009, for all samples**. We added 60 uL SDT-lysis buffer (4%, w/v, SDS, 100 mM Tris-HCl
pH 7.6, 0.1 M DTT) and heated samples to 95 °C for 10 min. To minimize sample loss, we did
not do the 5 minutes centrifugation step at 21,000g as described in the original FASP
protocol®”). Instead, only a short spin down was conducted. Subsequently, we mixed the lysate
with 400 uL UA solution (8 M urea in 0.1 M Tris/HCI pH 8.5) in a 10 kDa MWCO 500 uL
centrifugal filter unit (VWR International) and centrifuged the mixture at 14,000g for 20 min.
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Next, we added 200 pL of UA solution and centrifugal filter spun again at 14,000g for 20 min.
Subsequently, we added 100 pL of IAA solution (0.05 M iodoacetamide in UA solution) and
incubated samples at 22 °C for 20 min in the dark. We removed the IAA solution by
centrifugation following three washing steps with 100 pL of UA solution. Subsequently, filters
were washed three times with 100 pL. of ABC buffer (50 mM ammonium bicarbonate). We
added 0.5 pg of Pierce MS grade trypsin (Thermo Fisher Scientific) in 40 uL of ABC buffer to
each filter. We incubated filters overnight in a wet chamber at 37 °C. The next day, we eluted
the peptides by centrifugation at 14,000g for 20 min followed by addition of 50 uL of 0.5 M
NaCl and another centrifugation step. Peptides were quantified using the Pierce MicroBCA Kit
(Thermo Fisher Scientific) following the instructions of the manufacturer. For the 2D-LC-
MS/MS analysis, we desalted the peptides with Sep-Pak C18 Plus Light Cartridges (Waters).
Acetonitrile from the peptide elution step was exchanged for 0.1% formic acid (v/v) using a
centrifugal vacuum concentrator. The desalting step was necessary to enable binding of

peptides to the SCX column during sample loading for the 2D-LC method.

1D-LC-MS/MS

All samples were analyzed by 1D-LC-MS/MS as described in Hinzke et al. 2019%. 1500 ng
of peptides were loaded in loading solvent A (2% acetonitrile, 0.05% trifluoroacetic acid) onto
a 300 pm i.d. x 5 mm trap cartridge column packed with Acclaim PepMap100 CI18, 5 pum,
100 A (Thermo Fisher, 160454) using an UltiMate 3000 RSLCnano Liquid Chromatograph
(Thermo Fisher Scientific). The trap was connected to a 75 pm x 75 cm analytical EASY-Spray
column packed with PepMap RSLC C18, 2 um material (Thermo Fisher Scientific), which was
heated to 60 °C via the integrated heating module. The analytical column was connected via an
Easy-Spray source to a Q Exactive HF-X Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific). Peptides were separated on the analytical column at a flow rate of
225 nl min! using a 460 min gradient. The gradient went from 98% buffer A (0.1% formic
acid) to 31% buffer B (0.1% formic acid, 80% acetonitrile) in 364 min, then from 31% to 50%
buffer B in 76 min and ending with 20 min at 99% buffer B. Eluting peptides were ionized via
electrospray ionization (ESI) and analyzed in Q Exactive HF-X. Full scans were acquired in the
Orbitrap at 60,000 resolution. The 15 most abundant precursor ions were selected in a data
dependent manner, isolated with the quadrupole with a 1.2 m/z isolation window size,
fragmented in the HCD cell with a NCE of 25, and measured in the Orbitrap at 7,500 resolution.
The mass (m/z) 445.12003 was used as lock mass as described in Olsen et al. 20051, Lock

mass use was set to ‘best’. Singly charged ions were excluded from MS/MS analysis. Dynamic
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exclusion was set to 30 s. On average 209,160 MS/MS spectra were acquired per sample with

the 460 min gradient.

2D-LC-MS/MS

For the 2D-LC-MS/MS runs, we used the same instrumentation as for the 1D run. We followed
the LC methods described in Hinzke et al. 2019 for the pH plug runs*”). We loaded 9000 ng of
peptide mixture with loading solvent B (10 mM phosphate buffer pH 3,20% ACN and 600 mM
NaCl) onto a 10 cm, 300 um Micro SCX LC column (Thermo Fisher Scientific) at a flow rate
of 300 pl min~!. The specific plumbing scheme used in the RSLCnano corresponded to the
standard set up recommended by the manufacturer for on-line 2D pH plug separations. During
loading, the C18 trap (see above) was in-line downstream of the SCX column to capture
peptides that did not bind to the SCX column (breakthrough). After loading, the CI18
pre-column was switched in-line with the 75 pm x 75 cm analytical column (same as for 1D)
and the breakthrough was separated using an 120 min*’!. Subsequently, elution of peptides
from the SCX to the C18 trap (same as for 1D-LC) took place by injection of 20 pl of 8 different
pH plugs with increasing pH (CTIBiphase buffers, Column Technology, Inc.) from the
autosampler. The C18 trap was then again switched in-line with the analytical column and
peptides separated with gradients of eluent A and B. Data acquisition in the mass spectrometer

was done as described by Mordant and Kleiner, 2021142,

Protein identification and quantification

We used a custom database which contained 1,362,363 protein sequences, including protein
sequences predicted from host transcriptomes, non-redundant host sequences from the closely
related species Olavius algarvensis and symbiont protein sequences predicted from
metagenome assembled genomes, as well as a cRAP protein sequence database
(http://www.thegpm.org/crap) of common laboratory contaminants. The database is available
from the PRIDE repository (see data availability). Searches of the MS/MS spectra against this
database were performed with the Sequest HT node in Proteome Discoverer version 2.2.0.388
(Thermo Fisher Scientific) as described in Jensen et al., 20214}, The following parameters
were used: trypsin (full), maximum two missed cleavages, 10 ppm precursor mass tolerance,
0.1 Da fragment mass tolerance and maximum of 3 equal dynamic modifications per peptide,
namely: oxidation on N (+ 15.995 Da), carbamidomethyl on C (+ 57.021 Da) and acetylation
on the protein N terminus (+ 42.011 Da). False discovery rates (FDRs) for peptide spectral

matches (PSMs) were calculated and filtered using the Percolator Node in Proteome
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Discoverer. Percolator was run with a maximum delta Cn 0.05, a strict target FDR of 0.01, a
relaxed target FDR of 0.05 and validation based on g-value. The Protein FDR Validator Node
in Proteome Discoverer was used to calculate g-values for inferred proteins based on the results
from a search against a target-decoy database. Proteins with a g-value of <0.01 were categorized
as high-confidence identifications and proteins with a g-value of 0.01-0.05 were categorized as
medium-confidence identifications. Search results for all samples were combined into a
multiconsensus report in Proteome Discoverer and only proteins identified with medium or high
confidence were retained, resulting in an overall protein-level FDR of 5%. For protein
quantification, normalized spectral abundance factors (NSAFs) were calculated per species and
multiplied by 100, to give the relative protein abundance in %!*4. The mass spectrometry
metaproteomics data and protein sequence database have been deposited to the
ProteomeXchange Consortium via the PRIDE (Vizcaino et al. 2016) partner repository with

the dataset identifier XXX (access for reviewers: Username: Password: ).

Metabolic reconstruction and COG profiling

We analyzed the metabolic potential of Saccharisymbium spp. with a focus on O. ilvae
specimens from Sant’Andrea, Elba, and I. sp. ULE specimen from Curlew Cay, Belize, that
were used for transcriptomic and proteomic analysis as described above (libraries 4515 G-L,
4514 G-L, 4410). The genomes were functionally annotated with the automated tools prokka
and RAST and both annotations from the five samples were considered” ** 461 Effector
proteins and secretion systems were predicted using effectiveDB!*7]. Hypothetical proteins with
high expression values were manually annotated with a combination of psi-blast, nt-blast and

hmmscan against the Pfam database (www.ebi.ac.uk/Tools/hmmer/search/hmmscan)? 481,

Transcriptomic and proteomic expression was considered based on presence-absence for the
metabolic cell overview (Figure 6). Pathway Tools and MetaCyc were used to reconstruct
metabolic pathways and compare the five MAGs used for metabolic reconstruction 4% 50,

Figure 6 was constructed in Adobe illustrator v25.3 (www.adobe.com/products/illustrator).

All 19 available Saccharisymbium spp. MAGs for annotated for their clusters of orthologous
genes (COG) categories that represent larger functional classifications®!!. We used eggNOG-
mapper v2.1.6 with diamond as protein aligner to obtain COG profiles of Saccharisymbium
spp., its relatives from GTDB taxonomy and representatives of 149 alphaproteobacterial
families® . To obtain alphaproteobacterial family representatives, the bacterial tree

bac120 r86.2 was downloaded from the GTDB database (gtdb.ecogenomic.org/downloads)
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and trimmed to the Alphaproteobacteria and Magnetococcia outgroup in iTOLP4. Branch
lengths for each leaf were extracted with Newick utils (nw_distance), the average branch length
was calculated for each family, and for each family the genome that was closest to the average
branch length was chosen for further phylogenomic analyses (genomes listed in

zenodo.org/record/6514058)%). Genomic investment in different metabolic categories was

quantified and plotted with bar-charts, non-metric multidimensional scaling (NMDS) and
principal component analysis (PCA) calculated in RStudio (RStudio v1.4.1106, R v4.0.4) using
a variety of packages (Supplement Table S2).

Estimation of global distribution and abundance

We used the integrated microbial NGS platform to assess the global distribution of related
sequences from public sequence read archives (SRAs) to the 16S rRNA gene sequence of
Saccharisymbium spp. (IMNGS, similarity threshold at 99% and 97%, Min size 200,

www.imngs.org/)*”). We reduced the dataset of all seven available full-length 16S rRNA genes

longer than 1000 bp with less than 20 Ns of Saccharisymbium spp. by using three centroids
(OilvsSAN2, 4148 4829 B and 4148 4829 P) clustered with VSEARCH v2.6.2
(--cluster fast, --id 0.99, --centroids)!*8]. Metadata to SRAs with hits were downloaded from
NCBI with Batch Entrez and location data plotted in R (RStudio v1.4.1106, R v4.0.4) using a
variety of packages (Supplement Table S2).

Fluorescence in situ hybridization

We used fluorescence in situ hybridization (FISH) to localize Saccharisymbium spp. inside the
body of the host species O. ilvae from Sant’Andrea on Elba, Italy. The ARB software Design
Probes function was used to design specific double-labelled FISH probes that match the
symbionts’ 16S rRNA genel*”). The database used was SSU Ref NR 99. The probes were tested
in silico for self-dimer, hetero-dimer and hairpin binding with the OligoAnalyzer Tool
(eu.idtdna.com/pages/tools/oligoanalyzer). The two best probes 5'- GCC TGA CTG ACC GTT
CCG -3' and 5'- TAG ATC GGC AGT ATC AAG CG -3' with Atto 550 5'-end and 3'-end

modification were purchased at biomers.net (Ulm, Germany,

www.biomers.net/en/index.html?lang=en). All probes used in this study are listed in

Supplement Table S3. Whole worms of O. ilvae were fixed in 4% paraformaldehyde for 4 h
and stored in methanol at -20 °C. Prior to FISH, samples were stepwise rehydrated in phosphate
buffered saline with Tween20 (20%, 1:25 v:v, PTw). To increase probe accessibility, a

digestion step with proteinase K (0.05 mgml! at 37 °C for 5 min) stopped with glycine
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(2 mg ml'") and re-fixation with 4% PFA for 1 h at room temperature followed. FISH was
conducted slightly modified after the standard protocol described by Manz et al.!®”. We used a
formamide (FA) concentration of 30%, hybridized in an over-night step with 8.4 pmol pl! of
oligonucleotide probes and used extended steps for washing (see Supplement Section 5 for the
whole protocol). Nucleic acid in the samples was counter-stained with DAPI. Epifluorescence
images were acquired on a Zeiss LSM 780 (Carl Zeiss, Jena, Germany) using the ZEN software

(v2.3 blue edition, www.zeiss.de/mikroskopie/produkte/mikroskopsoftware/zen.html), and

final figures edited with Fiji (Image] v1.53f51) with the bioformats plugin
(github.com/ome/bioformats) and Adobe illustrator v25.3

(www.adobe.com/products/ illustrator)[“].

Results and discussion

Candidatus Saccharisymbium — a novel genus of Rhodospirillales associated with gutless

marine worms

A novel cluster of alphaproteobacterial phylotypes identified during the investigation of 233
gutless oligochaete individuals from globally distributed sampling sites represent a novel family
in the order Rhodospirillales and lack close relatives with known function!'¥l. The seven high-
quality sequences of the total of 21 sequences (>1000 bp, <20 N) had a similarity of 97.7-
99.5%. The phylotypes of this cluster occurred in seven distinct host species sampled at eight
spots from the Mediterranean Sea, the Atlantic, Pacific and Indian Ocean (Figure 1, Table 1,
metadata in Supplement Table S1). Phylogenetic placement based on full-length 16S rRNA
gene sequences and maximum likelihood approaches place the 21 phylotypes from previous
studies and five phylotypes obtained in this study as a novel symbiont-only genus and the first
representatives of a novel family within the order of Rhodospirillales (Figure 2, see Data
availability for trees shared in iTOL)!'¥. Phylotypes of the newly proposed genus of
Saccharisymbium spp. form two separate clades of which one contains the Caribbean and
Japanese samples from the Pacific and Atlantic Ocean (for genus description see Supplement
Section 2). The other clade contains samples from the Australian coast in the Indian Ocean and
from the Mediterranean Sea. Closest relatives to Saccharisymbium spp. available from NCBI
are an uncultured bacterial fosmid library clone from the Mediterranean Sea (EU686599) with
a sequence similarity of 91.4-92.5% to Saccharisymbium spp. phylotypes and an uncultured
bacterial clone from the Mediterranean Medea hypersaline anoxic basin (JF809761) with

92.6-93.3% sequence similarity (Figure 1 and 2). These two samples share a 16S rRNA gene
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Figure 1: Six Candidatus Saccharisymbium spp. are globally distributed based on sampling sites
and related sequences from public databases.

The map shows sampling sites and host species of the Saccharisymbium species sampled in this study
(colored dots) along with the sampling sites of close relatives from 16S rRNA (black dots) and GTDB
phylogeny (grey dots) presented in Figure 2 and 3. Furthermore, sequence read archive (SRA) hits
with a similarity of >99% (dark green) and >97% (light green) to representative full-length 16S rRNA
sequences of Saccharisymbium spp. (centroid of 99% similarity, n=3) are plotted (triangles).
sequence similarity of 94.5% and likely represent members of a distinct genus within the same,
yet undescribed, family of Rhodospirillales as Saccharisymbium spp. The taxonomy for the
order Rhodospirillales is still under debate and current polyphyletic structuring needs to be
resolved!®?l. The sister-family to Saccharisymbium spp. contains a large variety of sequences
from uncultured bacteria. Together with these, Saccharisymbium spp. form the sister-clade to
the core Rhodospirillales as described by Hordt et al.[®*!. Saccharisymbium spp. and core
Rhodospirillales form the sister clade to Rhodovibrionaceae and Kiloniellaceae. Based on
16S rRNA gene phylogeny, all symbionts in this cluster form a novel genus level clade. Its
remote phylogenetic position compared to all members of described families suggest a novel

family level clade at the base of core Rhodospirillales, despite low divergence rates on the 16S

rRNA gene level.

Phylogenetic placement based on genomic marker sets from the Genome Taxonomy Database
(GTDB) analyzed with GTDB-Tk supports clustering of Saccharisymbium spp. as a novel
family branching as sister taxon to the Rhodovibrionaceae and Kiloniellaceae (Figure 3, see

Data availability for trees shared in iTOL). Based on GTDB taxonomy, these form the order of
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Figure 2: Based on the 16S rRNA gene, 21 Saccharisymbium phylotypes form a novel genus and
family level clade and belongs to the sister clade to core Rhodospirillales's?!,

Colored backgrounds correspond to sampling sites and host species in Figure 1 and symbiont species
in Figure 3. Numbers at tree nodes represent bootstrap support values calculated using -aLRT in
IQ-TREE. Selected Deltaproteobacteria were used as an outgroup (Supplement Section 3). The tree
scale represents the average number of substitutions per site.

Kiloniellales instead of being part of the Rhodospirillales. Nevertheless, the overall position of
Saccharisymbium spp. is congruent based on 16S rRNA gene and GTDB taxonomy. The GTDB
reference includes uncharacterized MAGs from Tara Ocean and other sampling campaigns that
cluster with Saccharisymbium spp. These samples were collected in the South Pacific and
Atlantic, the Caribbean, the Mediterranean and the Red Sea (Figure 1). The related MAGs have

an average nucleotide identity (ANI) of 75% or less to Saccharisymbium spp. and are thus

distinct bacterial species, also compared to each other (Supplement Figure S2)!®]. Based on
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ANI values, the MAGs from gutless oligochaetes represent five distinct species of
Saccharisymbium that cluster by location and are host species specific. However, the MAGs of
two of individual hosts recovered from neighboring islands of the Bahamas that are all hosted
by individuals of O. finitimus had an ANI value of 88%. As this is below the common species
cutoff of 95%, we propose six novel species within the genus of Saccharisymbium as listed in
Table 1 (for species description see Supplement Section 2). Overall, our recovered MAGS share
a minimum ANI of 84%. Earlier studies have shown that ANI values tend to be clearly
separated and bacteria share either >95% ANI if they belong to the same species or <83% when
they belong to distinct species!®l. Our observed range of ANI values of 84-92% between

different symbiont species might point to a short separation time in the genus Saccharisymbium.

Table 1: Six Candidatus Saccharisymbium spp. occur in seven gutless oligochaete host species
from eight globally distributed sampling sites.

The table lists gutless oligochaete host species, which Saccharisymbium species they host, and their
sampling locations as represented in Figure 1. Quality statistics (completeness and contamination
based on checkM) for the best MAG per proposed Saccharisymbium species are stated. Species
descriptions are provided in Supplement Section 2.

Host species Proposed species Sampling site Best

Candidatus Spot, region MAG

Saccharisymbium Compl.

Cont.

Olavius prodigus australicum Rottnest Island, Australia 98.71%
1.12%

Olavius sp. bahamense Normans Pond Key, 99.57%
nrtenuissimus Bahamas 0.65%

Olavius sp. Normans Pond Key, 98.70%
nralgarvensis Bahamas 1.30%

Olavius finitimus Lee Stocking Island, 99.57%
Bahamas 0.65%

Olavius finitimus aequebahamense Normans Pond Key, 99.57%
Bahamas 0.43%

Inanidrilus sp. ULE belizense Curlew Cay, Belize 99.57%
0.43%

Olavius ilvae mediterraneum Elba, Italy 98.51%
0.00%

Pianosa, Italy 99.13%
0.43%
Cap Fleuri, France 99.0%
0.00%

Olavius sp. okinawa2 | okinawense Okinawa, Japan 85,57%
0.76%
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'4410 Alpha? Oilv flye-2.7";Oilvae;Mediterranean;Europe; Italy;Elba;SantAndrea
'4515 |.maxbin.bin6";Oilvae;Mediterranean;Europe;taly;Elba;SantAndrea

Figure 3: Based on phylogenomic analysis using GTDB-tk, 19 Saccharisymbium phylotypes
form a novel genus and family level clade and belong to the sister clade to core

Rhodospirillales

[62]

Colored backgrounds correspond to sampling sites and host species in Figure 1 and samples in
Figure 2. The tree scale represents the average number of substitutions per site. The default outgroup
of the GTDB-tk de novo workflow was used to root the tree.
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Saccharisymbium spp. thrive on sugars under oxic and anoxic conditions

We were able to generate high-quality metagenome-assembled genomes (MAGs) for
Saccharisymbium spp. from seven of the eight host species that contained symbiont 16S rRNA
genes, and a medium-quality draft for the symbionts of O. sp. from Okinawa. Of the high-
quality MAGs of Saccharisymbium spp. 13 had a genome size of 4.19-4.63 Mbp and a GC
content of 68.25-70.08%. Exceptions were one MAG from O. sp. nrtenuissimus and one MAG
from 1. sp. ULE that had a larger size of 5.2 Mbp and a GC content of 65%. The high-quality
MAGs had a completeness above 98.26% and a contamination less than 1.2% except one case
at 4.49% (extended information in Supplement Table S4a). Coding densities assigned with
checkM were at 88.8-92.1%. We used COG categories to identify to which major metabolic
functions Saccharisymbium spp. invest their genome space. We compared the 19 MAGs of
Saccharisymbium spp. to its nine relatives from the GTDB taxonomy sister-clade and to 149
representatives of most alphaproteobacterial families (Figure 4, Supplement Figure S3). NMDS
analysis showed that Saccharisymbium spp. have an ordinary metabolic profile compared to
other Rhodospirillales and Alphaproteobacteria in general as they cluster within all family

representatives (Figure 4). However, Rhodospirillales are a versatile order that encompasses
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Figure 4: Based on relative abundances of COG categories, Saccharisymbium spp. functional
profiles cluster within diverse Rhodospirillales and are distinct from GTDB next relatives.

A: Non-metric dimensional scaling (NMDS) of the functional profiles based on relative abundance of
COG categories in the genomes of Saccharisymbium species (purple), relatives from GTDB (green),
Rhodospirillales (dark grey) and representatives of alphaproteobacterial families (light grey).

