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Summary

Microbes of all lifeforms buildhe foundation of the marine food web and base of the carbon
cycle.Diverse unicellular eukaryotesmany uncultivatedyccupy key positions in the food

web and have evolved complex lifestyles and interact extensively with bacteria in the surface
ocean, with major implications for the flow of energy in the ecosydeyond predater

prey relationships, both photosynthetic and phagocytotic protists engage in relationships with
other microbes going beyond classical predatey interactions, but those remain poorly
characterizedThis microbial communityand their interactionacross lifestylesvill likely

changes as a consemce of natural and anthropogenic forcing over tianiging changes in
temperature, stratification and nutrient inventory, among other environmental parakiveters
utilized single cell sorting and whole genome sequencing of marine protists to discover
bacteria associated with photosynthetic and heterotrophic prétistthen analysed

microbial taxa athe Bermuda Atlantic Timeseries StuBATS) siteover the past 30 years

using V1V2 16S rRNA gene amplicon sequencing to reveal changes in the compaisition
surface phytoplankton and interactions with the heterotrophic community.

We observed a clear separation in taxonomy and genome characteristics for symbionts of
protists with different lifestylesPutative symbionts from the Alphaproteobacteria and
Gammaproteobacteria associated with heterotrophic protists included four new lineages with
small genome sizes related to either the Rickettsiales or the Coxiellales, orders which include
many intracelllar symbionts and pathogens of metazodhegy residedvithin
choanoflagellates and the MAS3Tineages, dominant consumers of thest abundant
phytoplankton and other microbeésdditionally, three lineages of Marinamargulisbacteria, a
group of elusive bacteria sharing a progenitor with the Cyanobacteria, were found in
association with Choanoflagellates and multiple heterotrophic marine stramenopile lineages
(MAST-4 and MAST1), providing the first indication that the Marinamargulisbacteria are
symbionts of protistsThis also constitutes the first known symbionts associated with any
MAST lineage The choanoflagellate and MASTassociated Alphand
Gammaproteobacteria lineageslated to metazoan pathogens, including causative agents of
disease in humampossess specialized adaptations in the host environment, including
complete Type IV secretion systeriwever their manner of symbioses differs, following
distinct trajectoriesA lineage of Alphaproteobacter{&implirickettsiaceae3howed
extensive genomeaduction to a genome size <IbMosing key metabolic functionality

suggesting an obligate symbiosis with their choanoflagellate Hastsder of



Gammaproteobacteria, previously not known to be host associated (Protistiellales) showed
signs of extensive horizontal acquisition of genes from diverse, unrelated bacterial pathogens,
and a lifestyldike Legionella pneumonijgreferentially associating with hosts but with some
freeliving capacity.The microbes associated with photosynthetic protists pramerily
Planctomycetota, Verrucomicrobiota and Bacteroidatth larger genomes than those of
heterotrophic protisassociated bacterand adiverserepertoire of noressential metabolic
functions,most significantlycarbohydrateactive enzymes (CAZysThese CAZy pathways
included enzymes suggesting the possibility of the cells attacking the cell wall itself, not
purely relying on carbohydrates and dissolved organic matter secreted by the phytoplankton
as byproducts of photosynthesiBhese members of the phycosphere surrounding the
phytoplankton cell encoded pili and flagella, absent in the symbionts of heterotrophic protists,
enabling varying deges of motility and attachment in line with an extracellular lifestyle
involving physical attachment to the host eukary®tee diversity and evolutionary position

of the novel symbiont of marine protigtstected hereirgould enable a better understanding

of the evolution of bacterial pathogens of metazoans, as well as the ecology and complex
resource flowin the phycosphere and beyowthserved within complex ocean foagbs.
Observations of microbial interactions changing over time indicates that these interactions are
severely impacted by changes in environmental conditions, such as warming of surface
waters and a decline in nutrient concentrations, especially in stratifrecher conditions in

the open ocearhrough aecline in phytoplankton and subsequent impact on the

heterotrophic community



Zusammenfassung
Mikroben aller Lebensformen bilden die Grundlage des marinen Nahrungsnetzes und die
Basis des KohlenstoffkreislaufSiverseeinzellige Eukaryoten, von denen viele nicht durch
Laborkulturen reprasentieret sind, nehmen Schlisselpositionen im Nahrungsnetz ein, haben
komplexe Lebensweisen entwickelt und interagieren ausgiebig mit Bakieagearhebliche
Auswirkungen auf den Energiefluss im Okosystem hat. Sowohl photosynthetische als auch
phagozytotische Protisteémteragieren mianderen Mikroben, die Gberedklassischen
RauberBeuteBeziehungen hinausgehen, die jedoch nur unzureichend beschrieben sind.
Diese mikrobielle Gemeinschaft und ihre Interaktionen tber verschiedenen Lebensformen
hinweg werden sich wahrscheinlich im Laufe der Zeit infolge natirlichéranthropogener
Einflisse verandern, die neben anderen Umweltparametern auch zu Veranderungen bei
Temperatur, Schichtung und N&ahrstoffinventar fihren. Wir hatsiwiduelle Zellen von
marinen Protisten sortiert und deren Genome sequenmeBakterierzu entdecken, die mit
photosynthetischen und heterotrophen Protisten assoziiert sind. Anschliel3end analysierten
wir die mikrobiellen Taxan derBermuda Atlantic Timeseries Study (BATS) Statidoer
die letzten 30 Jahre mit Hilfe der V1V2 16S rRNgere Sequenzierungnalysiert um
Veranderungen in der Zusammensetzung des Oberflachenphytoplanktons und Interaktionen
mit der heterotrophen Gemeinschaft aufzudecken.