B: Principal component analysis with driving COG categories of the same dataset as A.
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bacteria with diverse metabolisms. We observed that NMDS analyses put the long-read MAG
of sample 4410 in a position slightly apart from its related short-read MAGs. A reason for this
might be the inclusion of the short contigs that potentially belong to other symbionts as also
indicated in the GC average and skew in the circular genome representation (Figure 5). Caution
must be taken when analyzing the metabolism of Saccharisymbium spp. based on the long-read
MAG, especially the short contigs. We identified COG categories G and P to drive the position
and clustering of Saccharisymbium spp. compared to other Alphaproteobacteria. These
categories comprise genes for carbohydrate metabolism and transport (COG G) and inorganic

ion transport and metabolism (COG P). Besides COGs with unknown function (COG S), amino
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Figure 5: Circular genome representation of the S. mediterraneum long-read metagenome-
assembled genome.

Circles from outside to inside represent base pairs, coding sequences (CDS) on the forward and on the
reverse strand in grey, ribosomal 5S, 16S and 23S rRNA gene sequences in black, tRNAs in blue,
contigs in purple, deviation from average GC content and GC skew in blue (positive) and purple
(negative). Position 1 starts at contig 1.
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acid metabolism and transport (COG E), carbohydrate metabolism and transport (COG G) and
energy production, and conversion (COG C) are the COG categories where Saccharisymbium
spp. invest most genome space. Compared to GTDB relatives, Saccharisymbium spp. invest
especially in signal transduction (COG T), cell motility (COG N) and carbohydrate metabolism
and transport (COG G; Supplement Figure S3). We went on to study the metabolism of

Saccharisymbium spp. in more detail.

We investigated the genomic potential and metabolic gene expression of S. mediterraneum and
S. belizense MAGs to study their role and function in the symbiosis (libraries 4515 and 4410).
We identified metabolic pathways of relevance based on transcriptomic and proteomic

expression data (detailed lists provided at zenodo.org/record/6514798). Main pathways of the

potential cell metabolism and expressed pathways are depicted in Figure 6. Overall,
Saccharisymbium spp. MAGs investigated in detail were 4.3-5.2 Mbp in size, encoded for
4127-4447 protein coding genes and 357-362 pathways according to Pathway tools. Ribosomal
RNA was present in all samples and also tRNAs and reactions charging all essential amino

acids. Our transcriptomic data covered 9-25% of the encoded genes, proteome data up to 2.3%.

Saccharisymbium spp. are likely heterotrophs living off saccharides and derivatives under oxic
and anoxic conditions (Figure 6). As COG category investigation indicated, the symbionts
focus their metabolism around sugar degradation. Both metagenomic potential and expression
data points towards an import of sugars and sugar acids, degradation via glycolysis and
complete oxidation of acetyl-CoA unit into the citric acid cycle (tricarboxylic acid cycle, TCA),
the base for anabolism and energy conservation. Sugar importers and degradation pathways
annotated in the genome are manifold and range from sugars such as sucrose, trehalose, xylose,
galactose and lactose over sugar alcohols such as xylitol and myo-inositol to sugar acids. The
genetic potential indicates that carbohydrates can be degraded via glycolysis, the pentose
phosphate pathway for 5C-substrates and pathways specific to the substrates and products are
channeled to the TCA cycle. Furthermore, carboxylates can be degraded and products fueled
into the TCA cycle. We detected genes for both oxic and anoxic conditions expressed in the
transcriptomes and proteomes. The ability to respire with both oxygen and nitrous oxide as
terminal electron acceptors would render the symbionts independent of the environmental
conditions generation of ATP. We were surprised to detect not only structural components for
the typical F-type ATP synthase but also a V-type ATP synthases. The latter might play a role

in controlling acidification of compartments in or around the cells.
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Figure 6: Saccharisymbium spp. expressed heterotrophic saccharide degradation in both oxic
and anoxic conditions.

The reconstructed metabolism and cellular overview is based on metagenome-assembled genomes and
their annotation with Prokka and RAST from the two host species Olavius ilvae from Sant’ Andrea on
Elba, Italy and Inanidrilus sp. ULE from Curlew Cay, Belize. Metabolic functions with expression
evidence from transcriptomic and proteomic data are highlighted in black, and additional genomic
potential is stated in grey. ROS: reactive oxygen species; TCA: tricarboxylic acid cycle; NAD:
nicotinamide adenine dinucleotide; ATP: adenosine triphosphate; Q: quinone.

We found that Saccharisymbium spp. are genetically capable of decomposing plant derived
substrates and express relevant enzymes. One-carbon compound metabolism in
Saccharisymbium spp. includes carbon monoxide oxidation to CO> under aerobic conditions,
which could come from degrading seagrass meadows in the vicinity of the worms!®Y. We found
degradation pathways for aromatic compounds such as catechol and protocatechuate encoded
in the genome of Saccharisymbium spp. We could identify expression of subunits of key

enzymes for aerobic and anaerobic aromatic compound degradation pathways in the

transcriptome data. Among the expressed genes for aromatic compound degradation were
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enzymes for toluene degradation. Together with the degradation of saccharides that could be
available from surrounding seagrass meadows, we hypothesize that the symbionts might be able
to scavenge plant derived substrates from the environment and use these as external resources
to broaden the substrate spectrum of the worm!®l. To proof that external carbohydrates can be
degraded and are used as carbon source, isotope fingerprints of the bacterial proteins in

comparison to host and environment fingerprints would be needed.

Saccharisymbium spp. code for denitrification and are genetically able to reduce nitrate to
nitrite and nitric oxide to nitrous oxide. Nitrous oxide may be further used as terminal electron
acceptor for respiration to dinitrogen. Saccharisymbium spp. can take up ammonium via
glutamate, and glutamine synthesis from glutamate. A urea cycle points towards the necessity
of nitrogen waste excretion indicating that nitrogen compounds are not limited for the
symbionts. Saccharisymbium spp. encode a variety of genes for sulfur compound metabolism.
These include genes for sulfite oxidation to sulfate (soeABC), elemental sulfur reduction and
most likely assimilatory sulfate reduction and hydrogen sulfide formation. We could not detect
genes for sulfur metabolism highly expressed in both transcriptome and proteome and their role
for Saccharisymbium spp. metabolism needs further investigation. We detected reactive oxygen
species degradation proteins highly expressed from Saccharisymbium spp. genomes and
conclude that the symbionts are under constant oxygen stress. Rubrerythrin was among the most
highly expressed proteins in the transcriptome. It is a cytoplasmic protein typical for anaerobic
sulfate-reducing bacteria providing oxidative stress protection via catalytic reduction of

intracellular hydrogen peroxide.

Saccharisymbium spp. seem to use cell surface structures based on saccharides as the medium
of choice to communicate with their hosts. The genomes of the investigated MAGs did not
contain any evidence for secretion systems. Instead, genes for extracellular lipopolysaccharide
and polysaccharide formation such as M-antigens are encoded in the genome and also
expressed. Highly expressed hypothetical proteins contain domains typical for eukaryotic
protocadherin like proteins. These are usually involved in cell adhesion in neurological
contexts. Hence, Saccharisymbium spp. seem to be equipped with several cell surface tools to

interact with or evade detection by the host.

Overall, Saccharisymbium spp. seem to encode a rather self-sufficient metabolism. The bacteria
can synthesize and degrade peptidoglycan as a structural component for their cell walls.

Saturated and unsaturated fatty acids and oleates can be synthesized and degraded. All essential
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amino acids can be converted or synthesized de novo and degraded. Saccharisymbium can
produce and degrade a variety of storage products. Among these are glycogen and glycan,
trehalose, glycine betaine, polyhydroxyalkanoic acid and polyphosphates. Multiple vitamins
such as thiamine and folic acid can be salvaged or synthesized. Notably, multiple copies of B12
import binding proteins are encoded. Another indication for a recent uptake as symbiont or a
potential host-independent lifestyle are the multiple encoded genes for flagellum formation.
Cultivation attempts informed by the metabolic potential could show whether

Saccharisymbium spp. can thrive independent of and outside a hosts.
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Figure 7: S. mediterraneum resides in the subcuticular symbiont layer based on 16S rRNA
specific fluorescence in situ hybridization.

Specimens of O. ilvae from Elba, Italy were hybridized with a Saccharisymbium spp. specific probe
(GOALF7-568, yellow), an alphaproteobacterial general probe (ALF968, magenta) and a non-binding
probe (nonEUB, green). DNA was counterstained with DAPI (cyan). The colored image shows the
overlay with probes colored as stated in brackets. White arrows point to S. mediterraneum cells. h —
host cell, nc — host nuclei. Scale bar: 10 um. For additional FISH images see Supplement Section 5.

S. mediterraneum inhabits the subcuticular symbiont layer throughout the host’s body

To determine the distribution of Saccharisymbium spp. inside whole host individuals, we
analyzed specimens of O. ilvae from Elba, Italy, using fluorescence in situ hybridization (FISH)
with double-labelled oligonucleotide probes specific to the bacterial 16S rRNA gene (Figure 7,
Supplement Figure S4-5). S. mediterraneum signals were located in the subcuticular symbiont
layer throughout the worms’ body. They co-localized with the main gammaproteobacterial
symbionts in the trunk region of the worms but were also present and co-localizing with

secondary gamma- and deltaproteobacterial symbionts in the head of the worms/®.
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S. mediterraneum signals were of coccoid shape with a signal diameter of 757 + 82 nm (n=31).
S. mediterraneum seems to be more abundant towards the cuticle but was also detected in
regions more closely to the base of the epidermal host cells. Proteome expression data indicates
that S. mediterraneum has a much lower biomass compared to the main
Gammaproteobacterium. This is likely caused by both its smaller size and lower abundance.
Similar to the prevalence of Saccharisymbium spp. in metagenomic datasets, we could detect
S. mediterraneum in roughly half of the Olavius ilvae specimens that we hybridized. We expect
that our findings for S. mediterraneum also apply to Saccharisymbium spp. from other sampling

locations and host species but investigation on respective samples would be necessary for proof.

A globally distributed genus with local and host specific species

We collected gutless oligochaete species hosting Saccharisymbium spp. at globally distributed,
tropical and sub-tropical sampling sites in coastal regions of all major oceans. Location data of
related bacteria from 16S rRNA and GTDB phylogeny analyses points to a similar global
distribution of these samples (Figure 1). In contrast to the gutless oligochaete samples from
sediments, potentially free-living relatives from the database were collected from open ocean
water bodies, hydrothermal vents, associated to sponges and even from alpine spring ground
water (Supplement Table S5). The species and genus of Saccharisymbium spp. appear to be
specific to gutless oligochaete. The family and next relatives were mainly collected in the ocean
but might not be restricted to marine or saline environments in general. To further investigate
the potential distribution of Saccharisymbium spp. relatives, we analyzed the global occurrence
of 16S rRNA sequences related to Saccharisymbium spp. in publicly available sequence read
archives (SRAs). Using the IMNGS platform, we screened 500048 SRAs against the three 99%
similarity centroid of the high quality Saccharisymbium 16S rRNA sequences (SRA hit lists
provided at zenodo.org/record/6514783). We detected SRA hits with at least 99% similarity in
2, 12 and 10 of the SRAs and hits with at least 97% similarity in 32, 55 and 54 of the SRAs.

Samples for which geographic data was available are mapped in Figure 1. All SRAs with hits
were sampled at marine and freshwater aquatic locations, in sediments or soil or connected to
corals. Hits to Saccharisymbium spp. made up at maximum 0.09% of the total reads per SRA
at 99% similarity and 0.98% of the reads at 97% similarity. SRAs with highest read abundances
were sampled at the Bahamas (SRR3185594) in an investigation of the formation of ooids,
sedimentary grains, and in ballast sediment (SRR6081896) of unknown origin, which was
studied for its microbial community. We conclude that bacterial species related to

Saccharisymbium spp. might not exclusively be gutless oligochaete symbionts as they are
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globally distributed in tropical and subtropical marine samples, but have also been detected in
freshwater aquatic systems and soil samples. However, Saccharisymbium spp. related hits had
low abundances throughout all positive SRAs and do not seem to be a dominant community

member in any of the sampled environments.

Despite the symbionts being location- and hence host-specific, co-evolution of the symbionts
with their hosts from one uptake event is unlikely, since host and symbiont phylogenetic
patterns are not congruent. We observed that not all host specimen of the individual species
have Saccharisymbium spp. as symbionts and also not all host species sampled at the specific
sampling sites (Supplement Table S1)!'*1. More samples would be necessary to estimate the
prevalence of Saccharisymbium spp. per host species and sampling sites. We conclude that
Saccharisymbium spp. might play a beneficial role for the host species but is unlikely an

obligate member of the associations.

Concluding discussion

This study describes a novel family of Alphaproteobacteria in the order of Rhodospirillales.
This novel family is a symbiont-exclusive clade of six distinct and gutless oligochaete specific
species. Only the use of untargeted metagenomics approaches enabled the detection of this
symbiont clade!'¥. Phylotypes of this clade have been overlooked even in the host species
O. ilvae that has been focus of 16S rRNA gene-based symbiont community studies in the past
decades!®. We found species of the proposed genus of Candidatus Saccharisymbium at
globally distributed sampling sites. Most symbiont species appear host and location specific
because host species are often only recovered from one sampling location. In one case, one host
species has been sampled from two locations and this species hosts two distinct symbionts that
appear to be location specific. However, a 100% identical MAG to one of these symbiont
species has been identified from another host species at a close but distinct sampling site.
Overall, it is currently not possible to disentangle whether specificity to their host species or

sampling locations drive distribution patterns.

Saccharisymbium spp. focus their metabolism on the import and degradation of carbohydrates
and are able to respire under oxic and anoxic conditions. The genomic potential indicates that
Saccharisymbium spp. are able to degrade aromatic compounds. Taken together, we
hypothesize that the symbionts are able to make use of compounds potentially available from

plant material of seagrass meadows in the vicinity of the worms’ habitats. Seagrass meadows
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in the Mediterranean Sea and the Caribbean have been shown to be a source of high amounts
of sucrose and other carbohydrates such as trehalose and glucose in lower amounts!®*, One
hypothesis why these carbohydrates are available in high abundances is that bacteria are
hindered to degrade these under anaerobic conditions by the presence of phenolic compounds.
Saccharisymbium spp. might make use of the carbohydrates since they seem able to degrade
aromatic compounds including phenolics also under anaerobic conditions. The
heterotrophically acquired energy and carbon compounds could serve as an additional source
for the whole symbiotic community and might enable the worms to inhabit a broader array of
microniches. The alphaproteobacterial symbionts seem able to incorporate worm waste
products such as carboxylates into their heterotrophic metabolism and thus might provide
redundancy to the secondary Deltaproteobacteria in terms of waste product management.
However, further investigation on the relevance of carbon sources from the environment or the

host are necessary.

We were surprised that most Saccharisymbium species do not seem to be an obligate symbiont
and present in all individuals of their respective gutless oligochaete host species. Notably,
O. prodigus was the only species were all samples hosted Saccharisymbium spp. O. prodigus
has a simple symbiont community with S. australicum as the only secondary symbiont in
addition to the main Gammaproteobacterium, which might make it essential for its host!'l.
Given that all other Saccharisymbium species manage to colonize host species around the globe,
they likely have little negative impact but rather a commensal or even beneficial contribution

to the symbiosis.

The metabolisms of S. mediterraneum and S. belizense as representatives for the genus appear
rather self-sufficient and seem to encode a de novo synthesis of relevant cell compounds such
as amino acids, vitamins and cell structural components. S. mediterraneum and S. belizense
code for a variety of heterotrophic metabolic pathways to sustain a living and are able to run
their own ATP synthase coupled with a functional respiration chain in oxic and anoxic
conditions. Given the broad metabolic capabilities and the presence of genes for flagella
formation, we expect free-living close relatives of Saccharisymbium spp. to exist. Results from
sequence read archive searches indicate that close relatives of Saccharisymbium spp. are
present in marine sediments and are associated with corals (SRR3145910) and Euprymna
bobtail squids (ERR1777341). We can, however, not exclude that the related hits from marine

sediment samples stem from invertebrate hosts.
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Distribution patterns suggest that O. ilvae from Elba co-occur with O. algarvensis in similar
but not identical niches, as O. algarvensis dominates sites on Elba but does not occur in the
neighboring island Pianosa where O. ilvae is abundant® ¥, Both hosts have a similar set of
symbionts except for the S. mediterraneum that is only present in O. ilvae and a Spirochaetia
species that is only present in O. algarvensis. The exclusive pattern of Saccharisymbium spp.
and the Spirochaetia in the two host species suggest a decisive role for these two symbiont
groups in host niche realization. Such a niche differentiation might also be supported by the
fact that of the six host species of Saccharisymbium only one also hosts the more widely

distributed Spirochaetia symbiont.

Overall, our study provides insights in a widely distributed symbiont clade that has been
overlooked in the past and that extends a chemoautotrophic symbiosis with heterotrophic
capabilities. Saccharisymbium illustrates the important role secondary symbionts can have in

the ecophysiology of similar co-occurring host species from the same animal clade.

Data and code availability

Raw metagenomic sequences, symbiont marker genes and symbiont MAGs generated in this
study will be deposited in the European Nucleotide Archive (ENA) upon peer-review

submission and are currently available upon request.

The scripts that were used for data visualization concerning mapping and COG profiling are

available at github.com/TinaEnd/Alpha7_ Saccharisymbium.

Phylogenetic 16S rRNA gene and MAG based trees are available in project

Alpha7 Saccharisymbium at itol.embl.de/shared/tenders.
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Table 1a-e: Overview of samples and metadata used in this study (pages 78 and 79).

Library | Host species Ocean | Country/Region | Island/City | Bay/Spot | Organic input
a) short-read metagenome samples
3557_AD IspULE Atlantic Belize CurlewCay corals
3557_BK IspULE Atlantic Belize CurlewCay
3557 _BL IspULE Atlantic Belize CurlewCay
4148_4289 CG Ofinitimus Atlantic Bahamas LittleDarbylsland seagrass_detritus
4148_4289 CH Ofinitimus Atlantic Bahamas LittleDarbylsland seagrass_detritus
3557_AL Ofinitimus Atlantic Belize TwinCays seagrass
4148_4289 P Ofinitimus Atlantic Bahamas NormansPondKey | Bayl
4148_4289 X Ofinitimus Atlantic Bahamas LeeStockinglsland
3557_CF Oilvae Mediterranean | ltaly Elba Pomonte seagrass
3557_CJ Oilvae Mediterranean | Italy Elba Pomonte seagrass
3557_CK Oilvae Mediterranean | ltaly Elba Pomonte seagrass
3557_CL Oilvae Mediterranean | Italy Elba Seccheto seagrass
3557_CN Oilvae Mediterranean | ltaly Elba Pomonte seagrass
3557_CP Oilvae Mediterranean | France CapFleuri seagrass_detritus
3557_CQ Oilvae Mediterranean | France CapFleuri seagrass_detritus
3557_CG Oilvae Mediterranean | ltaly Elba Pomonte seagrass
3557_CO Oilvae Mediterranean | Italy Elba Pomonte seagrass
3557_CM Oilvae Mediterranean | ltaly Elba Seccheto seagrass
OilvPIAl Oilvae Mediterranean | Italy Pianosa
OilvPIA2 Oilvae Mediterranean | Italy Pianosa
OilvSAN1 Oilvae Mediterranean | Italy Elba SantAndrea | seagrass
OilvSAN2 Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
4148_4289 _Q Onralgarvensis Atlantic Bahamas NormansPondKey | Bayl
4148_4289 T Onrtenuissimus | Atlantic Bahamas NormansPondKey | PatchReef
4148_4289 B Oprodigus Indian WesternAustralia | Rottnestlsland SalmonBay
4148_4289 Y Oprodigus Indian WesternAustralia | Rottnestlsland SalmonBay
3630_D Ospokinawa?2 Pacific Japan Okinawa Tancha seagrass_corals
3630_F Ospokinawa?2 Pacific Japan Okinawa Yakata seagrass_corals
3630_A Ospokinawa?2 Pacific Japan Okinawa KinBay detritus
3630_B Ospokinawa2 Pacific Japan Okinawa KinBay detritus
3630_E Ospokinawa2 Pacific Japan Okinawa Yakata seagrass_corals
4515_G Oilvae Mediterranean | Italy Elba SantAndrea | seagrass
4515_H Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
4515_1| Oilvae Mediterranean | Italy Elba SantAndrea | seagrass
4515_K IspULE Atlantic Belize CurlewCay unknown corals
4515_L IspULE Atlantic Belize CurlewCay unknown corals
b) long-read metagenome samples
4410 | Oilvae Mediterranean | Italy Elba SantAndrea | seagrass
c) metatranscriptome samples
4514_G Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
4514_H Oilvae Mediterranean | Italy Elba SantAndrea | seagrass
4514_| Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
4514_K IspULE Atlantic Belize CurlewCay unknown corals
4514_L IspULE Atlantic Belize CurlewCay unknown corals
d) metaproteome samples
Oilv_1 Oilvae Mediterranean | Italy Elba SantAndrea | seagrass
Oilv_2 Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
QOilv_3 Oilvae Mediterranean | Italy Elba SantAndrea | seagrass
Oilv_4 Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
Oilv_0371_P1 Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
Oilv_0374_S3 Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
OilvA_P1 Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
OilvA_S3 Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
e) FISH samples

ELSP_2019_0062 | Oilvae Mediterranean | Italy Elba SantAndrea | seagrass
ELSP_2019_0063 | Oilvae Mediterranean | Italy Elba SantAndrea | seagrass
ELSP_2019_0089 | Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
ELSP_2019_0213 | Oilvae Mediterranean | Italy Elba SantAndrea | seagrass
2020_Elba_0723 | Oilvae Mediterranean | ltaly Elba SantAndrea | seagrass
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Water depth | Latitude Longitude | Sampling year | Sampling month | 16S Ca.S. | Best bin
a) short-read metagenome samples
-2,0 | 16,790105 | -88,082010 2017 | April yes 3557_AD.autometa.binl_1
-2,0 | 16,790135 | -88,081800 2017 | April yes 3557_BK.metabat.bin3
-2,0 | 16,790135 | -88,081800 2017 | April yes 3557_BL.dastool.maxbin.bin6_sub
-1,0 | 23,856100 | -76,225400 2013 | April no
-1,0 | 23,856100 | -76,225400 2013 | April no
-1,5 | 16,823600 | -88,105925 2017 | March no
-7,0 | 23,761700 | -76,123600 2002 | April yes 4148_4289_P.metabat.bin5
-3,0 | 23,773000 | -76,105000 2002 | April yes 4148_4289 X.autometa.binl_1
-0,3 | 42,743400 10,119400 2016 | November yes
42,743400 10,119400 2016 | November yes
-0,3 | 42,743400 10,119400 2016 | November yes
42,733800 10,192700 2016 | October yes
-0,3 42,743400 10,119400 2016 | November yes
-1,5 43,719900 7,4009000 2017 | June yes 3557_CP.autometa.binl_0
-1,5 | 43,719900 7,4009000 2017 | June no
-0,3 | 42,743400 10,119400 2016 | November no
-0,3 42,743400 10,119400 2016 | November no
-4,0 | 42,733800 10,192700 2016 | October no
-6,0 42,574217 10,066183 2012 | May yes OilvPIAl.autometa.binl_1
-6,0 | 42,574217 10,066183 2012 | May yes OilvPIA2.autometa.binl_1
-6,0 42,808160 10,142104 2014 | June yes OilvSAN1.autometa.bin1_1
-6,0 | 42,808160 10,142104 2014 | June yes OilvSAN2.autometa.bin1_1
-6,0 | 23,762000 | -76,122700 2002 | April yes 4148_4289_Q.dastool.metabat.bin5_sub
-6,0 | 23,789700 | -76,138800 2002 | April yes 4148_4289_T.maxbin.bin3
-1,0 | -32,015500 | 115,513000 1991 | January yes 4148_4289 B.metabat.binl
-4,0 | -32,015500 | 115,513000 1991 | January yes
-0,7 26,468700 | 127,823800 2017 | November yes
-0,5 26,492400 | 127,841600 2017 | November yes 3630_F.metabat.bin4
-2,0 26,449800 | 127,852300 2017 | November no
-2,0 | 26,450900 | 127,853700 2017 | November no
-2,0 | 26,492600 | 127,842100 2017 | November no
-6 nd nd 2017 | May yes 4515_G.autometa.binl_1.fasta
-6 nd nd 2017 | May no
-6 nd nd 2017 | May yes 4515_1.maxbin.bin6.fasta
-2 16,790105 | -88,082010 2017 | April yes 4515_K.autometa.binl_1.fasta
-2 16,790105 | -88,082010 2017 | April yes 4515_L.metabat.bin5.fasta
e) long-read metagenome samples
-6 nd nd | 2019 | September | yes 4410_Alpha7_Oilv_flye-2.7 fasta
c) metatranscriptome samples
-6 nd nd 2017 | May yes
-6 nd nd 2017 | May nd
-6 nd nd 2017 | May yes
-2 | 16,790105 | -88,082010 2017 | April yes
-2 | 16,790105 | -88,082010 2017 | April yes
d) metaproteome sample
-6 nd nd 2017 | May
-6 nd nd 2017 | May
-6 nd nd 2017 | May
-6 nd nd 2017 | May
-6 nd nd 2020 | October
-6 nd nd 2020 | October
-6 nd nd 2020 | October
-6 nd nd 2020 | October
e) FISH samples
-6 nd nd 2019 | March
-6 nd nd 2019 | March
-6 nd nd 2019 | March
-6 nd nd 2019 | April
-7 | 42,808647 10,142022 2020 | October
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1 Software and tools used

Table S2: Software used in this study with references and online availability.

Software Reference | Availability

Adobe Illustrator :

v25.03 Webpage | https://adobe.com/products/illustrator

ARB (1] http://www.arb-home.de/

Bandage 2] https://rrwick.github.io/Bandage/

bayeshammer 3] http://bioinf.spbau.ru/en/spades/bayeshammer

El?ntl(:;)l.i,h v38.90 [\i&]/ebpage, https://jgi.doe.gov/data-and-tools/bbtools/

BLAST (5] https://blast.ncbi.nlm nih.gov/Blast.cgi

checkM (6] https://ecogenomics.github.io/CheckM/

effectiveDB 7] https://effectors.csb.univie.ac.at/

eggnog-mapper | &7 https://github.com/eggnogdb/eggnog-mapper

FastQC Webpage | https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Flye v2.8 (10] https://github.com/fenderglass/Flye

SIIJ; ?Elfgnlzl)geJ Webpage | https://imagej.net/software/fiji/

GTDB-Tk (1] https://github.com/Ecogenomics/GTDBTk

Hmmscan (Pfam) | Webpage | https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan
http://hmmer.org/

iTOL [12] https://itol.embl.de/

IQ-TREE (13] http://www.igtree.org/

mafft [14] https://mafft.cbrc.jp/alignment/server/

OligoAnalyzer Webpage | https://eu.idtdna.com/pages/tools/oligoanalyzer

PhyloFlash [15] http://hrgv.github.io/phyloFlash/

Prokka v1.14.5 [16] https://github.com/tseemann/prokka

QUAST (7] http://quast.sourceforge.net/quast

RAST [18-20] http://rast.theseed.org/FIG/rast.cgi

R v4.0.4 (21] https://www.r-project.org/

518 Elu(lhlcz) 5 Webpage | https://www.rstudio.com/

devtools https://www.r-project.org/nosvn/pandoc/devtools.html

ggfortify https://cran.r-project.org/web/packages/ggfortify/index.html

ggplot2 https://ggplot2.tidyverse.org

maps https://cran.r-project.org/web/packages/maps/index.html

mapdata https://cran.r-project.org/web/packages/mapdata/index.html

plotly https://plotly.com/t/

reshape2 https://cran.r-project.org/web/packages/reshape2/index.html

seqinr https://cran.r-project.org/web/packages/seqinr/index.html

tidyr https://tidyr.tidyverse.org/

vegan https://cran.r-project.org/web/packages/vegan/index.html

SPAdes (22] http://cab.spbu.ru/software/spades/

VSEARCH (23] https://github.com/torognes/vsearch

ZenBlue Webpage https://www.zeiss.de/mikroskopie/produkte/mikroskopsoftw

are/zen.html
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2 Proposal of the Candidatus Saccharisymbium fam. nov., gen. nov., spp.

nov.

We propose Candidatus Saccharisymbium gen. nov. (Sa.ccha.ri.sym’bi.um; L. neut. n.
saccharum sugar; Gr. pref. sym- together; Gr. masc. n. bios life; Saccharsymbium a symbiotic
sugar utilizing organism) with the six species (1) S. mediterraneum (me.di.ter’ra.ne.um, L. neut.
n. mediterraneum Latin name of the Mediterranean Sea), symbiont of the host species Olavius
ilvae from Elba and Pianosa, Italy, and Cap Fleuri in France; (2) S. australicum (au.stra’li.cum,
L. neut. n. australicum Neo-Latin for Australia), symbiont of the host species Olavius prodigus
from Rottnest Island, Australia; (3) S. bahamense (ba.ha.men’se, L. neut. a. bahamense from
the Bahamas), symbiont of the host species Olavius finitimus from Lee Stocking Island and
Norman’s Pond Cay, Bahamas, (4) S. aequebahamense (ae.que.ba.ha.men’se, L. neutr. a. aeque
equally, bahamense from the Bahamas ) symbiont of the host species Olavius finitimus, Olavius
sp. nralgarvensis, and Olavius sp. nrtenuissimus from Norman’s Pond Cay, Bahamas; (5) S.
okinawense (o.ki.na.wen’se, L. neut. a. okinawense from Okinawa), symbiont of the host
species Olavius sp. okinawa2 from Okinawa, Japan; and (6) S. belizense (be.li.zen’se, L. neut.
a. belizense from Belize), symbiont of the host species Inanidrilus sp. ULE from Curlew Cay,
Belize. Basis of assignment: SSU rRNA gene sequences (accession numbers: XXX) and
positive match with the specific 16S rRNA oligonucleotide fluorescence in situ hybridization
probes 5- GCC TGA CTG ACC GTT CCG -3" and 5'- TAG ATC GGC AGT ATC AAG CG
-3’ for S. mediterraneum. The six species form a novel family and genus taxon within the order
of Rhodospirillales in the class of Alphaproteobacteria in the phylum of Proteobacteria.
Candidatus Saccharisymbium spp. were identified first by Anna Mankowski in a metagenomic
dataset of globally distributed gutless oligochaete host species in 20181**. All Candidatus

Saccharisymbium spp. remain uncultivable to date.

3 Phylogenomic placement

Reference sequences used as outgroup for the 16S rRNA gene based phylogenetic

reconstruction (Figure 2) were:

- Bdellovibrio bacteriovorus HD100 (NC _005363)
- Desulfovibrio vulgaris str. Hildenborough (NC_002937)
- Geobacter sulfurreducens PCA (NC_002939)
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4 Saccharisymbium spp. genomes and metabolism

contig 6: 4505087 bp

contig 7: 76275 bp
- =] [ ]
contig 1: 6127 bp

contig 2: 5160 bp

[ ]
contig 3: 59

contig 4: 5674 bp

®
61 bp

contig 5: 5078 bp

contig 8: 8827 bp
[ ] e
contig 9: 5644 bp

Figure S1: Contigs of the S. mediterraneum long-read metagenome-assembled genome.
The PacBio metagenome-assembled genome from S. mediterraneum sampled in Sant’ Andrea Bay on
Elba, Italy, has a total size of 4623813 bp assembled on nine contigs. Contig 6 holds 97.43% of the

genomic information.
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Figure S2: Saccharisymbium MAGs form six distinct species based on average nucleotide
identity (ANI) values and are distinct to relatives from the GTDB taxonomy.

Saccharisymbium MAGs (shades of purple)form six species clusters with ANI values above 95%.
Relatives from GTDB (green) are less than 75% similar to Saccharisymbium spp. and hence distinct

species.
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Figure S3: Saccharisymbium spp. have high relative gene abundances in COG categories for
carbohydrate (COG G) and amino acid (COG E) metabolism and transport, and energy
production and conservation (COG C).

Relative gene abundances in % per COG category were assigned with eggNOG and are depicted for
MAGs of Saccharisymbium spp. (purple) and relative MAGs from GTDB. Saccharisymbium spp. has
highest gene abundances in carbohydrate (COG G) and amino acid (COG E) metabolism and
transport, and energy production and conservation (COG C). Compared to GTDB relatives
Saccharisymbium spp. have more genomic space allocated to Signal Transduction (COG T), cell
motility (COG N), and carbohydrate metabolism and transport (COG G).
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5 Fluorescence in situ hybridization

Additional FISH images

EUB338| GOALF7-568

< :-. - 4
"o i -
GOALF7-568 Pve_rlji i s _ _ﬂ c

brightfield

Figure S4 (top) and S5 (bottom): Saccharisymbium mediterraneum resides in the subcuticular
symbiont layer.

Fluorescence in situ hybridization of Saccharisymbium mediterraneum in O. ilvae from Elba, Italy.
Whole worms were hybridized with a Saccharisymbium spp. specific probe (GOALF7-568, yellow),
a bacterial general probe (EUB338I, green) and the complementary non-binding probe for unspecific
binding (nonEUB, magenta). DNA was counterstained with DAPI (cyan). The colored image shows
the overlay with probes colored as stated in brackets. The lower right image shows a schematic of the
annuli imaged. Scale bar: 10 um (top), 1 pm (bottom).
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Protocol — Whole-mount MiL-FISH on Olavius algarvensis worms!*!

A. Gruhl, MPI for Marine Microbiology, Bremen — Last update 05/04/22 by Tina Enders

Fixation (directly after sampling)

e Drop worms into freshly made (max. 1 day old) 4% PFA 0.05M PBS. Make sure to
carry over as little seawater as possible (or change fixative once). Incubate 4h at 4°C.

e Wash 3x in 0.05M PBS

e Wash in 100% methanol (make sure to replace almost all water, repeat if necessary)

o Store @ -20°

e Worms fixed and stored in Methanol could also be used

Rehydration

e Wash 5 min @ RT with 60/40 methanol/PTw
e Wash 5 min @ RT with 30/70 methanol/PTw
e Wash 4x 5 min @ RT with PTw

Protein digestion, background removal, blocking of endogenous enzyme activity

e Cut worms in 2-3 pieces/worm

Incubate samples with 0.05 mg/ml proteinase K (1:500 Prot K in PTw) in PTw for 5
min @ 37° without shaking

Wash 2x 5 min with 2 mg/ml glycin in PTw

Wash 2x 5 min PTw

Re-fix (4% PFA in PTw) for 1h @ RT

Wash 5x 5 min with PTw @ RT on shaker (700-800 rpm)

Mono/MiL FISH [or replace with CARD FISH etc. protocol]

e Prepare hybridization buffer (HyB)
e Incubate with HyB for 10 min at RT
e Incubate with pre-warmed (46 °C) HyB 1-24 h (3 h) in (shaker or hybridization oven)
e Keep samples at hybridization temperature from now. All subsequent washes
with pre-warmed buffers
e Prepare hybridization mixture:
o If using multiple probes simultaneously: make a combined working solution by
mixing 4.2 pl of 100 pM stock from each probe and fill up with water to 50 pl.
Dilute this 1:10 in hybridization buffer
o Keep probe solutions dark and on ice
e warm up hybridization mixture to 46 °C
e Remove HyB from sample, add of probe hybridization mixture
e Incubate 2-24 h [overnight]
e prepare washing buffer (WB) and mixtures, pre-warm
e Wash in HyB buffer at 46 °C for 10 min
e Wash in HyB buffer 46 °C for 30 min
e  Wash in 50% Hyb buffer / 50 % WB @ 46 °C for 30 min
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e Prewarm WB to 48 °C

e Wash in WB at 48 °C for 20 min

e Washin WB at RT for 20 min

e Wash in 50% WB/50% PTw @ RT for 10 min
e Wash in PTw @ RT for 10 min

e Wash in PTw for 30 min @RT @ slow shake

Counterstaining with DAPI

e Incubate with 1:500 DAPI in PTw for 30 min
e Wash 1x with PTw for 5 min shaking

Mounting

Wash in 1:3 Glycerol/1x PBS for 30 min (from now on without shaking)

Wash in 1:1 Glycerol/1x PBS for 30 min

Wash in 3:1 Glycerol/1x PBS for 1h

Mount worms in Vectashield on slide: use slides with 3 layers of tape (tesafilm) on
each side to carry the coverslip.

e Seal coverslips with nail polish

Solutions
NOTE: Use of DEPC treated water/chemicals is not strictly necessary when using oligoDNA
probes for 16S FISH!

4x0.05M PB (0.2 M PB)

- NaHPO4 x 2 HO —26,12¢g

- NaHxPO4 x H2O —-7,52¢

- Dilute in 900 ml Milli-Q water

- Adjust ph to 7.4 (using >1M NaOH / HCI)
- Fillupto 1L

1.2 M NaCl

- Dissolve 70.13 g NaCl in 1 L Milli-Q

4% PFA in 0.05 M PBS

- 10mlof 16 % PFA
- 10mlof4x 0.05M PB
- 10mlof 1.2 M NaCl
- 10 ml Milli-Q
or:
- 10 ml of 20 % PFA
- 12.5mlof4x0.05MPB
- 12.5ml of 1.2 M NaCl
- 15 ml Milli —Q
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H20 [DEPC-treated]

- Under fume hood combine:

- 1 mL DEPC

- 1 L Milli-Q H20

- in glass bottle, close lid, shake
- incubate at 37° for at least 2h
- autoclave

Proteinase K stock (25 mg/ml) in DEPC treated H20

- 0.125 g of Proteinase K in 5ml of DEPC H>O
- Aliquot and freeze

10 x PBS [DEPC-treated]

- 70g NaCl

- 62,4g Na,HPO4 x 2 H2O

- 3,4g KH2POq4

- Dilute in 900 ml Milli-Q

- AdjusttopH 7,4

- Fill to 1000 ml

- Add 1 mL DEPC

- Close bottle, shake

- incubate at 37° for at least 2h
- autoclave Add 1 mL DEPC

- Close bottle, shake

- incubate at 37° for at least 2h
- autoclave

- 100 ml 10 x PBS [DEPC treated]
- 896 ml DEPC-H;O

- 4 ml 20% Tween-20

- store at 4°C

1% Triethanolamine in PTw :

- 1 mL of Triethanolamine
- 99 mL of PTw

Methanol/ PTw dilution series (50 mL)

- 60/40: 30 mL of MetOH + 20 mL of PTw
- 30/70: 15 mL of MetOH + 35 mL of PTw
20 mg/mL Glycine in PTw:

- 100 mg of Glycine
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- 50 mL of PTw

Hvbridisation buffer

final concentration in

sy reagen: Nl hybridization buffer
5 M NaCl 360 pl 900 mM

1M Tris / HCI 40 pl 20 mM

Formamide % depending on probe

distilled H,O add to 2 ml

10% SDS 2l 0.01%

(add SDS last to avoid precipitation)

Washing buffer

Table A: NaCl concentration in the washing buffer according to % formamide
hybridization buffer (depending on probe).

Washing at 48°C

% formamide in  [NaCl]in M pl 5 M NaCl in
hybridisation endconcentration 50 m)
buffer
0 0.900 9000
5 0.636 6300
10 0.450 4500
15 0.318 3180
20 0.225 2150
25 0.159 1490
30 0.112 1020
35 0.080 700
40 0.056 460
45 0.040 300
50 0.028 180
55 0.020 100
60 0.014 40
65 - =
70 - -
Stock reagent Volume final concentration in
hybridization buffer
5 M NaCl concentration depending on % formamide in hybridization
buffer (see table A in appendix)
1M Tris / HCI 1ml 20 mM
0.5 M EDTA (only if = 20% (500 pl) 5mM
formamide in hybridization!)
distilled H,O add to 50 ml
10% SDS 50 pl 0.01%

(add SDS last to avoid precipitation)
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caberrant

The proposed Candidatus Pumilisymbium is different from the subcuticular and mutualistic
gutless oligochaete symbionts. It has a strongly reduced genome of only 0.64 Mbp and is a
symbiont of the host species Olavius algarvensis from seagrass meadow associated sediments

around the island of Elba, Italy.
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Abstract

Bacterial symbionts with highly reduced genomes are well known from terrestrial animals but
few representatives in the marine realm are described. Here, we present Candidatus
Pumilisymbium abstrusum, a deeply branching marine Alphaproteobacterium that is an
endosymbiont of the gutless oligochaete Olavius algarvensis (Clitellata, Annelida).
Phylogenetic analyses place Ca. P. abstrusum and its closest relative, a symbiont of the arctic
ice worm, as a novel order-level clade distantly related to Rickettsiales sensu stricto.
Ca. P. abstrusum has the smallest genome reported for a symbiont of a marine animal. The high
quality metagenome-assembled genome has a size of only 641 817 bp, a GC content of 34.74%
and comprises 3 rRNAs, 36 tRNAs and 658 protein coding genes. Based on metabolic
reconstruction, the symbiont has a streamlined metabolism that potentially integrates with the
host. Ca. P. abstrusum uses intermediates and waste products of the host’s metabolism such as
fructose and malate and can in return supply B-vitamins, co-factors and pyruvate. Core cell
functions such as DNA and RNA metabolism, ribosomal protein biosynthesis and ATP
synthesis via glycolysis and an ATP synthase are retained, whereas amino acid biosynthesis is
almost absent. The reduced metabolic capabilities and a type III secretion system that can
modulate host biology indicate an intracellular life-style. This combination of features, i.e. ATP
synthesis and host modulation via a type III secretion system in a bacterium with such a strongly
reduced genome, is unprecedented in the bacterial world and suggests a novel type of

integration into the host biology.

Keywords

Type III secretion system (T3SS), genome reduction, marine animal-microbe symbiosis,

Introduction

Strongly reduced bacteria from marine animal-microbe symbioses are understudied

Genome size reduction is a common evolutionary trajectory for free-living and especially host
associated bacterial!* !, Free-living bacteria that can independently replicate need a minimum
set of roughly 1000 genes, which translates to a genome size of ~1 Mbp!* 4. Bacteria in highly
specialized and beneficial nutritional symbioses that have reduced and streamlined genomes
often smaller than 0.75 Mbp (Figure 1) commonly undercut this mark. Nearly all beneficial
symbionts with such highly reduced genomes have been characterized in terrestrial and

especially insect hosts (Figure 1), In addition to beneficial bacteria, some pathogens also have
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Figure 1: Complete bacterial genomes with a size below 1 Mbp were mainly collected from
terrestrial symbioses.

Representatives of bacterial species deposited at NCBI (Size below 1.25 Mbp, accessed March 2021)
and relatives from sister clades based on GTDB (see Figure 4) are plotted by genome size and GC
content. Colors represent habitats of the bacteria: yellow: terrestrial, light blue: fresh-water, dark blue:
marine, purple: Mycoplasma from large marine animals, grey: habitat not specified for this study.
Relatives from the GTDB are shown as triangles. 1: Ca. Spiroplasma holothuricola; 2: AB1-6
bacterium associated with Bugula neritina; 3: bacterium from hydrothermal vent metagenome; 4:
AB-1 bacterium associated with Bugula neritina; 5: bacterium from microbial mat; 6: Ca.
Cytomitobacter primus, Ca. Cytomitobacter indipagum, Ca. Nesciobacter abundans.

limited gene sets such as Mycoplasmatales or Rickettsiales but have hardly been characterized
in aquatic animal hosts (Figure 1)!%%]. Given that the large part of animal diversity is aquatic
and almost half of the animal phyla only occur in the ocean, this points towards a bias in

symbiosis research.

Here, we address this gap and describe a highly reduced symbiont that associates with a species
of gutless marine annelids. Gutless oligochaetes are a morphologically conspicuous group of
millimeter-sized tubificid Annelida that do not possess a mouth, gut and nephridia. They occur
in most tropical and temperate coastal sediments and rely on species-specific communities of

9-11]

chemosynthetic bacterial symbionts for nutrition and waste product removal®!!. In a

95



Chapter 3 | Candidatus Pumilisymbium — a strongly reduced symbiont

population genetic study conducted on Olavius algarvensis around the island of Elba, Italy, we
detected a novel symbiont clade that did not match any of the typical community members for
this host!!?l. The recovered complete genome of this symbiont is one of the smallest genomes
reported for marine bacteria. Based on our phylogenetic and comparative metabolic analysis,
this bacterium belongs to an uncharacterized order-level clade of Alphaproteobacteria with a

unique type of low-impact and intracellular life-style.

Methods and materials

Sample collection
Gutless oligochaete specimens of the species Olavius algarvensis were collected in the years
2013 to 2019 from shallow water sediments from different bays around Elba, Italy (Supplement

section 3, metadata at zenodo.org/record/6515035). Samples were fixed in RNAlater and stored

at 4 °C or -20 °C until further processing.

DNA extraction and sequencing

For DNA extractions, individual specimens were homogenized and extracted using either the
DNeasy Blood&Tissue or the AllPrep DNA/RNA/Protein kit (Qiagen, Hilden, Germany).
Metagenome library preparation, quality control and sequencing for all specimens was done at
the Max Planck Genome Centre (Cologne, Germany). Paired-end reads of 2x100 or 2x150 bp
were produced with an average of 14 million reads per sample. Reads were quality trimmed

and filtered with bbduk.sh (BBtools, jgi.doe.gov/data-and-tools/bbtools/) and error corrected

with bayeshammer as implemented in SPAdes!'* ¥, Quality before and after trimming was

assessed with FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/). A detailed list of

samples and treatments is available at zenodo.org/record/6515035.

Genome assembly, binning and annotation

Read based taxonomic profiling for community composition and contamination of each sample
was done with PhyloFlash!'®. Reads were assembled with megahit (meta-sensitive,
min_contig_len 500)'% 7] Reads were mapped to the assemblies with bbmap.sh (BBtools) and
sorted with Samtools before metagenome-assembled genomes (MAGs) were created with

metabat!!8-21]

. The target MAG was improved by iterative read mapping with bbmap.sh
(minid=0.95) and reassembly with SPAdes!!*). The assembly was visually inspected in Bandage
(Figure 2)?%. The MAG and its genomic features were visualized with DNAplotter from the

artemis software!?3].
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Phylogenetic placement

Phylogenetic trees were calculated with full-length 16S rRNA gene sequences using a
maximum likelithood approach and approximate maximum likelihood ratio tests (mafft-xinsi,
IQ-TREE -m MFP —alrt 1000)1>* 2’1, Reference sequences were a selection of Rickettsiales
bacteria, relevant GTDB-tk relatives and related database hits to Ca. P. abstrusum, from here
on referred to as P. abstrusum, from NCBI’s environmental and type strain nucleotide collection

26, 271 Deltaproteobacterial 16S rRNA gene sequences from Bdellovibrio

(nr/nt, env_nt)l
bacteriovorus, Geobacter sulfurreducens and Desulfovibrio vulgaris were used as outgroup.
Phylogenomic analyses were calculated with P. abstrusum’s MAG, which was placed in the
GTDB tree at version 1.5.0 with the R202 reference data using the GTDB-Tk software[?®l. Trees
were visualized and annotated using 1TOL and edited with Adobe illustrator v25.3

(adobe.com/products/illustrator)*.

Metabolic reconstruction and COG profiling
Automated functional annotation of the MAG was performed with RAST and Prokkal*%-33],

Annotations were combined using Genious vI11.1.5 (www.geneious.com). Remaining

hypothetical proteins were manually annotated with psi-blast, hmmscan against the Pfam

database (www.ebi.ac.uk/Tools/hmmer/search/hmmscan) and SUPERFAMILY!?6- 34-36],

Effector proteins were predicted with effectiveDBF7!. Proteins with transmembrane helices

were predicted with TMHMM v2.0 (services.healthtech.dtu.dk/service.php? TMHMM-2.0).

Reconstruction of the final metabolic cell overview was partially guided by the metabolic model
from Pathway Tools, MetaCyc and KEGG maps**#?l. Annotation information is provided at
zenodo.org/record/6515015. The metabolic cell overview was designed in Adobe Illustrator

v25.3 (Figure 5).

Additionally, protein sequences predicted with Prodigal implemented in Prokka were assigned
to clusters of orthologous genes (COGs) with eggNOG-mapper v2.1.6 using diamond***¢1. The
presence of COG categories that represent larger functional classifications was quantified and
compared to representatives of most alphaproteobacterial families and a selection of related
bacteria (Supplement Table S4). To obtain alphaproteobacterial family representatives, the
bacterial tree bacl20 r86.2 was downloaded from the GTDB database

(gtdb.ecogenomic.org/downloads) and trimmed to the Alphaproteobacteria and Magnetococcia

29]

outgroup in iTOL!*’!. Branch lengths for each leaf were extracted with Newick utils

(nw_distance), the average branch length was calculated for each family, and for each family
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the genome that was closest to the average branch length was chosen for further phylogenomic

analyses (genomes listed in zenodo.org/record/6514058)*7). Relations and driving COG

categories were represented with non-metric multidimensional scaling (NMDS) and principal
component analysis (PCA) plots calculated in RStudio (RStudio v1.4.1106, R v4.0.4)

employing a variety of packages (Supplement section 10).

Genome based abundance estimation

We estimated the abundance of P. abstrusum in the gutless oligochaete populations in several
bays around Elba, Italy, by screening gutless oligochaete metagenomes versus the P. abstrusum
coding sequences from its four main contigs. We used a conservative mapping approach to
prevent false positives (bbmap.sh, minid=0.99, trimq=20, qtrim=lr, pairedonly=t, pairlen=600,
mintrimlength=100). Only genes with a length greater than 400 were considered as positive
hits. Mapping results were plotted in RStudio (RStudio v1.4.1106, R v4.0.4) employing a

variety of packages (Supplement section 4).

We used the integrated microbial next generation sequencing (IMNGS) platform to assess the
global distribution of P.abstrusum (accessed 03.03.2022)%1. We used the full-length
16S rRNA gene of P. abstrusum as query to search against sequence read archives with a

minimum hit similarity of 90% and a minimum hit lengths of 200 bp.

PCR based abundance estimation

PCR was performed using a primer pair specific to P.abstrusum, 379F (5°-
GGAAACCTTGATCCGGTTATG-3’) and 1026R (5’-AACACCTGTGATATGTATAGTG-
3°) that amplifies a fragment of 641 bp!*’). An amount of 1 ul template DNA extracted from
individual specimens was used with Phusion DNA polymerase and the reaction mix according
to manufacturer’s recommendation. The amplification program was: 30 sec initial denaturation
at 98 °C, 36 cycles of denaturation for 15 sec at 98 °C, 30 sec of annealing at 61 °C, extension
for 30 sec at 72 °C and a final extension at 72 °C for 10 min. PCR amplifications were checked
on agarose gel. Positive samples with the expected product length were purified and Sanger
sequenced. The PCR product sequences were trimmed with  FinchTV

(digitalworldbiology.com/FinchTV) and aligned with the P.abstrusum 16S rRNA gene

sequence using mafft!?],
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Figure 2: Genome representation of the P. abstrusum metagenome-assembled genome.

Left: Assembly graph in Bandage. Right: Circular genome representation. Circles from outside to
inside represent base pairs, all coding sequences (CDS) in grey, CDS on the forward and on the
reverse strand in light blue, ribosomal 5S, 16S and 23S rRNA gene sequences operon in dark blue,
tRNAs on the forward and reverse strand in purple, contigs in yellow, deviation from average GC
content and GC skew in grey (positive) and purple (negative). Position one was arbitrarily set.

Results

A novel alphaproteobacterial phylotype with a highly reduced genome associated with
gutless marine annelids

We detected a previously unknown bacterial phylotype during investigation of 328 single
individual metagenomic libraries of the Mediterranean gutless oligochaete Olavius algarvensis.
PhyloFlash reconstructed two identical full-length 16S rRNA gene sequences for this bacterium
from two worm individuals sampled in Cavoli Bay, Elba, Italy!’*l. The 16S rRNA gene
sequence is distinct from the described symbiont community of O. algarvensis and only 78.6%
identical to its closest hit in the SILVA database (KC961300.1.1457,
Rickettsiales;AB1;uncultured bacterium)® ). To provide a basis for phylogenomic analysis
and metabolic reconstruction we generated a metagenome-assembled genome (MAG) using
statistics based binning, read mapping and re-assembly!!* 1% 291 Based on the final assembly
graph we obtained a set of circularly connected contigs with a total size of 641 817 bp and an
average GC content of 34.7% (Figure 2, Supplement section 5). The presence of all three rRNA

coding genes, 36 tRNAs for all 20 common proteinogenic amino acids and the circular
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assembly graph structure suggest high completeness of the MAG, despite a low reported
completeness based on the checkM marker set for Bacteria (68.86% completeness, 0%
contamination)®®. Further evidence for a high completeness is the presence of all 21 SSU
ribosomal proteins and 30 of 33 of the LSU ribosomal proteins, with only non-essential sub-

units missing. Such a set of genome characteristics are typical for an endosymbiotic life-style.

Stable and specific association with Olavius algarvensis around Elba

We could already detect the novel phylotype in two specimens based on single marker gene
analysis. To evaluate the nature of the association of the bacterium with the gutless oligochaete
community, we investigated its distribution and a potential long-term association. Therefore,
we used specific read mapping against the coding sequences of the MAG for the 328
O. algarvensis metagenomes from several sites around Elba, the neighboring island Pianosa
and sites from Mallorca, Spain. We detected evidence for the bacterium in all sites around Elba
but not in Pianosa or Mallorca. Around Elba, 5-28% of O. algarvensis specimens were infected,
with highest infection rates in the northeastern bay Capo Vita (Figure 3, Supplement section 4,
Figure S2 and S3). We corroborated these results with a PCR based approach at the two sites
St’Andrea (n=15/29, 13%/24% infected) and Cavoli (n=18, 39% infected). This widespread
occurrence around the island of Elba points to a long-term but facultative association. Hence,
we propose the name Candidatus Pumilisymbium abstrusum (pumili-, lat.: dwarvish,

abstrusum, lat.: hidden, Supplement section 7).

Capo Vita 6/21

5 km
Sorgente 1/20

Sant'Andrea 4/44

Elba, Italy

Zuccale 4/28

Pomonte 4/40
Cavoli 12/92

Cala del Fico 3/44

Seccheto 1/1

Figure 3: P. abstrusum is present in low number of individuals in all sampled bays around Elba.
Specimens infected with P. abstrusum (purple) and total number of specimens investigated per
sampled bays around the island of Elba, Italy.
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Next, we asked whether P. abstrusum is only hosted by O. algarvensis. Olavius ilvae is a co-
occurring gutless oligochaete at several sites that also shares several symbiont clades with O.
algarvensist'!l. To probe if O. ilvae also hosts P. abstrusum, we screened 61 specimens from
the same sites around Elba and Pianosa and in addition from a site at the French Riviera, Cap
Fleuri. We could not detect P. abstrusum in any O. ilvae specimens indicating that P. abstrusum
is not able to colonize O. ilvae (Supplement section 4, Figure S4). To assess if any other gutless
oligochaetes can be infected, we used a global dataset of gutless oligochaete metagenomes but
again found no hits!'!!. Another possibility would be the association with other unrelated hosts.
Using the IMNGS platform, we screened 500048 16S rRNA gene based amplicon data sets
covering a wide range of environments. We could not identify a single sample with 16S rRNA
gene amplicons more than 90% identical to P. abstrusum’s 16S rRNA gene!*®l. In summary,
our results indicate that P. abstrusum is endemic to the Mediterranean Sea with O. algarvensis

as its only host species.

Pumilisymbium abstrusum represents a deeply branching, novel order of
Alphaproteobacteria

To place P. abstrusum in the tree of life, we generated phylogenetic reconstructions based on
either the 16S rRNA gene or on the GTDB phylogenetic marker gene sets!?!]. Based on the 16S
rRNA gene analysis, P. abstrusum’s closest relatives come from a microbiome clone library of
the arctic ice worm Mesenchytraeus solifugus (Enchytraeidae, Annelida, sequence similarity of
84.06%)[2% 311 All other database hits had a sequence similarity below 81.01%, suggesting that
these two annelid associated phylotypes are the first representatives of a novel order-level
clade!®?]. Phylogenetic analyses using the 16S rRNA gene database hits place P. abstrusum and
the ice worm associated sequences as a sister clade to the incertae sedis Holosporales within
the order of Rickettsiales, albeit with no statistical support (Figure 4A, see Data availability for
trees shared in iTOL). To probe for potential long-branch attraction effects, we recalculated the
phylogenies without Holosporales sequences, but tree structure and position of P. abstrusum

remained the same (Supplement Figure S5 and S6).

Phylogenomic reconstruction and taxonomic assignment based on GTDB reference taxonomy
supported the rank of a novel order-level clade of Alphaproteobacterial®® >34, P, abstrusum
clustered with several taxa of incertae sedis status, i.e. Holosporales and paramecial and
diplonemid symbionts'® >%), that had previously been classified as Rickettsiales but that likely

represent several separate order-level clades (Figure 4B, Supplement Section 8)!¢1.
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Figure 4: P. abstrusum and an ice worm symbiont form a novel bacterial order related to
Rickettsiales (Alphaproteobacteria).

(A) Phylogenetic placement based on full-length 16S rRNA gene sequences from NCBI (nr/nt, nr/nt
type strain material, env_nt) and relevant relatives from GTDB-tk phylogeny from (B). Taxonomic
annotation based on Floriano et al. 20182"), Support values were calculated using -aLRT in IQ-TREE.
Bootstrap values below 0.75 are not shown. (B) Phylogenomic placement with selected taxonomic
marker genes (GTDB-tk). Order classification follows the Genome Taxonomy Database. The tree
scale represents the average number of substitutions per site.

Pumilisymbium abstrusum’s genome is streamlined for information processing

Using automated annotation tools and manual curation, we could functionally annotate 388 of
the predicted 658 protein coding sequences. A high number of proteins of P. abstrusum are
involved in basic cell functioning like DNA metabolism, transcription and translation (Figure

5, Supplement section 10 and at zenodo.org/record/6515015). This is similar to other reduced

bacteria in host association that usually can perform essential information processing
independent of their hosts®. In addition, P. abstrusum can regulate its transcription via
regulators such as rpoH and helix-turn-helix family proteins. P. abstrusum might be a naturally
competent bacterium since it encodes for competence factors like a ComF family protein, a
ComEC/Rec2 family competence protein, Competence protein ComM and a Rossmann fold
nucleotide-binding protein Smf possibly involved in DNA uptake. We observed an enrichment
of short genes that are likely pseudogenes and 23 cases of potential overlapping open reading
frames. These patterns suggests that the genome has undergone a process of pronounced
simplification and streamlining, retaining only the necessary functions (Supplement section 9,
Figure S7). We could not detect any insertion sequences or CRISPR elements in the MAG of

P. abstrusum.
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Figure 5: P. abstrusum retains a reduced basic cell metabolism with an ATP synthase and a
type I1I secretion system as key features.

Proposed functions are based on metagenome assembled genome annotation with Prokka, RAST, psi-
blast, hmm and superfamily. TCA: tricarboxylic acid cycle; DHAP: dihydroxyacetone phosphate;
ACP: acyl carrier protein; NAD(P): nicotinamide adenine dinucleotide (phosphate); FMN: flavin
mononucleotide; THF: tetrahydrofolate; Sec: Sec secretion system; G(A)SH: glutathione (amide);
T3SS: type III secretion system.

Given the large proportion of functionally annotated genes that relate to information processing,
we compared P. abstrusum’s genome investment to a representative selection of the
alphaproteobacterial diversity including close relatives. We therefore analyzed the cellular
processes encoded in each genome based on the distribution of the genes to clusters of
orthologous groups (COGs). COG ategory F (nucleotide metabolism and transport) and
J (translation, ribosomal structure and biogenesis) are main drivers for a distinct pattern in
P. abstrusum and cover over 6.5% and 30.1% of the genes, respectively. In summary, the
genomic investments of P. abstrusum lead to a remarkable metabolic profile compared to
representatives of other alphaproteobacterial families and other orders with incertae sedis status

such as Holosporales (Figure 6, Supplement section 10, Figure S8 and S9).

Protein synthesis is based on external amino acid supply

P. abstrusum is dependent on amino acid import as it can only synthesize one amino acid de
novo and encodes genes for partial synthesis or conversion of only three amino acids. The
genome encodes for aspartate synthesis from fumarate and ammonia, asparagine formation

from aspartate and glutamine, glutamine formation from glutamate and ammonia and glycine
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Figure 6: P. abstrusum (purple) has an outstanding COG profile compared to its phylogenomic
relatives (light-blue) and representatives of alphaproteobacterial families (grey).

Non-metric multidimensional scaling (NMDS) of feature counts per COG category of the respective
MAG:s.

conversion to serine (Figure 5). The amino acid import from the environment, in this case likely
the host, can be facilitated by a set of amino acid carriers, e.g. proline transporter (opuE and
putP), amine/amino acid antiporter (cadB) and a dicarboxylate/amino acid:cation symporter.
Various peptidases and proteases are encoded which would allow the efficient recycling of
unused or damaged proteins. These include specific peptidases for methionine and proline,
general (oligo)peptidases (pepA, pepF) and protein degradation complex like proteins (hslUV,
clpPX).

Pumilisymbium abstrusum is capable of autonomous ATP synthesis

One way for a symbiont to minimize the metabolic impact on the host organisms is the ability
to regenerate ATP from ADP. Our metabolic reconstruction of P. abstrusum revealed two
options for ATP generation, glycolysis and an FOF1 type ATP synthase (Figure 5). Key
enzymes for glycolysis are encoded in the genome of P. abstrusum. A fructokinase enables the

start from D-fructose. The fructose-bisphosphate aldolase that would convert fructose 1,6-
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bisphosphate to dihydroxyacetone phosphate and glyceraldehyde-3-phosphate could, however,
not be annotated. Enzymes for all other canonical steps until the formation of pyruvate are
encoded. It is unclear which fate the pyruvate formed by glycolysis has. Neither anoxic,
fermentative processes nor pyruvate oxidation or carboxylation that would convert it to acetate
and connect it to a TCA cycle is annotated. P. abstrusum does not encode for any genes that use
acetyl-CoA or any kind of Coenzyme A connected substrates. The encoded glycolysis would

lead to a net gain of 2 ATP per fructose molecule and 2 NADH+H".

A second important substrate likely used by P. abstrusum is malate, which is present in high
relative abundance in the worm and likely generated during the host’s anoxic metabolismP7].
The symbiont could import malate via a dicarboxylate/amino acid:cation symporter and on one
hand generate NADPH+H" and pyruvate and on the other hand channel it into ATP de novo
synthesis via fumarate and the conversion to aspartate. The charging of the ATP could be
performed by an ATP synthase of the FOF1 type of which all eight subunits were detected. Such
ATP formation requires a proton gradient but we could not detect a functional respiration chain.
Only two subunits of relevant enzymes could be annotated, an NAD(P)H-quinone
oxidoreductase subunit and a subunit of the cytochrome bcl complex. Absence of a respiration
chain in combination with presence of an ATP synthase has been reported for endosymbionts
with small genomes, e.g. in the next relatives Holosporales and Rickettsiales as well as in

unrelated Flavobacteriales!®

. However, unlike other highly reduced endosymbionts,
P. abstrusum possesses a pyrophosphate-energized proton pump that could generate the
necessary proton gradient. This proton pump is K-stimulated and hydrolyzes pyrophosphate
(PPi) to phosphate to transport H across the inner membrane. PPi producing reactions in
P. abstrusum are at least performed by DNA and RNA polymerases, aminoacyl-tRNA
synthetases as well as the CDP-diacylglycerol synthase in its lipid metabolism. This link
between several PPi generating processes, the proton pump and the ATP synthase would be an
efficient way to conserve energy. A similar energy conservation process is also used by the
main symbionts in the same host’®”). However, phylogenetic analyses suggest that P. abstrusum
did not acquire the genes for this proton pump recently via horizontal gene transfer but

possesses its own unique type (Supplement section 10, Figure S10). Taken together, PPi based

energy conservation seems to play a general role in the O. algarvensis symbiosis.
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Host modulation via T3SS and eukaryote like virulence factors

In addition to metabolic integration, P. abstrusum encodes a type III secretion system (T3SS)
to actively interact with the host cells. The T3SS is one of the most complex bacterial protein
apparatuses with a needle like structure to inject effector proteins via the host membranel°!.
We were able to annotate 17 of the 20 principal component proteins of the inner and outer
membrane complex, the connector proteins, the needle and a variety of chaperones as well as

(0] We could not detect genes for

the necessary Sec system components for early assembly
needle length regulation, the needle tip and one of the two translocator pore proteins, but these
three genes have a low degree of conservation or lack homologs in other characterized T3SS
systems!®”). The microsynteny blocks encoding for the T3SS proteins are similar to what has
been reported for other bacteria (Supplement section 10, Figure S11)©!. Functional
replacements for the missing genes could be encoded in the seven hypothetical proteins
associated with the five microsynteny blocks. Phylogenetic analyses with the most conserved
genes place P. abstrusum’s T3SS in a diverged position without direct relatives (Supplement
Figure S12-17)P%). Given the very likely functional T3SS we screened the MAG for potentially
secreted proteins®’). Out of the 658 proteinogenic genes 114 proteins were predicted to contain

a signal peptide for Type III secretion and 39 to serve as chaperone (annotation information is

provided at zenodo.org/record/6515015)P71. This abundance of potentially secreted proteins

underlines the relevance of the T3SS for the interaction of P. abstrusum with its host.

In addition to T3SS based modulation, we found representatives of several gene families that
could be involved in host modulation and immune response escape. Among them are proteins
containing eukaryote-like domains such as a patatin-like phospholipase family protein. These
enzymes have been shown to serve as a storage glycoprotein but also play a role in several
biological processes like membrane cleavage, sepsis induction, host colonization or triglyceride
metabolism!®?. A patatin-like protein in P. aeruginosa was shown to be secreted via a T3SS[62,
However, the patatin-like protein from P. abstrusum does not have a signal peptide for type 111
secretion. Other eukaryote-like proteins are an interleukin 8-like chemokine protein and a
somatomedin B domain containing protein that both might play a role in pathogenicity, host
recognition escape and internalization into the host!®® ®¥. We detected another protein family
potentially involved in cell surface mediated virulence, a PE/PPE dimer-like domain containing
protein. Such PE/PPE proteins have been hypothesized to play a role in the virulence and

intracellular survival of mycobacterial®!,
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Membrane lipids and proteins

Given the trend in reduced endosymbionts to lose the capability to synthesize the peptidoglycan
layer as well as their own membrane lipids, we investigated the completeness of the relevant
pathways. P. abstrusum does not encode peptidoglycan synthesis which supports our hypothesis
that P. abstrusum is an intracellular symbiont. In contrast to the missing peptidoglycan
synthesis, P. abstrusum seems capable of phospholipid biosynthesis, despite few annotated
genes involved in lipid metabolism. Intermediate products of glycolysis, dihydroxyacetone
phosphate (glycerone phosphate), can be transformed into phosphatidylglycerol via six
enzymatic reactions of which only one enzyme, the glycerol-3-phosphate acyltransferase, is
missing from the annotation. An ACP-like protein could serve as acyl-group donor. We
furthermore detected a phosphatidylserine decarboxylase proenzyme that likely is involved in
biosynthesis of phosphatidylethanolamine. In summary, the capability of membrane
biosynthesis would render P. abstrusum at an intermediate stage of reduction and host

dependence.

The interface of intracellular symbionts to their hosts are membranes and membrane-bound
proteins. We therefore systematically screened the predicted proteins for transmembrane
domains to identify proteins located on the membranes. Around a third of all proteins in
P. abstrusum contain a transmembrane domain and appear to be linked to membranes

(annotation information is provided at zenodo.org/record/6515015). These include proteins

from cell machineries, e.g. the Sec secretion system, T3SS proteins and the ATP synthase,
transport systems, e.g. ABC transporter, multidrug efflux proteins or ion channels, and proteins
involved in central cell metabolism. However, more than half of the proteins with a
transmembrane domain remain without functional annotation. This ratio of hypothetical to
annotated proteins is much higher than in the proteins without transmembrane domains (50.8%
vs. 34.6%). We could detect several blocks of hypothetical genes that all feature transmembrane
proteins. This high number of membrane bound proteins without annotation illustrates that a
crucial part of the interaction and function of P. abstrusum in its host awaits biochemical

characterization.

The importance of membrane bound proteins and transmembrane transfer in P. abstrusum is
underlined by the variety of chaperones and proteases that play a role in folding and quality
control of integral membrane proteins. Among these are cytoplasmic chaperones that fold

proteins and prepare them for transmembrane transport, e.g groL and groES or metalloprotease

107


https://zenodo.org/record/6515015

Chapter 3 | Candidatus Pumilisymbium — a strongly reduced symbiont

ftsH. In addition, we detected periplasmic proteins, e.g. surA with general chaperone activity
and an OmpH family outer membrane protein that interacts with unfolded proteins secreted by
the Sec system*®!. Furthermore, three of the five bam complex proteins for beta-barrel assembly
in the outer membrane (bamABD) along with the beta-barrel assembly-enhancing protease
bepA were annotated. Signal peptidases such as the lipoprotein signal peptidase (IspA) and
signal peptidase I (lepB) are also present and could cleave signal sequences from secreted or

periplasmic proteins marked for transport.

Vitamin and co-factor synthesis

As P. abstrusum does not have the combination of traits typical for intracellular parasites,
e.g. reliance on host ATP and host membrane lipids, we searched for potentially beneficial
metabolic contributions. Exploring vitamin and co-factor synthesis, we found that P. abstrusum
could partially synthesize or salvage a selected set, e.g. the vitamins B1 and B9. Genes involved
in Vitamin B1 (thiamine) salvage from thiamine fragments potentially available from the host
metabolism are present in the genome. P. abstrusum encodes the majority of genes for
Coenzyme F (tetrahydrofolate, vitamin B9) de novo biosynthesis and the one-carbon pool
mediated by folate, except the tetrahydrofolate synthase (folC) itself. Folate mediated one-
carbon transfer plays a role in amino acid biosynthesis and purin and pyrimidine de novo
synthesis and other basic cell functions. Despite the patchy nature of tetrahydrofolate one-
carbon metabolism, the presence of a serine hydroxymethyltransferase that is connected is
another indication for the pathway’s relevance to P. abstrusum. The symbiont has most genes
for NAD de novo biosynthesis and salvage and is likely able to regenerate NAD and to convert
NAD to NADP. In addition, it is capable of FAD de novo synthesis from riboflavin (vitamin
B2). Other potential electron carriers are glutathione and glutaredoxin, putative glycerol-3-
phosphate dehydrogenase 2 [NAD(P)] and a DsbA family protein (thioredoxin). Overall,
P. abstrusum can salvage or synthesize several potentially beneficial co-factors and vitamins,
but it remains unclear whether these can be provided to the host or are largely used to support

its own metabolic independence.

Lysogenic phage in genomic island

We were surprised to detect a genomic region encoding a tailed dsSDNA bacteriophage, given
the small genome size of P. abstrusum. Seven phage genes were annotated within a sequence
length of 9.9 Kbp and a total of 14 genes, the remaining seven are hypotheticals. The annotated

genes include a major capsid protein, a HK97 prohead protease and a phage portal protein as
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well as a putative tail and could form structural components of the lytic phage. Such
components are typical features of Caudovirales, the largest group of viruses described [67-6%],
We also detected a small terminase, the recognition subunit of the viral DNA, a large terminase
phage packaging protein and an endonuclease/translocase subunit, which together with the
portal protein could translocate one viral genome inside the phage capsid. A putative Holin
involved in gene-transfer release could play a role in lysis of the host cell membrane during a
lytic phasel’”. The presence of an apparently complete and functional phage suggests the

possibility for infections at least at some stage in the symbionts’ life cycle.

Discussion

Technological challenges hide low abundant and reduced bacteria

Symbionts with reduced genomes that only occur in low abundance per host individual have
been rarely observed both in marine and terrestrial animals. Compared to nutritional symbionts,
their low biomass hinders direct observation. These symbionts may evade detection when they
do not invoke obvious strong detrimental or beneficial phenotypes. From a bioinformatics
perspective, their low abundance is a technological challenge. Even if such symbionts are
detected, commonly used cut-offs would label their MAGs that represent full genomes as
incomplete. Technological innovations such as graph based screening and other marker sets,
e.g. tRNAs and ribosomal proteins, are necessary as completeness indicator and detection
measures. A second limitation for detection would be if not every member of a population is
infected, as it appears to be the case with P. abstrusum in O. algarvensis. Detection despite low
infection rates can be achieved with increased sample numbers and systematic and high-
throughput screening approaches that are independent of prior database knowledge. The
technical limitations that prevented the detection of this low abundant and likely intracellular

symbiont have likely precluded the detection of taxa with a similar life-style and set of traits.

Few representatives of strongly reduced bacteria in marine animal-microbe symbioses

The genome size of 0.64 Mbp makes P. abstrusum one of the few bacteria with very small
genomes reported for the marine realm. The apparently low number of marine strongly reduced
bacteria is likely a biased distribution due to the overwhelming number of studies based on such
genomes from insect symbioses. The smallest complete marine genome reported to date was
sequenced from a hadal sea cucumber (Figure 1.1). Ca. Spiroplasma holothuricola has a
genome of 0.42 Mpb distributed on two chromosomes and appeared to be the dominant species

of hindgut samplest’). Other marine reduced genomes were associated with diverse animal
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hosts, i.e. bacteria of a novel phylum extracted from bryozoans, Neorickettsia from salmonid
fish, and a variety of Mycoplasma spp. from larger marine animals (Figure 1). However, despite
their strongly reduced genomes and their assumed host dependence, none of these animal-
associated reduced bacteria has been characterized in detail and their roles for the host remain

unknown.

Overall, only few bacterial genomes with a genome size below 1 Mbp are known from the
marine habitat. More than 20 of the described 34 animal phyla occur predominantly if not
exclusively in the marine realm. We expect the diversity of novel microbial lineages and
particularly those with highly reduced genomes in marine animal-microbe symbioses to be
much more versatile than anticipated today. We postulate a major increase in representative
genomes once available and newly obtained sequencing data sets are systematically screened

for them.

Pumilisymbium abstrusum combines a unique set of traits

We could show that P. abstrusum is an early branching Alphaproteobacterium and is part of the
sister clade to Rickettsiales. Almost all known examples of early branching
Alphaproteobacteria intracellularly colonize a variety of hosts from the animal, plant and the

"I-B3] Despite their largely pathogenic role, some Rickettsiales were also shown

protist kingdom!
to have commensalistic or mutualistic interactions!’* 7°1. Almost all Rickettsiales have a reduced
genome size of 1-1.5 Mbp and many of the described are intracellular energy parasites that rely
on their hosts for the majority of nucleotide, amino acid and vitamin provisioning!’®!. In contrast
to typical energy parasites, P. abstrusum does not possess the ADP/ATP translocase that
Rickettsiales commonly use to tap into the ATP pool of the host!’®!. Instead, it generates its own
ATP via glycolysis and an ATP synthase linked to a pyrophosphate-energized proton pump.
Such a pyrophosphate-energized proton pump is an ancient mechanism to conserve energy and

t'7]. However, despite its low

likely minimizes P. abstrusum’s negative impact on the hos
necessary investment of a single gene, this type of energy conservation is unknown in
Rickettsiales. Another outstanding feature of P. abstrusum compared to Rickettsiales is its
T3SS. Members of Rickettsiales often possess a T4SS or T6SS for communication and invasion
of the eukaryotic target. T3SSs have been observed in several major orders of
Alphaproteobacteria, none of which are branching close to the root of the alphaproteobacterial

[61]

diversity The deeply branching phylogenetic position of both the T3SS and the

pyrophosphate-energized proton pump sequences from P. abstrusum make any recent
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acquisition of these genes via horizontal gene transfer highly unlikely (Supplement Figure S10
and S12-S17). These single gene analyses combined with the deep phylogenetic position of
P. abstrusum suggest that ATP synthesis linked to pyrophosphate and a T3SS for host-symbiont
interaction might be an ancestral state and potentially more widespread among

Alphaproteobacteria.

A more mutualistic than parasitic intracellular lifestyle?

Based on the high level of genome reduction, the lack of essential metabolic functions such as
amino acids biosynthesis and lack of a peptidoglycan layer, P. abstrusum appears host
dependent throughout its complete life cycle, occupying an intracellular niche. Despite this high
host dependence, the impact on the host is likely very low as P. abstrusum’s metabolism only
uses commonly available substrates such as fructose and abundant intermediates such as
malatel®”). In contrast to many strongly reduced obligate endosymbionts, P. abstrusum seems
capable of its own energy conservation, partial membrane lipid biogenesis and even synthesis
and salvaging of a selection of B vitamins and co-factors. These co-factors and vitamins are
likely produced for its own needs, but overall, any generated biomass including vitamins and
other valuable substrates will eventually be recycled by the host. Such minor benefits can only
be net gains for the host if the symbionts do not evoke a costly immune reaction!’l. The
symbiont combines several features that likely allows it to evade host detection or to modulate
host immune response. P. abstrusum lacks a cell wall and therefore already avoids detection
and host immune response triggered by cell wall components. In addition, the symbiont genome
features a considerable amount of genes dedicated to host communication and modulation by
the T3SS. Such an extensive genomic investment is rare in reduced intracellular bacteria and
points to the critical role of host modulation for survival in the host population. In summary,
the role of P. abstrusum could be commensal or even mutualistic depending on the importance

of the provided substrates in a given environment.

An annelid reduced bacterial clade?

A major problem in the early branching clades of the Alphaproteobacteria is low taxonomic
sampling. The closest relatives to P. abstrusum based on 16S rRNA gene sequences and MAGs
are representatives from other family- to order-level clades. Based on 16S rRNA genes, a single
close relative stands out which is associated with another annelid, the arctic ice worm
Mesenchytraeus solifugus®®!l. This observation makes it tempting to speculate that P. abstrusum

and the M. solifugus associated bacterium are representatives of a much more widespread
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bacterial clade that is coevolving with annelid hosts but has evaded detection. Since no genomic
data is available, we cannot draw any conclusion on the genomic state of the M. solifugus
symbiont. Broader taxon sampling of the staggering diversity of Annelida with state-of-the-art
metagenomics techniques tailored to detect reduced genomes could provide additional hosts for

this bacterial clade.

The larger relations of this potentially annelid associated clade remain elusive. Our analyses
place the clade within the Rickettsiales sensu lato, a radiation of undersampled family- to order-
level clades that associate with unicellular hosts and that also includes the only described
Rickettsiales that can reproduce outside of eukaryote cells, Ca. Deianiraea vastatrix>?l,
A typical sign for accelerated genome evolution in bacteria with highly reduced genomes would
be long branches in phylogenetic reconstructions!?). We, however, did not observe a specifically
long-branch for P. abstrusum neither in the 16S rRNA gene based analysis nor in the
phylogenomic analysis based on 81 marker genes. This apparently normal evolutionary rate is
a surprising observation given the fact that most animal-associated symbionts with genome
sizes below 0.7 Mbp exhibit accelerated evolution!?). This suggests that P. abstrusum does not
suffer from consequences that bacteria with small population sizes and population bottlenecks

during transmission usually face.

Conclusion

Candidatus Pumilisymbium abstrusum is a bacterium with one of the most highly reduced
genomes described from a marine animal-microbe symbiosis. It possesses a novel combination
of traits with a type III secretion system to modulate its host and the ability to generate ATP
that has not been described for Rickettsiales related bacteria before. Future research will shed
light on its specific role in the Olavius algarvensis symbiosis. We expect P. abstrusum to be a
representative of a yet undetected diversity of genome-reduced bacteria from the marine realm,
not limited to annelid hosts. Expanding our knowledge on specific interactions with genome-
reduced bacterial partners from marine habitats will help decipher evolutionary patterns of
genome reduction linked to animal ecophysiology, which are to date almost exclusively

researched in insect nutritional symbioses.
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Data and code availability

Raw metagenomic sequences, symbiont marker genes and symbiont MAGs generated in this
study will be deposited in the European Nucleotide Archive (ENA) upon peer-review

submission and are currently available upon request.

The scripts that were used for data visualization concerning abundance estimation and COG

profiling are available at github.com/TinaEnd/Alpha_reduced Pumilisymbium.

Phylogenetic 16S rRNA gene and MAG based trees are available in project

Alpha reduced Pumilisymbium at itol.embl.de/shared/tenders.
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1 Supplementary methods

Protein trees for pyrophosphatase (Figure S10) and T3SS components (Figure S12-S17) were
calculated with the according protein sequence of P. abstrusum, related protein sequences from
BLAST implemented in geneious with the nr nt, env_nr, refseq protein and swissprot
database, and sequences with the annotated function from Olavius algarvensis symbionts.
Annotated sequences for secretion systems were obtained by searching O. algarvensis symbiont
bins with hmmsearch (hmmer v3.1b2, hmmer.org/) against a database constructed with

MacSyFinder (github.com/gem-pasteur/macsyfinder)'!. Annotated sequences for the

pyrophosphatase were obtained by annotating O. algarvensis symbiont bins with the custom
annotation option in prokka (--proteins)!?l. Pyrophosphatase sequences from other
O. algarvensis symbionts and their closest relatives from NCBI were used!®. The alignments
were produced with mafft-einsi and the trees calculated with IQ-TREE (-m MFP -alrt 1000 -bb
1000). Trees were annotated in iTOL.

Code used for Figure S7-S9 and Figure S2-S4 is available at:
github.com/TinaEnd/Alpha_reduced Pumilisymbium.

Phylogenomic trees based on 16S rRNA genes, MAGs and protein trees are available at

itol.embl.de/shared/tenders under project Alpha reduced Pumilisymbium.

2 Software and tools used

Table S1: List of tools and software packages used with relevant publications and web access (continued
on following pages).

Software Reference | Availability

Adobe Illustrator | webpage | https://adobe.com/products/illustrator
v25.3

ARB 4] http://www.arb-home.de/home.html
Bandage 5] https://rrwick.github.io/Bandage/
BayesHammer (6] http://bioinf.spbau.ru/en/spades/bayeshammer
BBtools webpage | https://sourceforge.net/projects/bbmap/
https://jgi.doe.gov/data-and-tools/bbtools/
BLAST and NCBI -8 | https://blast.ncbi.nlm.nih.gov/Blast.cgi
psiBLAST
checkM l https://ecogenomics.github.io/CheckM/
diamond (10] https://github.com/bbuchfink/diamond
DNAplotter (] http://sanger-pathogens.github.io/Artemis/DNAPIotter/
(artemis)
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effectiveDB (2] https://effectors.csb.univie.ac.at/

[13]

eggNOG-mapper https://github.com/eggnogdb/eggnog-mapper

Ivﬁzls}[Q6C webpage https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
FinchTV website https://digitalworldbiology.com/FinchTV

Geneious v11.1.5 | website https://www.geneious.com

GTDB-Tk v1.5.0 | U416l https://github.com/Ecogenomics/GTDBTk

GTDB R202

https://gtdb.ecogenomic.org/

Hmmer v3.1b2 webpage | http://hmmer.org/

Hmmscan (Pfam) | webpage https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan

http://hmmer.org/

IQ-TREE v1.6.10 | 1718 http://www.igtree.org/

IMNGS (19] https://www.imngs.org/

iTOL (20] https://itol.embl.de/

KEGG (21-23] https://www.genome.jp/kegg/
MacSyFinder (1 https://github.com/gem-pasteur/macsyfinder
MAFFT v7.407 | 24 https://mafft.cbre.jp/alignment/software/
MEGAHIT (25, 26] https://github.com/voutcn/megahit
v1.2.8

MetaBAT (27, 28] https://bitbucket.org/berkeleylab/metabat/src/master/
MetaCyc (29] https://metacyc.org/

Pathway Tools (30] http://bioinformatics.ai.sri.com/ptools/
Pfam (31] http://pfam.xfam.org/

PhyloFlash (32] http://hrgv.github.io/phyloFlash/
Prodigal v2.6.3 (33] https://github.com/hyattpd/Prodigal
Prokka v1.14.5 21 https://github.com/tseemann/prokka
RAST [34-36] http://rast.theseed.org/FIG/rast.cgi
RStudio webpage https://rstudio.com/

v1.4.1106

R v4.0.4 (37] https://www.R-project.org/

R: devtools webpage | https://github.com/r-lib/devtools

R: data.table webpage | https://github.com/Rdatatable/data.table
R: dplyr webpage https://dplyr.tidyverse.org/

R: ggfortify webpage | https://github.com/sinhrks/ggfortify
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R: ggplot2 webpage | https://github.com/tidyverse/ggplot2

R: htmltools webpage https://rstudio.github.io/htmltools/

R: plotly webpage https://plotly.com/t/

R: reshape webpage | https://github.com/hadley/reshape

R: stringr webpage https://stringr.tidyverse.org/

R: tidyr webpage https://tidyr.tidyverse.org/

R: vegan webpage | https://github.com/vegandevs/vegan

Samtools v1.9 (38] http://www.htslib.org/

SimpleMappr website https://www.simplemappr.net

SPAdes v3.12.0 | [6:¥] http://cab.spbu.ru/software/spades/

SUPERFAMILY | [40-41] https://supfam.mrc-Imb.cam.ac.uk/SUPERFAMILY/
TMHMM 2.0 website https://services.healthtech.dtu.dk/service.php? TMHMM-2.0

3 Metadata to sampled individuals
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Figure S1: Sampling bays around Elba and Pianosa in Italy, Mallorca in Spain and Cap Fleuri in France
in the Mediterranean Sea (www.simplemappr.net).
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Metdadata for all specimens used in this study is listed in at zenodo.org/record/6515035.

4 Abundance estimation
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Figure S2: Occurrence of P. abstrusum in Olavius algarvensis around Elba (Italy), Pianosa (Italy) and

Mallorca (Spain). Amount of Olavius algarvensis specimens per bay (Elba: Cavoli, Cala del Fico,

Pomonte, Sant’ Andrea, Seccheto, Sorgente, Capo Vita, Zuccale; Pianosa, Mallorca) that are positive
(yellow) or negative (grey) for P. abstrusum. Specimens are considered positive when their quality

filtered metagenomic reads mapped to a a minimum number (1-5 and 10) of non-ribosomal RNA

coding sequences of the four main contigs of the P. abstrusum reference metagenome-assembled
genome.
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Figure S3: Occurrence of P. abstrusum in Olavius algarvensis around Elba (Italy), Pianosa (Italy) and
Mallorca (Spain). Percent of Olavius algarvensis specimens per bay (Elba: Cavoli, Cala del Fico,
Pomonte, Sant’ Andrea, Seccheto, Sorgente, Capo Vita, Zuccale; Pianosa, Mallorca) that are positive
for P. abstrusum. Specimens are considered positive when their quality filtered metagenomic reads
mapped to a a minimum number (1-5 and 10) of non-ribosomal RNA coding sequences of the four
main contigs of the P. abstrusum reference metagenome-assembled genome.
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Figure S4: Occurrence of P. abstrusum in Olavius ilvae around Elba (Italy), Pianosa (Italy) and Cap
Fleuri (France). Amount of Olavius ilvae specimens per bay (Elba: Cala del Fico, Pomonte,

Sant’ Andrea, Seccheto, Capo Vita; Pianosa, Cap Fleuri) that are positive (yellow) or negative (grey)
for P. abstrusum. Specimens are considered positive when their quality filtered metagenomic reads
mapped to a a minimum number (1-5 and 10) of non-ribosomal RNA coding sequences of the four
main contigs of the P. abstrusum reference metagenome-assembled genome.

5 Genomic information

Table S3: Genomic information for P. abstrusum based on checkM.

Feature Value
Completeness 68.86%
Contamination 0%

Strain heterogeneity 0%
Genome size 641 817 bp
Scaffolds/contigs 60

N50 179 649 bp
Mean contig length 10 696 bp
Longest scaffold 228 812 bp
GC content 34.74%
Coding density 79.66%
Predicted genes 570
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6 Annotation information

Table S4: Metagenomic features of P. abstrusum from Prokka and RAST and the combined total
evidence annotation.

Feature Prokka | RAST | Total evidence annotation | Comments

Predicted genes 542 683 697

Predicted proteins 502 645 658

Predicted rRNAs 3 2 3 5S, 165, 23S

Predicted tRNAs 36 36 36 Charging 20 AA
Predicted SSU ribosomal proteins 21

Predicted LSU ribosomal proteins 30 Missing are non-essential

7 Description of Candidatus Pumilisymbium abstrusum

Candidatus Pumilisymbium abstrusum, gen. nov., sp. nov. (Pu.mi.li.symbi.um ab.stru’sum; L.
masc. adj. pumilus dwarfish; Gr. pref. sym- together; Gr. masc. n. bios life; N.L. neut. n.
Pumilisymbium a symbiotic dwarfish organism; L. neut. adj. abstrusum hidden, secluded).
Symbiont of the marine gutless oligochaete Olavius algarvensis (Clitellata, Annelidae) from
Elba, Italy. Basis of assignment: SSU rRNA gene sequence (Accession number XXX) and
positive  match  with  the specific 16S rRNA  probes 379F (5°-
GGAAACCTTGATCCGGTTATG-3") and 1026R (5’-AACACCTGTGATATGTATAGTG-
3”). Forms a novel order taxon with incertae sedis status within the order of Rickettsiales in the
class of Alphaproteobacteria in the phylum of Proteobacteria. Identified first by Yui Sato in
Olavius algarvensis individual BIOCA from Cavoli Bay on Elba, Italy. Remains uncultivated

to date.

8 Phylogenetic placement
Figures are shown in order on the following pages.

Figure S5: Figure 3A with non-collaped clades including Holosporales: Phylogenetic placement of P.
abstrusum based on full-length 16S rRNA gene sequences from NCBI (nr/nt, nr/nt type strain material,
env_nt) and relevant relatives from GTDB-tk phylogeny. Bootstrap values greater than 90% are
shown.

Figure S6: Figure 3A with non-collaped clades excluding Holosporales: Phylogenetic placement of P.
abstrusum based on full-length 16S rRNA gene sequences from NCBI (nr/nt, nr/nt type strain material,
env_nt) and relevant relatives from GTDB-tk phylogeny. Bootstrap values greater than 90% are
shown.
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2 R 036334 Parvimunas micia stain 311808 163 dbosomal RNA, patlial seguance
NH_114334 Farumanas mira sirn JUR 12600 165 nhasomal RNA, parhial sequenca:
MO_CNSSED_-_1BS_rRNA HI D, R o
E NC 002938 165 MNA Geocbacter sulfumeducens PCA, complets secuence
NC_OUZa37_ 165 _mINA Dasuliovibno vulgans str. Hilkdenborough, compiate sequance

NR_074191 Parmthocaspinilum phalurtrican DSM 122 185 ibusornl RNA, pasl soquenc:
NR_ 042624 Puratiedasgitdlum sulfurexigens shain JA143 163 ribosonmi RNA, paifial segquance
NH_11401 4 Fararhodospriium oryzae siran J&314 165 nbosomed HNA, paral saquance
NE_115549 Rncdaspiium natiom ATCE 31170 16S nbasamal HMA, partinl seauence
NR 074248 Rhodospribum rubom ATCC 11170 155 ribosomel RNA, parnal saquance
CrOTTE03.1_ 182500 191276 Rhodosprfium rubrum strain DSM AGT chromasoms, complets ganome
CENN230__165_1RNA Riwdaspirillim natnam ATCC 11170, corgkie geomne
— APO146401_3503046-3504526 Mudyhovesnibnuctes ceenilegidi DHA complele guoome, stain Gulad
FRLS011 2623 mataganama genoma assambly, conta_ 12524, whola genomea sholgun sequenca
FELLOTDOBEN matagename genoms assambily, contig_ G454, whrle ganame shoigen sequanca
FPLE01029067 malsgenome gencing essembiy, cont 29067, whoks gencme sholgun sequence
IPLE01048734 mategenama gencma assambéy, contig 48734, whoks genoms sholgun sequencs
FPLSO007095 metsgurome yenome scmbly, cootg_ 7H85, whh: gerome shokgun sameme:
& FPLE01001733 melsguoome yenume senbly, coota_ 1735, whul: gerome shogun ssaema:
DHAI D228 matagenama Ganome assambly, conb_ ([ LZ42H 51615, whol garome shotgun saquance
RSO 7165 malagenama genoma assambly, contg_ 276, whole genoma sholgun sequenca
FPLE01017639 metagenoma gencme essambiy, contig 17633, whos genome sholgun sequence
IPLLO1006298 o Ly, contl_ 6269, shoigun sequencs
FPLA01044748 malsgrneme geanme: semmbly, coof_ 44743, whoke genmme: sholgun sequens:
HR_ 146290 Puracoeries cavenmae shain 0511ARDSTS 185 ritusomsl RNA, pantil sequence
HE_134121 Haracoecus iutmans stram HUK-2Y 165 raosomal IS, pamel sequance
NE_118154 Frofunmbactaram mesoatilam KAUS T 1D04DG1124 1155 nbasomal RNA, parial saquenca
NR 158187 Planktotalea lamedibrachies srain JAM 116 165 rbosomal RNA, partial seguance
NR_ 145558 Shimia aquaspont stren CUSW 22 165 ribosomel RN, parial saquance
NR_102476 2_6-1402 Liicsitisesen crcssocns shain 0T-1 165 nbasurial RNA, sorgikel: soquence:
NR_043995 Aurcimueas ureilylics DSM 10590 = NGRC 108430 sirain 5T155-12 1683 sibasamal RNA, prinlisl sugquunoe
FELS0100424 mategeroma genama aesambiy, Conta_ L4, whole ganame shofgun sanuance
FELSO1E3465 malpgaroma gencma assembly, contg_ 3414, whak genoma shalgun sequence
NR 113140 Rhizobium grehamii strain COGE 502 188 ribosomal RNA, partal sequence:
OBATO1021358 metagenime gencme assambly, contly OTUZ1388 528 2, whole genome shotqun saquence
FRIS0107A7 metsgename: grenm: scmbly, oot TAT5, whish: genome shogun seuane:
FRLS01040000 metisgunanmne gt wsembly, oot 40060, whik genume sholgun sequent:
NH_112624 Caulohacter gnaangesod strain Gsaf 317 165 nbosomal HNA, parhal saouanca
ARG __165_HNA Uaukibactar crescanhus B 15, compiets ganome
KR 117118 Methyobactarium cerasti stiain 15 165 nbosomal RMA, pertial sequences
HR 108524 Mesylabackarum tifolll stran TAT3 165 rboscmal RNA, pertiel sequence
NR_O74704 1_0L1450 Nitrobehir wrvgrisdsty strsin NB-355 165 ritosonmil RNA, perte saquence:
NR_020841 1_1-1403 Rhutopseudumures ihevobsomsis shain Kleme Rt 163 rbasuenl REA, il sequuace
CPUZBAIG1_SH (34080210 stran 35 1ME , COMpiEna gancme.
CE4165G 1_3520 103521451 Hrayrizohaim cosmicam siran 5651 chromesome, complale ganame
@ CPO44513.1 2363838 2365117 Bradyrhizebum betes stigin PLTHG chromesome, comolete genaims
CPOZIT.1 274303 275754 Bredyhzooim symbicdsficiens sirein 8551ME chiomosoms, complets gencme
CROPALIS 1_IARAISIIA0IN Mooy hi b ollasacnsr: sirmin D008 chomasame, complele gensms
CANZ2219 1 304008308517 Dewlyhientinn quanysivres: shin CCRAL 53583 duomesane, ceenplels geame
- CRUB0UL0.1_STG153-617 (544 Hramrhizobam erachidis stran CUBAU 031107 chromasoms, completa ganome
CRITI451_B4 152 /4491 18 Hradyrhizabam sazoathcians USDA 11, complts garome
CPD30153.1 6550825552304 Bradyrhizobwm guarkgzhouense stiain CCBAL 51670 chromosome, complete gencme
NR 1183612 5 1185 Bradyrhizobium rifense strain CTAWT1 195 ribesomel RNA, complate sequence
NR_116360 7_01-1480 Neadyrhizobim cyfisi siin CTAW11 185 ribosamesl RNA, comples: sequent:
DQABEANT Uneallun s anggarisars s esy_NISATTS 183 ribasamal RNA gone, prsfinl sequeni:
- - - HU2422 (3 Uncultures SAI | chister sipha protachactenum cione | 14_1UL1G 165 nbosomal 1HNA gena, partial sequence
Kxgdlitty UncLmirad marnma bactsaum cone 1505 36eata 145 nhosomal KN gena, paral sanuance
JNSBEA1E Unculured bactedum clone U13E8-13 165 rboscmal RNA pene, partial sequence
JNSE0ST1 2 1458 Uncultured Dacteium clone U1363 216 183 rbosomal RNA gene, partial sequence
FFET2145 L el basctannam chine S79_744 183 ribosnmal RNA geor, partial saeusnos
CFST2861 Unullurd bisciznum chir S S i
- - - - S o= oo - EUSIMS40.1_225 1466 Uncuturad bachenum clone GCZE2411 1655 nbosomel HIA gena, partal saquance
EF4 {2240 Unculharsd bactarum clona S23_339 155 nbosomal HNA g6ne, paral saguance
= EUSD2501.1 31372 Unculiured bectarium clone 4C229837 185 ribosomal RNA gens, partsl sequance
[ KM223016.1 33 1326 Uncultured manne bactenum cone BIOSI. GYR 5144 185 ribosomel RKA gene, paral sequence
FLARZARA Unrullured hackenium chne 4CI20705 165 ronsomal RNA gene, pamal soquence
CFST4400 1_1-1375 Unculturce backnam dooz S25_1174 165 ibasumal RNA pene, pastisl sequencs
S - - - - - - - o - - EIBIHSS Uncultured bectanum clona S23_04 165 roosomal 1TNA gans, parel ssquance
(351 Uncultursd bactanum clona 524_22% 155 nbosomal HNA gena, paral saquanca
ELB04072 Uncullured becteriun clone 60231863 185 ribescensl RNA gene, partisl ssquence
EUS04572 Uncullured becterium clone 60232624 185 ribesomal RNA gene, partiel sequence
FRET2857 Unrulharnd bctonum clere S79_721 165 ribosomal ANA gene, partial saousno
FFST3502 Uncullurd bescsenum clire S23_1801 165 ribasomal RMA gen:. paisl sequens:
S - = = o o - EUMIMOUBS Uncultured bectanum clone GCZ31E( 165 roosomal 1INA gans, pamel sequance
5 (2810 Unculhured bactanum clona 523_1008 165 nbasomal 1iNA gane, pertial sequenca
EF5T4589 Uncullured becterum clona S25 033 168 ribosomal RMNA gene, parlial seauence
EF5T3425 Uncullured bectenum clons 523 1524 165 bosomal RNA gene, pertiel sequence
Ca. Pumilisymbium abstrusum CAVL_C02
Ca. Pumilisymbium abstrusum B10CA
= = = = = = = = ADEAMMAED Unculured baclerium gues for 185 rRNA, pertisl sequonie, doen: Ms-32-S11w-2-027
AHERUZ2G Uncumurad bactsnum gena for 165 MINA, pamal sequence, cons_ Ms-12-5tw-2-191
AMABTS00.1 11463 Uncullured deep-ses buctsium 165 RNA gens, done Ued 1528
LFIKD1D13154 Sode lake melsgenome LTS BRINE C 19154, whoie gencms sholgun sequence
KCARIANO 1_1-1454 Uncullured backanum clone SMA7 10S ibasamal ANA gens_ partial seaueno
CRONAIIE_-_165_IRMA Canddals Coeibaricr scanthampetise, complile genpms:
DCOBG2Z 1_1-1456 Unullured alphes pootesbescherm coen: MS04 165 ribasoml RNA gemn:. gulial sequune:
CRIUEE1__I65_rHNA Canddatus Haracaedivectar PHAS, complata g
KU 1133 1_3-1460 Uncumarad bach one LASHIG 165 1A gena, parhal saquance
KC540371.1 21463 Uncullured becterium clone RS 4019 165 rbosomal RNA pene, pestial sequence
MEZE3T11.1 152 1460 Holospara undussia isclebs M1 48 155 ribosomel RNA gens, parial saguance
N7 CPOS1314 - 165 rRNA
NZ CPOS1316 - 165 RNA
N£ CHOAT31G - 165 A
VG0 3_1-148¢ Uncullurse beckanam clona 4001-E11 small subuni thascmal KNA gana, pariel sequence
JYHAD1000058 - 165 (ANA Candidalus Arcanobacter lacusliia strain SCGC AAADM1-LO4 SZ25 conliglOICG], whote qencme sholjun sequence
CANJOI00O001 - potential 165 rRNA Ricketisiacess bectenum 0218 WSS project CANJIDIO0ODO deta, strain Os18, contig 00001, whols gencme sholgun sequence.
AMAATS_-_1ES_IRNA Oricalin atsngamshi sepong complele geanr:
ONATOI00S39S mutagurime: yonuen: sssmbly, conlig_ OTUSEIS sia=1S, whili gueame shilgun sauancs
LIRUEL341.9_-149/ Candwdatus Megaira polyencpniia parmal 155 fiNA gane
- UHAIN1D05L ¢ matagsnama ganome assambly, conb_ (| LGS (:5iz6=11), whols ganome shotgun saquance
MHE45181.1 17-1507 Unculiured Rickellsia sp. clone Pda 165 ribosomal RNA pene, pertisl sequence
CPOED135.1 1017158 1015643 Rickettsia ikamookensis strain Tilamoock 23 chromesome
NR_O25010 1_1-1440 Ricketisia missiian: sirain Miut 165 riesomal RNA, pertinl soquence
CROROANT -_165_1RNA Rickistlsia botii RML380-C camrgikele gunome
NE_0/4334 Tckattsia fyahi st Wimingeon 165 nbosomal HNA, completa sequenca
Hickattin prowazakn st Hraind 165 nbosamal MK, parial saguance
igles bacleriuim fex Buguls reilins AB1)
NR 125536 Lyticum fagellabum strain 288 165 tosomal RNA, partial seguence
CRAIFANG__16S_rRMA Candrdahs o salitarss isalate Rin FTE_Al G 280 chiamasame, coenplei: pencm:
ONATOC2TZ00 meztsguecime: genuon: mssenbly, conlig_ CTUIT200 swe=1, whli: gerome shilgun sajuene:

CIOUZ130__365_riNA Canddatus Midichiona Incvacl
M IB11928 1_4-1446 Holsporacaan hactenum Namur srmn Namur 165 nbosomal HNA gana, panal saquance
CPOD4403 - 165 (RNA iant of. W compiele genome
1685 RKA Jidsibacter frain LWC3E NF2T BIC whole penome sholgun sequence

N7 CPO2A0TT Candidatus Daiaritac vastaii
CPONT43_-_165_cRNA Miovickuisia pistici sfe o, complic goome

AXCIDIO0000T_ _{6S_rNA CARASHE X6nalssoolam paciiienss LG Contgt, whald genoms Shatgun ssquence
AROTF18E__ T6S_ravA of Drosophina [, COMOGS QAnOme

CPODIOTY - 115 (RNA Aaplasing murginele sb. Fioridy, camplete gname

MR 1217440 1901502 Ehviehia imuris AS 145 16S ribosanal RNA, partial ssgusnce

HR_O74500 7_B-1508 Fhriichia chafinensis san Arkangas 185 nbraomal ANA. compinte saquince
CPONIZIE_+_rsA_rRIA Chelichie halennss st Arkeansas, complelt guoame:
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HH_U3E534 Paramanas micra siran 211498 165 rbosomal RNA, parhal sequence
NH_174335 Parvemonas mecra siin JOM 12970 155 nbesomad HNS, partal saquance

NC 005333 - 165 rRNA Bdellovibro bactenowornus HD10D, compiete sequence
“{ ; NC 002838 165 MRINA Cacbacler sulfuraducens PCA, complete sequence
NC_DO2EAT_-_18S_rRNA Desulfviin vakgaris =5 | lidenbarangh, compliste sequinee
NR_074191 Panartrsdcespisiliam phoionmeicuen DSM 122 165 ribasamal RNA g linl s
NI_D42624 Paramiodospimikim sumirexigans stran JA143 165 nbosomal RNA, partial sequence
NH_11541¢5 Parachodosprlum cryzas stran Ja316 155 nbasamal RNA_ partial seauenca
NR_115549 Rhadospinium nibrm ATCE 11170 185 riesomal RNA, pamal soquencs
NR 071248 Rhodosperilum rabrum ATCC 11170 165 rbasomal RNA. pertial sequencs
CPOFTE03.1 192800 184276 [Rnodospiniium nomim syen DSM 167 chromosame, complets gerome
CPONC2I0_-_1BS_JRNA Rhefuspriilint nubeuen ATCE 1170, coenpletes genens
FPLS1012823 elagenoene gurame ussembly, conliy 12823 whole genome shulgun sequence
FPLLDTIGE mataganame genamea assembly, conhio_ 1, whals gancme shatgun sequenca
£ SDIIZHIRT metaganome gonamse assembly, conlig_ 25067, ahal gename shatgun sequente
- FPLSD1048734 metanencme Qeroms assembly, conliy 48734, whole ganome shotgun sequence
TTLED 1007385 melagenome genome assembly, contig_ 7895, whois genome sholgun sequence
EPLSO100172%3 melagenore gureme sssembly, conlig_ 1737 whak: genee: shalyun sequens:
OBATOI002525 meslagunonme gunoine ssseenbly, conlip OTU2528 siee=30, whole gensire sholyu) sequunss
FELSD 12 (46 metagancme ganame nssembly, cong_ 2 (66, whala ganome shotgun saquance
FPLSDIIT639 metagancme ganame nssembly, conti_ 1769, whala ganame shatgun sequance
- EP1 1 D1I06200) melagrname gename asscaibly contin_ 209 whak: gennei shalgun sequent
TPLS0I044716 metaancane Qeroms assembly, contig 44746, whole ganame snotgun ssquance
APUIAEAS1_3303045 3301520 Methloceanibacter caenmepa UNA, complete ganoma, strain_ Geled

FPLSO1040908 mnelagenoen: guraine wssumbly aoli_ 40905, whk: genome Slgun sequente

NR 112824 Caulobacl ginseegisali shiain Gsuil 317 168 1bosconal RNA, pertisl sequenice

IR 148298 Paracoccus caerma sirsin 05 1ARDSES 165 iibosomal RNA, oarlisl sequencs
NR_134121 Paracacris lihmans st HOM-25 165 nbasamal NA, partial saguance
® NR_11150 Prafundibacterium masophinm KAHSTI0MM08-0024 165 ribesomal RNA, prrfal soquence:
— - - - - - = -~ - NR 138157 Manklotales lemellbrachias sten JAM 113 165 rbosomal [RNA, pertisl sequenca
— HIZ_ 145568 Snimis aquesponh srain CUSW 22 165 roosomal IENA, pertial sequenca
HR_102476 2 0-1482 Liberbcls coescens skan BT-1 165 ribosoms RNA, complete squenm
R 043695 Aureiinonzs ureitlics DSM 18566 = NBRC 108430 shain 5715512 185 (basomal RNA, pestial sequencs
FFSOIIES62E matganome garame nssembly, conig_ SE28, whala gennms shalgun Sequenca
. £F1 SO1AMAS metaganome: grrame nssembly, canlig_ 32445 whale ganome igun sequence
NR_1#7140 Rhwrmtiin grashesnii shan CEGE 507 165 ksl RNA_ parlisl seguino:
OBATD1U21389 matsgename genoma essembly, contig_ 0TUZ213583;size 2, whole gencma shalgun sequencs
LS 1004 3 mataganome ganame assembly, canhg_ /¢, whala genoms shatgun sequenca
E E AECOSETI - 185 rRNA Cauobacter crescentus CB135, complets genoms
.‘\

MR_11T114 Malhylohactesium carastii siran C15 188 ritnsomal RNA, partial soquence
MR_100524 Mattyéotiactcrum il strain TATS 188 ribasamal RNA, partial sequenee

= = = = = NR_DFA324.1_8 1490 Nitrobectsr winogradsky) stram No 265 165 nbosomal HNA, partal sequence
NIR_DZHEAT 1_1-1483 Hhodopsaudomones rhanchacenss stran Klamma HE 155 nbosomal KA, pamal saquence
CPO26426 1 SATT34-569215 Bradrhizobiven amphicapaess shain 395 1MB chiomesome, camplele gename
CPO41656.1 3520010.3521481 Bradyrhizobium cosmicum slisin 5351 diomosoms, complets gencing
CPIA4547 1_JIEXII6-736541 7 Rradyrhizakium betar smn Pl ZHGT chiamasams, complats gennme
CPOR4IT 1_3TAMI-ITETIE Neaidyrhizbasn B5SIMA . somplol: gancen:
CPO2G425 1_J40G13-3400074 Ty Hieabivm wiavenree shain 0009 chrommsue, somplok: gonoms
CPOZZ219 1_394836- 36631/ HAU 93363 cl , cOmpéeta ganome
CPUOLD 1_5116163-971 (544 Hradyreahium arachidis strain CCHAL 051107 chmmosome, amplate gename
CPOTI360.1 BATEZT-S4E108 Bradyihizodium diszeeficens USDA 110, complets genoine
CPO30053.1 6550825 6352304 Bradyrhizobium quangzhouense strain CCBAU 51670 chremasems, complete ganome
MR_11EIR1 2_5-1405 Meadyrhizabiven rikmse stran CTAWT1 16S ribasamal RNA_ compict: sequesnic
MR_1IEIE0 2_0-1400 Dnantyriicubiven cyliss st CTAWH 168 1bosconsl RNA, skl sequencs

= = DQ3UE0ET Uncumured onganism clons cha_RISAZY 1655 nbosomel 1INA gens, pamal saquance

JNBEEDGS 1_Z-1458 Uncuiturad bactarum cons L3E- 214 165 nbasomal RNA pane, parhal Sequenca
EF572145 Uncullured bacteium clone 523 244 165 rboscmal RNA pane, pertial sequence
EF572961 Uncultured bactedum clone 523 760 165 rboscmal RNA pane, pertial sequence

s FLBN4B4S 1_775-1488 Uncullureed bactriam clone B2719011 168 rbasamal RMA gene. piasdial srquence

CF572240 Unultured baciosium clne $23_139 1685 rbusomal RNA gene, pistisl sequeri:

JMEA5E10 Uncullured bavhamm done LIT350-13 183 sibosomal RNA gene, o lisl ssguence

KXEFG04 Unculhured manna bactarum clona 14553808 1a 165 nbosamal HNA gane. parhial sequenca

o EUBIZAI 1_51372 lnculiurar hactenum chang 40279437 165 nbasamal HNA gens, partinl sacuancs

EUSDZ381 Uncuiturad bacterum cione 4C229705 165 ribosomal RNA geae, parlial sequence

|_ Er574380.1 1 1375 Unculiured bactenum clane S5 1321 165 nbosoma RNA gens, partal sequance

CFS71955 Uneulhued Bactcsium chine 525_54 185 dbasamsl RNA goae. gusrlisl seguznes
1103242272 Unauures) SARTT custen alphat prolealssche um clore FSP4_100L16 165 ibasumal RNA gene, pisrlil sequence
E1073881 Unculturad Hactenum chne S24_22% 165 rbosomal RN gane, pertial sequenca
EUBIM072 Unculurar bacteaum song GC2319153 165 nbasamal HNA gens, parial saguance
EUSMMETZ Unculured bacterium cione SC232524 165 rbosomal RNA gene, partial sequence
Lo Er572922 Uncultursd bactenum clone 523 721 165 rboscmsl RNA pans, pertiel sequinca
CFS73502 Uneulunead birclesium ke S25_1601 185 ribesomil RNA gure, penfisl soquence
[ KMZ23018 1_39-1326 Uniculluned missine bacleniuen chine BICS04_GYR_Sm144 1S ribosomal RNA geer:, o lisl seguence
EUSD4083 Uncubured baclesium done 3C231975 1635 ribosomal RNA geow, palial seguencs
ER5IZ9TD Uncalturad bactenum chine S25_1008 155 nbcsomal HNA gara, pansd saquance
@ FFATA580 Unmiltured hactonum clane S36_§11 165 rbascmal RNA gane, pastial sequenca
£1572425 Unculiured bactsdum chne 5251524 165 ribosomel RNA Qens, paral saquance
Ca. Pumilisymbium abstrusum CAVL_C02
Ca. Pumilisymbium abstrusum B10CA
ABEOD162 Uncullured bactium gene e 185 1RMNA, pulial sequence, clone Ms-32-511w-2-007
AHEARIZZ Uncullured bacsarum gane for 165 THNG, paral sagueance, chane_ Ms-52-51 w-2-r1
ANGEIOIN 1_1-1487 ncakurart backsium ciane 0111 smal subunt ibcsomal ANA gene, parial sequancs
JYHADTCO0DS8 165 KA Candidetus Arcanobacler lacustris strain SCGC AAATM1 LUA 5225 conligDI00G0, whole psnome shotgun sequance
CANJUI0DOODT_ _potentel_16S_MINA Hickettzieceae bactenum 0518 WS propact CANJOIUOIU0D gats, stren D318, condg 00001, whale ganome shotgun sequence
AMAS44TS - 185 _RNA Coitrifis st Benyony complek: gnoene
OBATO1005285 merlagunome genomme asseenbly. contiy OTUSIES, sice=15, whole genuime sholjun sequence
LR585341.1 5-1467 Candidalus Megaita polyxenophia parlial 165 IRNA gene
QRATDUINGE? mataganame: gename assembly. canhg_ OTHGIST see=10, whoie geneme sholgin sequpno
AMHB4STRT 1_17-1507 Unendturcd Ricketisia sp done Ban 185 ribezomal RNA gene, parial scquance
CPOGR138.1_ 1017156 1015518 Rckettsie Hlamockensis siran Tikamook 23 chromasoms
CrOUCO87__16S_mINA Hicksttsia Dells RML3ES C, complets ganome
MR 0258181 1-1440 Rickellsia massikse shain Myl 163 rbosomes] RNA, pailial segpuanos
MR 074394 Rickellsia typhi sii. Wimington 185 ribosomal RNA, complele seguance
NR_D44K56 Rickaltsin prowazedel strin Brent 165 rbnsomal RNA, pastial sequenca
MR_125568 | yhicim Ragaleatim sirain 00 185 riwsoenal RNA, prind sequent:
Crozease 165 mINA Candidatus [ okinie soltane iscieta Rio ETE_ALG 3VII chromosome, complste genome
UBAIDIU2/280 mateganome Jename essembly. conhp_ 0T U2/Z80size 1, whols gencmsa shalgun sequence
CPODZ130 - 165 (RNA Candidiatus Midichionis milechandsi IicVA chiomeosame, complite gesmg
MTR11ER5 1 41496 Hulosporacess l:uL'Wlulll ‘Namur' slrain Namar 163 ribosamal RNAumu parlisl secuencs
CPOD4403 - 165 MRNA p. UWCE
ASWEDONM_-_16S_rRNA Candidahus Sdaitiactar arnn!mlmm:hn strain LIWCYE NF2T_ I'!K whalr greame shesgun saquance
CPONM411_-_1BS_IRNA Nearickistses ristice =i linais, complaic geooms:
165 _iNA Candidatus Xenolissocinum pachosnsts LE Contigd, whole ganome shatgun sequence
AEL1/ 196 __165_riNA Wobacl of Lrosaphila , COMplea ganome
CPODMO7E - nis (RNA, winahs sl Floida. npkele O
NR 121714.1 1101512 Enrlichia muris AS145 165 ribosomal RNA. partisl sequence
MR_DTAS00 7_1-1500 Fhrdichin chaffcansis sirain Akansas 165 risesnmal RNA, complele sones
P00 \_tRMA Chlichia chaltcrses st Atkanss, compick: genome
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9 Gene lengths of predicted proteins
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Figure S7: Histogram of the gene lengths of hypothetical (grey) and functionally annotated (yellow)
proteins of P. abstrusum with a bin width of 50 bases length. Excluded are tRNA and rRNA genes.
The peak in short genes consists mainly of hypothetical proteins. Functionally annotated protein
lengths follow an expected bell shape. Few genes with up to 6003 bases are unusually long.

10 Extended information on the metabolic reconstruction of P. abstrusum

Information processing

P. abstrusum is capable of essential information processing with nucleotide de novo synthesis
and salvage, DNA and RNA metabolism and processing and ribosomal protein biosynthesis.
Correspondingly, main parts of the genome represent genes in the COG categories nucleotide
metabolism and transport, translation, transcription, recombination and repair, ribosomal
structure and biogenesis, replication, and cell wall/membrane/envelope biogenesis (COG
categories F: 6.5%, J: 30.1%, L: 9.4%, K: 4.3% and M: 2.3%, Figure S6). P. abstrusum can
generate nucleosides and nucleotides and has genes for desoxyribonucleotide salvage. It posses
all genes to form ATP or dATP de novo from IMP and L-aspartate (via AMP) and GTP or
dGTP from GMP and most of the genes for dCTP and dTTP synthesis from CTP and UMP.
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P. abstrusum is capable of DNA replication, recombination and repair encoding for DNA
polymerase I and III, a variety of helicases, ligases, topoisomerases, gyrases and other DNA
modifying genes. DNA can be translated into RNA by a DNA-directed RNA polymerase and

RNA molecules can be modified and degraded by a variety of ribonucleases.

As indicated in the genome completeness analysis, a large part of P. abstrusum genes are related
to the ribosome and ribosomal translation. All relevant SSU and LSU proteins and rRNAs are
present, along with a variety of ribosome related genes including maturation factors, trigger
factors, rRNA methyltransferases, and translation initiation, elongation, peptide chain release
and ribosome recycling factors. A total number of 36 tRNAs are encoded, capable of carrying
all 20 proteinogenic aminoacids. At least 17 tRNA synthases are encoded, missing the tRNA

synthase for charging proline and perhaps histamine and glutamine.

Central carbon metabolism and partial TCA cycle

Only three of the enzymes that could be part of the canonical TCA cycle are annotated. These
are an NADP-dependent malic enzyme that decarboxylates malate to oxaloactetate or pyruvate
under formation of NADPH+H" and CO; or vice versa, a fumarate hydratase class II that
converts malate to fumarate or vice versa and an isocitrate/isopropylmalate dehydrogenase-like
enzyme that could decarboxylate isocitrate into alpha-ketoglutarate. Malate is present in high
relative abundance in the wormPl. Potentially, malate could be used to form NADPH+H" and
pyruvate. It could furthermore be converted into fumarate, which is needed to form aspartate
from which ATP can be built de novo. Malate is a dicarboxylic acid and could hence be

imported via the encoded dicarboxylate/amino acid:cation symporter.

Cross-membrane transport

P. abstrusum conserved a rather high variety of ion transporting enzymes compared to its
relatives. These include a putative Na/H® antiporter, K uptake proteins,
Cd*",Co*",Zn*"/H* Na* antiporter, Cd*",Co**,Zn*" efflux proteins, a Mn** transporter, a Mg>"
transporter, a Ca?*/Na" antiporter and an unspecified mechanosensitive ion channel (annotation

information is provided at zenodo.org/record/6515015). Notably, P. abstrusum does not encode

for iron transport and iron co-factor dependent proteins. Such a metabolic independence from
iron has been shown in other bacteria, largely pathogens, and has been shown to be a means to

escape host regulation via iron limitation[*? #3],
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A variety of unspecified multidrug efflux transporters from the RND (resistence-nodulation-
division), MFS (major facilitator superfamily) and DMT (drug/metabolite transporter) families

are encoded as well as a bicyclomycin restistance protein!*+47],

P. abstrusum features a limited set of ABC transporters for specific membrane transport. We
detected a complete phosphate ABC transporter. For all other ABC transporters we could only
annotate a subset of the genes. One is a phospholipid transporter involved in the maintenance
of outer membrane lipid asymmetry!*® 1. A second incompletely annotated ABC transporter
is specific for amines. Furthermore, single genes for methionine transport and unspecific

modules of ABC transporters could be detected.

Comparative genomics of P. abstrusum based on COG categories

For details to reference samples see Table S5 and zenodo.org/record/6514058.
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Sneabacter namystus

UBA1459 sp002325765
. UBA4311 sp002394665
. UBA4311 sp002395105

relative abundance (%)
o
N

0.1+

.IIJIM.“HIH '| . |I“J ui”lluli . pALLL

A B C D E F G H I J K L M N O P Q@ s T U V W Y Z
COG category

Figure S8: Relative abundance of feature counts of COG categories in the metagenome-assembled
genome of P. abstrusum compared to its phylogenomic relatives from GTDB based phylogenetic
analysis (Figure 3B).
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Compared to its closest relatives, P. abstrusum encodes few genes for cell cycle control, cell
division and chromosome partitioning (COG D), lipid transport and metabolism (COG I), cell
wall/membrane/envelop biogenesis (COG M), and defense mechanisms (COG V). Instead, its
genomic space is allocated for and increased amount of genes for amino acid transport and
metabolism (COG E), nucleotide transport and metabolism (COG F), especially inorganic ion

metabolism (COG P), and intracellular trafficking, secretion and vesicular transport (COG U).
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Figure S9: Driving COG categories for the COG profile of P. abstrusum compared to relatives and
representatives of alphaproteobacterial families visualized by a principal component analysis (PCA).

Table S5: Relatives from GTDB taxonomy used for comparative genomics.

Accession (GTDBtk)

Accession (NCBI)

MAG (d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;)

GB_GCA_001730065.1

AB1_rickettsiales

;0__Rickettsiales_B;f__AB1-6;g_ AB1-6;s_ AB1-6 sp001730065

GCA_002325765.1

ASM232576v1

;0__Rickettsiales_B;f_ UBA1459;g_ UBA1459;s_ UBA1459 sp002325765

GB_GCA_002394665.1

ASM239466v1

;0__Rickettsiales_A;f__Deianiraeaceae;g_ UBA4311;s_ UBA4311 sp002394665

GB_GCA_002395105.1

ASM239510v1

;0__Rickettsiales_A;f__Deianiraeaceae;g_ UBA4311;s_ UBA4311 sp002395105

GB_GCA_013154095.1

ASM1315409v1

;0__Rickettsiales_B;f__ JAADDDO1;g_ JAADDDO1;s__ JAADDDO1 sp013154095

RS_GCF_007993655.1

ASM799365v1

;0__Rickettsiales_A;f__Deianiraeaceae;g__Deianiraea;s__Deianiraea vastatrix

RS_GCF_008189285.1

ASM818928v1

;0_ 1604HC;f__1604HC;g_ Cytomitobacter;s__Cytomitobacter indipagum

RS_GCF_008189405.1

ASM818940v1

;0_1604HC;f__1604HC;g_ Cytomitobacter;s__ Cytomitobacter primus

RS_GCF_008189525.1

ASM818952v1

;0_ 1604HC;f__1604HC;g_ Nesciobacter;s__Nesciobacter abundans

RS_GCF_008189685.1

ASM818968v1

;0__Rickettsiales;f__Rickettsiaceae;g__Sneabacter;s__Sneabacter namystus
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K-stimulated pyrophosphate-energized proton pump
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Figure S10: Protein tree of pyrophosphate-energized proton pumps from P. abstrusum, related protein

sequences from BLAST databases (nr_nt, env_nr, refseq_protein and swissprot) and other Olavius
algarvensis symbionts (Gammal, Deltal, Delta3, Delta4, Deltal3). The tree was rooted with the

Archaea/Eukaryota containing branch.
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T3SS microsynteny and conserved genes
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Figure S11: Organisation of T3SS components in the genome of P. abstrusum compared to
microsynteny blocks of T3SS components conserved in other bacteria adapted from Hu et al. 20175,
Arrows represent genes of T3SS components. Colours represent components of the T3SS. Grey bars
connect components with conserved clustering in P. abstrusum. Presence of hypothetical genes could
hint to yet unannotated functional genes, e.g. 0a.561 and 0a.562 might be sctP and oa.140 might be
sctB.
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Figure S12: Unrooted protein tree of T3SS component sctC from P. abstrusum, related protein
sequences from BLAST databases (nr_nt, env_nr, refseq_protein and swissprot) and other Olavius
algarvensis symbionts.
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Figure S13: Unrooted protein tree of T3SS component sct] from P. abstrusum, related protein
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sequences from BLAST databases (nr_nt, env_nr, refseq_protein and swissprot) and other Olavius
algarvensis symbionts.
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Figure S14: Unrooted protein tree of T3SS component sctN from P. abstrusum, related protein
sequences from BLAST databases (nr_nt, env_nr, refseq_protein and swissprot) and other Olavius

algarvensis symbionts.
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Figure S15: Unrooted protein tree of T3SS component sctS from P. abstrusum, related protein
sequences from BLAST databases (nr_nt, env_nr, refseq_protein and swissprot) and other Olavius
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Figure S16: Unrooted protein tree of T3SS component sctV from P. abstrusum, related protein
sequences from BLAST databases (nr_nt, env_nr, refseq_protein and swissprot) and other Olavius
algarvensis symbionts.
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Figure S17: Unrooted protein tree of T3SS component sctE from P. abstrusum and related protein
sequences from NCBI BLAST databases (nr_nt, env_nr, refseq_protein and swissprot).

11 Current insight on the location inside the host

We used PCR to acquire information of P. abstrusum’s location in the worm individuals.
P. abstrusum appears to reside in the front half of the worm, as PCR was only positive for the
front part when worms were cut in half prior screening. The reproductive organs and the head
region are outstanding morphological features in the front half of the animals compared to the
rather uniform tail. This could indicate that P. abstrusum either is connected to the reproduction
of the worm or is located in the head segments where less of the primary symbionts are present.

Further investigation is needed to reveal P. abstrusum’s location in the host tissue.
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Symbiosis is one of the most fascinating fields of research as it is ubiquitous and essential for
life as we know it. Yet, we have only started to understand the mechanisms of how symbiotic
partners recognize, colonize and support each other. Gutless oligochaetes and their symbionts
are a valuable system to study such host-microbe interactions. While the symbiont community
offers a complexity that allows to study different lifestyles and mechanisms, it is still
constrained enough for us to understand the roles of individual members of the symbiosist'3].
Many of these members in the gutless oligochaetes are Alphaproteobacteria. Five clades of
alphaproteobacterial symbionts in gutless oligochaetes have been previously identified in
studies on individual host species. They have been investigated concerning their 16S rRNA
gene phylogeny and potentially their location inside the host based on fluorescence in situ
hybridization**). However, little research has focused on their genomic potential concerning
their metabolism and their roles in the symbiosis®l. Only recent untargeted metagenomic
studies on a large set of globally sampled host specimens revealed their full diversity and
abundancel®!. In my thesis, I focused on this neglected bacterial clade of Alphaproteobacteria
that makes up the most abundant and most diverse group of secondary symbionts in the gutless
oligochaetes. I aimed to understand and describe the variety of Alphaproteobacteria in
symbiosis with gutless oligochaetes (Chapter I) and give examples for their mode of interaction
with and their metabolism inside the host (Chapter II and III). In total, I described 16 clades of
Alphaproteobacteria that associate with gutless oligochaete hosts. Of these, 15 clades are
abundant in the host specimens and I expect all of these 15 to be subcuticular, extracellular and
mutualistic symbionts based on my findings. However, one Alphaproteobacterium that I could
identify is only low abundant in its community as well as its host populations and stands out by
its highly reduced genome. I do not expect this bacterium to live in the subcuticular symbiotic
layer and despite indications against a parasitic lifestyle, I cannot pinpoint its function in the
host to date. Alphaproteobacteria that interact with gutless oligochaetes belong to six distinct
orders. Other bacteria in these orders, especially from the Rhodospirillales, Rhizobiales and
Rickettsiales, are well known for their ability to intrude eukaryotes and the fact that they can

sI”-1% Alphaproteobacteria in other

have both beneficial and harmful impacts on their host
eukaryotes have developed distinct tools to infect host organisms and possess a large set of
tools to either support their host’s metabolism, e.g. via nitrogen or carbon fixation or vitamin

provisioning, or to harm them, e.g. by being energy parasites or causing cytoplasmic
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(11-14] "In gutless oligochaetes, the detailed investigation of two contrasting

incompatibility’
examples of alphaproteobacterial symbionts presented in chapters II and III already led to the
discovery of specific patterns of abundance and distribution in the hosts, tools for infection and
communication, and distinct metabolic interactions. Based on these results, I expect that
Alphaproteobacteria in symbiosis with gutless oligochaetes do not serve one single purpose but
contribute with a variety of functions, depending on the environment that their specific host
species thrives in. Overall, Alphaproteobacteria seem to take on diverse roles and future

research has to disclose the distinct metabolic traits that make these Alphaproteobacteria such

successful members of the gutless oligochaete symbiosis.

Olavius algarvensis from Elba, Italy, is the best-studied host species and is the only species of

(1.2 151 It does not host an

which in-depth physiological analyses have been conducted
Alphaproteobacterium in its subcuticular symbiont layer, which might be the reason why the
role of Alphaproteobacteria in the symbiosis of gutless oligochaetes has not been in focus so
far. Interestingly, the co-occurring and numerous host species Olavius ilvae does host an
Alphaproteobacterium. Despite 16S rRNA gene-based investigations prior to this thesis, it has
not been detected. Chapter II details the taxonomy and metabolic potential of this
Alphaproteobacterium and presents microscopy data that localizes this symbiont in the
subcuticular symbiont layer together with other symbionts. The presence of different gutless
oligochaete host species with similar but distinguishable symbiont communities in quite
overlapping but not identical habitats pose the question which roles the individual partners play
and how these differentially distributed symbionts shape the environmental niches that the
worms can thrive in* ', Efforts to better characterize abundances and distributions of host
species and biochemical characteristics of the environment in small-scale sampling campaigns

could help unveil diverging abundance patterns and the underlying causes of apparently co-

occurring host species.

One factor that likely shapes the distributions of Alphaproteobacteria in gutless oligochaetes is
their metabolism and the resulting roles within the symbiont community. The symbionts’
metabolism can highly influence the niche that their hosts can live in. In a complex bacterial
community such as the gutless oligochaete symbiosis, different bacteria in the different hosts
might fulfill similar functional roles. O. algarvensis could either live in a slightly different niche
than O. ilvae where it does not need an Alphaproteobacterium, or it could host another

symbiont, supplying the same or similar function as the Alphaproteobacteria in O. ilvae. Our
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current insights in the metabolism of the diverse alphaproteobacterial symbiont clades suggest
that they are mainly heterotrophs, potentially redundant to the Deltaprotebacteria, but some also
have the potential to contribute autotrophically to the symbiosis comparable to the
Gammaproteobacterial'®l. In my studies, I found indications that Alphaproteobacteria provide
access to external carbon sources and help their hosts to scavenge available substrates from
their environments. Widely distributed clades like Alphal0O, Alpha5 and Alpha7 (Chapter I)
likely sustain a heterotrophic lifestyle as they express metabolic traits to provide access to
external carbon sources like saccharides or aromatic compounds. In comparison, the role of a
heterotroph accessing external carbon sources for O. algarvensis might be taken over by other
bacteria such as Deltaproteobacteria or the Spirochaetiall> > 7. Examples for potential
autotrophy are Alpha3 and Alphal from 1. leukodermatus (Chapter I). Proteomic expression
analysis in this host species revealed that ribulose bisphosphate carboxylases and sulfur
oxidation enzymes are among the most highly expressed proteins. However, particularly
enzymes involved in sulfur oxidation can catalyze the same chemical reaction in a different
direction. To further investigate and consolidate the automated annotations that these bacteria
are indeed sulfur oxidizing autotrophs, more detailed sequence-based comparison of enzyme

families, e.g. in a protein tree, will be necessary.

A beneficial but not obligatory symbiont

One observation from my research that still puzzles me is the fact that Alphaproteobacteria do
not necessarily seem to be obligatory to their hosts. Some species such as O. algarvensis are
successful fauna in their habitat without being associated with a subcuticular
Alphaproteobacterium.  Furthermore, host species that regularly associate with
Alphaproteobacteria do not necessarily host these in all individuals as in the case of O. ilvae.
As described, I expect the Alphaproteobacteria to have beneficial contributions to the symbiosis
but these do not cause an obligate association - at least on the host side. I can only speculate
whether the symbiosis is obligate for the Alphaproteobacteria, but indications for Candidatus
Saccharisymbium (Chapter II) and also other widely distributed alphaproteobacterial symbionts
(Chapter I) point towards a potential for a free-living stage. Flagellar genes are encoded in the
genome and also the rest of their genomic potential indicates that they could survive
independent of host supplies!!®l. This gives rise to a couple of questions: How do
Alphaproteobacteria benefit from their association with gutless oligochaetes? What are

transmission modes that enable a stable association of gutless oligochaetes with the symbiont
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Figure 1: Insight on global distribution, habitats and abundances of gutless oligochaete
symbionts can be obtained by screening public sequence read archives for related 16S rRNA
gene sequences.

The plots show exemplary mapping of the global distribution (left) and relative hit abundances of
sequences (right) from sequence read archives (SRAs) with 99% sequence similarity to six Alphal2
phylotypes. Raw data was obtained with the IMNGS platform and analyzed using custom R-scripts!'..
Preliminary results indicate that species within alphaproteobacterial symbiont clades can have distinct
distribution patterns and were mainly but not exclusively sampled in marine sediments.

community? Can symbionts be taken up from the environment or from other host specimen
during fertilization? Or is imperfect vertical transmission the cause why we see patchy

community patterns?

Mankowski et al. and Sato et al. have started to find answers to these questions concerning
symbiont transmission, evolutionary history and the resulting distribution patterns™ 2°! They
already learned that one mechanism alone cannot explain the diverse gutless oligochaete
symbioses. Instead, each individual symbiont has its own level of fidelity and specific modes

for host colonization and interaction!® 2%

. Further population studies on individual host-
symbiont systems would be necessary to answer the question how symbiont transmission

shapes the individual associations.

To address questions concerning free-living stages of the symbionts, sequence read archives
provide a searchable knowledge base for further investigation. As done for Candidatus
Saccharisymbium (Chapter II), it is possible to screen public databases comprising global
sequencing data sets such as the TARA ocean data for closely related 16S rRNA gene
sequences. By plotting the resulting sampling locations, sample sources such as marine

sediment or alpine spring water, or related read hit abundances in the individual sequence read
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archives, we can obtain insights in the global distribution and potential specificity of symbionts

to gutless oligochaetes on a global scale (Figure 1).

One approach to investigate the dependency of the alphaproteobacterial symbionts on the host
could be cultivation experiments. Cultivating the individual partners of intimate animal-
microbe symbioses is a generally challenging task. It can be even more difficult if the partners
come from chemosynthetic symbioses, which is why this has not been achieved so far.
However, with knowledge of the symbionts’ metabolism based on genomic and expression data
and potentially host-independent symbionts such as Saccharisymbium, we might be in the best
state to go back to the laboratory and try to cultivate the secondary symbionts. Such “meta-
omics” informed enrichment or cultivation attempts could be promising first steps to yield
independent cultures of secondary symbionts. As gutless oligochaete symbionts share many
metabolic functions, carefully selected cultivation conditions specific to the target symbionts
would be crucial in these attempts. A good starting point for Candidatus Saccharisymbium
could be an experimental setup with anaerobic to microaerobic conditions, carbon sources like
saccharides and aromatic compounds, as available from seagrass meadows, and a nitrous oxide
containing atmosphere to serve as terminal electron acceptor. Other genera such as Alpha5 and
Alphal could be targeted with culture conditions selecting for their potential capabilities in lipid

metabolism.

Easy to sample, challenging to investigate — technical limitations in the

research of gutless oligochaete symbioses

A great advantage of studying gutless oligochaetes is that they are rather easily accessible. One
bucket of sediment from the knee-deep waters in close vicinity to the shoreline can be enough
to retrieve hundreds of gutless oligochaete worms. The chances to find sites with high
abundances of gutless oligochaetes can be increased with simple to gain knowledge of the
sampling site such as granulometry, amounts and types of organic input or depth of oxygen
penetration and e.g. then be used by diving teams to screen seagrass meadow-associated
sediments. This has enabled researchers, and still does, to investigate the multipartite and
intricate symbiosis of gutless oligochaetes, their speciation patterns, hosted symbionts, and
population genetics, among others. When new knowledge is gained, also new questions arise.
The beauty of the gutless oligochaete symbiosis is that we can go out sampling without fear to
exhaust specimens at a certain site as long as we collect reasonable amounts of worms for

specific follow-up experiments. This is not only true for our common sampling sites around the
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island of Elba in the Mediterranean Sea and in the Caribbean, where host diversity is even
higher, but also at less frequently sampled sites around the globe. It will not be a legal or
ecological problem to obtain enough material to further investigate this symbiotic system,
especially the abundant alphaproteobacterial symbiont clades that have been found at most
sampling sites investigated. Since gutless oligochaete host species seem rather location-
specific, I expect to find novel host species when we go out and explore new sampling sites.
Major symbiont clades have stayed rather consistent on a global scale but I expect to find even

more symbiont lineages the more host species we explore.

Although samples are easily accessible, research on gutless oligochaetes comes with
challenges. Given the small host size, investigation of the symbiont community is happening
on the edge of several of the key technologies that drive molecular ecology, despite recent
advances in the fields of sequencing and imaging technology. Decreased costs for large-scale
sequencing have enabled us to see the variety of gutless oligochaete symbionts and to study the
metabolic potential of the association, for both hosts and symbionts. However, expression data
based on the transcriptome and proteome are still limiting and can hardly provide insight into
the complete expressed metabolism. Researchers still need to pool individuals or obtain
enriched symbiont fractions to get a handle on expression data for the low abundant symbionts.
Reasons for this are the technological limitations such as a lack of specificity for bacteria rRNA
for which e.g. novel rRNA removal tools suggest progress in the near future. With the small
size, the nature of our study objects aggravates such mixture based problems as overall biomass
of the worms is low, and host tissue and the abundant gammaproteobacterial symbiont
outnumber the diverse secondary symbionts by far (Figure 2). Preliminary results of both
transcriptome and proteome expression of a selected set of host species showed that secondary
symbionts together make up less than 5% of the biomass of single worm individuals whereas
the main Gammaproteobacterium can make up 30-50%. 2D LC-MS approaches revealed the
most highly expressed metabolic pathways of Candidatus Saccharisymbium (Chapter II) but
could only cover expression data for about 10% of the total genomic capabilities. Available
proteome expression data, even from symbiont fractions of pooled worm individuals, was not
sufficient to calculate characteristic stable isotope fingerprints for the alphaproteobacterial
symbionts which would have helped to identify whether sources of carbon come from within
the host system or from external sources'?. In the case of Candidatus Pumilisymbium, no
expression-based data could be obtained due to the even lower abundance of the symbiont.

Prescreening of specimens to verify symbiont presence and screening and targeted extraction
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Figure 2: Secondary symbionts make up only 1-3% of the biomass of their gutless oligochaete
hosts.

Preliminary calculations of biomasses based on proteome expression of a selected set of gutless
oligochaete hosts show that the main Gammaproteobacterium can make up 30-50% of the whole
community whereas secondary symbionts make up only 1-3% of the biomass (A: all symbionts; B:
focus on the secondary symbionts). Sampling sites in Belize: CC: Curlew Cay, CBC: Carrie Bow Cay,
SWC: South Water Caye, TC: Twin Cays.

of body parts with a high probability to be colonized by the symbionts could help to overcome
this gap, e.g. by using 16S rRNA or functional gene based assays in quantitative polymerase

chain reaction (QPCR).

The low abundance of the secondary symbionts does not only affect the feasibility of analyses
but also poses biological questions on the overall function of the gutless oligochaete symbiosis.
How can the secondary symbionts fulfill their crucial metabolic functions in such low
abundances? One obvious assumption would be that the worms spend more time in the sediment
layers favored by the secondary symbionts so that their metabolic rates suffice to cope with the
resources and needs imposed by the host and the Gammaproteobacterium. Research based on
further physiological knowledge and guided by metabolic modelling will be necessary to

answer these types of questions.
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Besides the limitations due to low input biomass for our analyses, we have been and are still
partially blind sighted on the imaging level of investigation of the secondary gutless oligochaete
symbionts. Bacteria do not reveal their taxonomy based on their morphology but necessitate
molecular tools for their identification. This has hampered the identification of the diverse
symbiont community of gutless oligochaetes in the first placel?!. It also let us miss novel types
of symbionts over and over again based on sole microscopic and also too targeted investigation,
e.g. the identification of Alpha7 in O. ilvae!'®). Furthermore, we have not used the full potential
of imaging technologies to study the breadth of gutless oligochaete symbionts. One powerful
development is coupling transmission electron microscopy (TEM) to FISH, which could help
to obtain better high-resolution information on the local patterns of host-symbiont interactions.
Another promising approach is the use of spatially resolved mass spectrometry imaging to gain
insight on symbiont-specific metabolites and with that pinpoint metabolic relevant pathways of

the symbionts!??].

Directions for future research

During my studies, I investigated and described the diverse Alphaproteobacteria that are
associated with gutless oligochaetes. Besides generating new knowledge about this neglected
symbiont clade, I also set the basis for further research. Based on my findings, I recommend
studying at least one of the more abundant Alphaproteobacteria, which are Alpha3, Alphal0
and Alphal2. This will help to understand main functions of the Alphaproteobacteria in the
gutless oligochaete symbiosis, potentially their mode of host colonization and contribution to
and benefit from the symbiosis. Studying the abundant Alphaproteobacteria will help to explain
how Alphaproteobacteria can be so widespread symbionts of the gutless oligochaete symbiosis.
If I had to pick one clade to further investigate, I would focus future research on Alpha3 for
several reasons. This bacterium is one of the most widely distributed, has the most diverse
subspecies, is also present in one of the closely related gutbearing oligochaetes and might play

a special role as a sulfur-oxidizing autotroph,

Next to the general investigation of the diversity of Alphaproteobacteria and their role in the
gutless oligochaete symbiosis, there are also more specific research questions that came up

during my research and are worthwhile to follow-up on.

One interesting research area is the bacterial communication with their host. Bacteria have

diverse modes to communicate with eukaryote hosts, colonize them or evade detection.
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Examples are lipopolysaccharide coatings, which might be wused by Candidatus
Saccharisymbium to interact with its host O. ilvae, or secretion systems as observed in
Candidatus Pumilisymbium in O. algarvensis that has a T3SS. Gutless oligochaetes are a
suitable system to study different modes of interaction between bacteria and their hosts as we
can visualize and investigate expression data of distinct members that interact with the same
host cells. The bacterial clades might employ distinct systems for the same purposes of
communication and colonization. Other options that we have not yet detected in the gutless
oligochaete symbiosis but that are present in other shallow-water or deep-sea chemosynthetic
symbioses are outer membrane vesicles or the use of toxins!?* 2#l. Utilization of proteins
containing eukaryote-like domains at their membrane surface would be another option for the
symbionts to communicate with their hosts. This is an interesting point to follow-up as I
observed such proteins to be expressed in Candidatus Saccharisymbium species. However, they
are often difficult to characterize and would need quite some time and technological
investement. Other interaction mechanisms of interest would be the presence of antibiotic and
antibiotic resistance genes in both the hosts and the symbionts. To date, we have only little
insight in the control of population numbers, how the hosts can distinguish between different
colonizing bacteria and how the symbionts communicate with co-localized bacteria in the same
constrained space. To tackle these questions, imaging-based analyses could improve our
understanding of these modes of communication. By imaging molecules such as
lipopolysaccharides or potential outer membrane vesicles with targeted visualization
approaches, we could learn about their mode of action and better understand how symbionts

locate on a small-scale level compared to the other subcuticular symbionts in the same system.

Another exciting field of research would be genome reduction. In symbiosis, genome reduction
can ultimately lead to a stage where the symbionts are no longer independent entities but rather
form organelle-like structures that might not even be cell shaped compartments anymore?!.
There are diverse examples form terrestrial habitats such as intensively studied insect symbionts

[13.26] However, there is little knowledge on marine bacteria with

with highly reduced genomes
a strongly reduced genome. The discovery of the highly reduced Alphaprotebacterium in the
gutless oligochaete O. algarvensis also brings up questions about different evolutionary
trajectories within the symbiont community. In this case, the questions is whether the
Candidatus Pumilisymbium has been part of the symbiosis alongside the other subcuticular
symbionts for a long time but has gone through completely different processes of development

and genome evolution. Or has it been around for much a longer than the other symbionts and
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has had a distinct role in its gutless oligochaete host leading to such a small genome over time?
My results show that it would not be surprising to find more of these reduced genomes in future
studies as it cannot be serendipity alone that we screened metagenomes from only one host
species — Olavius algarvensis — and found such a reduced symbiont. I expect to find more of
these if we start to systematically screen more host species as intensively as O. algarvensis.
Discoveries of more reduced symbiont genomes in the gutless oligochaete symbiosis would
then enable a more detailed analysis of why genome reduction has happened in these cases.
Previous investigations have already detected rickettsial 16S rRNA genes from the host species
Inanidrilus leukodermatus®®”'. However, we have so far not been able to obtain a metagenome-
assembled genome for this bacterium. I expect that not only screening of other gutless
oligochaete host species but also annelids or other marine animals in general, would bring more
strongly reduced genomes to light. Future long-read sequencing approaches will yield more
genomic information on low abundant symbionts and genome bins of small size that often lead
to artificially low completeness scores should be studied with care and not be neglected. In this
regard, it will be important to reconsider quality thresholds for metagenome-assembled
genomes and classify e.g. small sets of contigs that can be circularized in the assembly graph,
but that get low completeness scores as potentially reduced genomes. Other markers such as
presence and number of rRNAs and tRNAs, and ribosomal genes should then be systematically

consulted to detect bins for bacteria with reduced genomes.

Another promising research area arises from the detection of phage-related genes already in the
smallest of the alphaproteobacterial symbionts. Similarly, COG category analyses of all
alphaproteobacterial symbionts pointed to the presence of mobilome related genes such as
prophages and transposons. To date, we do not know the roles that these traits might play in the
gutless oligochaete symbiosis but we cannot exclude that phages or transposons might play a
regulatory or secondary functional role. Cases, where these “matrjoschka” -like mechanisms
occur in symbiosis have been for example shown in Wolbachia symbionts or Hamiltonella

28, 291 There, these mechanisms can have a crucial role for the

defensa from pea aphids!
interaction and functioning of the partners. No investigations in this direction have been
conducted on the gutless oligochaete symbiosis so far. However, with the vast metagenomic
data at hand, one could start to investigate small-scale intricacies like the role of (bacterio-

)phages or species and strain diversity patterns within single host species and even specimens.
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Concluding remarks

This work is a piece of curiosity driven and descriptive science. I was astonished by the
diversity of Alphaproteobacteria that the investigation of a large metagenomic dataset of 64
gutless oligochaete host species revealed!®). With this thesis, I aimed to improve our knowledge
on a previously almost neglected aspect of the gutless oligochaete symbiosis. I could show that
the 16 alphaproteobacterial symbionts that we know to date belong to six distinct orders of
Alphaproteobacteria. The two symbiont genera described here in detail illustrate how different
association patterns and metabolic capabilities of the symbionts can be. The proposed
Candidatus Saccharisymbium (Chapter II) is a Rhodospirillales related bacterium with a
genome size of ~4.4 Mbp capable of a variety of heterotrophic metabolic pathways potentially
providing access to carbon from surrounding seagrass meadows. It resides in the subcuticular
symbiont layer with other members of the symbiotic consortia in a range of globally distributed
host species. In contrast, the proposed Candidatus Pumilisymbium (Chapter III) has a strongly
reduced genome size of only 0.64 Mpb and is highly dependent on nutrient provisioning by its
host, and appears to be endemic in the Mediterranean species Olavius algarvensis. Based on
first insights into the metabolism of other alphaproteobacterial symbiont clades, I expect them
to bring even more diverse functions to their gutless oligochaete host (Chapter I). Indicated by
the different distribution patterns of alphaproteobacterial symbiont clades that can be widely
distributed, such as Alpha3, Alphal2 and Alphal0, and symbiont clades that seem location-
specific, such as Alpha2 or Alphal6, I also expect a range from general metabolic functions
that are beneficial to many host species to very specific ones that only provide benefit in specific
environmental settings. With the large diversity of Alphaproteobacteria in symbiosis with
gutless oligochaetes, this thesis can only be the starting phase in our quest to understand their
role and function in the gutless oligochaete symbiosis. Future research will take much more
than a dedicated PhD to dive into the metabolism, or into mechanisms for host colonization and
communication and will very likely discover even more fascinating properties of the diverse

and abundant Alphaproteobacteria in symbiosis with gutless oligochaetes.
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