Wir beobachteten eine klare Trennung in der Taxonomie undeletischen
Charakteristika fir Symbionten von Protisten mit unterschiedlichen Lebensweisen. Zu den
mutmallichen Symbionten der Alphaproteobakterien und Gammaproteobakterien, die mit
heterotrophen Protisten assoziiert sind, gehorten vier @aygpenmit kleinen Genoran,
die entweder mit den Rickettsiales oder den Coxiellales verwandGriddungen, die viele
intrazellulare Symbionten und Krankheitserreger von Metazoen umfassen. Sie gehdren zu
den Choanoflagellaten und den MAS3Linien, denwichtigsten Padatorernvon
Phytoplanktorund anderer Mikroben. Darlber hinaus wurden Greppernvon
Marinamargulisbakterien, einer Grupkeum characterisiert@&akterien, die einen Vorlaufer
mit den Cyanobakteriemaben in Verbindung mit Choanoflagellaten und mehreren
heterotrophen marinen Stramenogiiaien (MAST-4 und MASTF1) gefundenDies liefert
den ersten Hinweis darauf, dass die Marinamargulisbakterien Symbionten von Protisten sind.
Dies sind auch die ersten bekannten Symbionten, die mit einer NLABTas®ziiert sind.
Die mit Choanoflagellaten und MAS3 assoziierten Alphaund Gammaproteobakterien, die

mit Krankheitserregermon Metazen verwandt sind, einschlief3lich der Erreger von



vV

Krankheiten beim Menschen, verfigen Uber spezialisierte Anpassungenlangbbung

ihres Wirtes einschliel3lich vollstandiger TWY -Sekretionssystem®ie Art und Weise ihrer
Symbiose ist jedoch unterschiedlich und folgt verschiedenen Entwicklungspfaden. Eine Linie
von Alphaproteobakterien (Simplirickettsiaceae) zeigte eine umfassende Genomreduktion auf
eine GenomgrofRe <1 MB umgkeichzeitigem Verlustvichtiger Stoffwechselfunktionen, was

auf eine obligate Symbiose mit ihren Choanoflagelldtérien schlel3en lasst. Eine

Ordnung von Gammaproteobakterien, von der bisher nicht bekannt war, dass sie mit dem
Wirt assoziiert ist (Protistiellales), zeigte Anzeichen fir einen umfangreichen horizontalen
Erwerb von Genen aus verschiedenen, nicht verwandten bi&teKeankheitserregern und

eine Lebensweise wie beegionella pneumonjavobei sie bevorzugt mit dem Wirt

assoziiert sind, aber auch eine gewisse Fahigkeit zum freien Leben haben. Bei den mit
photosynthetischen Protisten assoziierten Mikroben handedierem erster Linie um
Planctomycetota, Verrucomicrobiota und Bacteroidota mit gréReren Genomen als bei den mit
heterotrophen Protisten assoziierten Bakterien und einem vielfaltigen Repertoire an nicht
essentiellen Stoffwechselfunktionen, vor allgmwhlenhydrag-aktiven Enzymen (CAZys).

Diese CAZyStoffwechselwege enthielten Enzyme, die darauf schlie3en lassen, dass die
Zellen die Zellwand selbst angreifen und sich nicht nur auf Kohlenhydrate und geltste
organische Stoffe stltzen, die vom PhytoplanktsriNsbenprodukte der Photosynthese
abgesondert werden. Diese Mitglieder derdesptire, die diePhytoplankton Zelleimgibt,
kodierten Pili und Flagellen, die bei den Symbionten der heterotrophen Protisten fehlen, und
ermoglichten so ein unterschiedliches Mal3 an Motilitdt und Anhaftung im Einklang mit einer
extrazellularen Lebensweise, die eine physische AnhaftudgsaRhytoplanktoheinhaltet.

Die Vielfalt und die evolutionarePositiorender hier entdeckten neuartigen Symbionten
mariner Protisten konn&n besseres Verstandnis der Evolution bakterieller

Krankheitserreger von Metazoen sowie der Okologie und des komplexen Ressourcenflusses
in der Phygosphéaraund dartber hinaus erméglichen, die in komplexen Nahrungsnetzen im
Ozean zu beobachten sind. Beobachtungen der mikrobiellen Interaktionen, die sich im Laufe
der Zeit verandern, deuten darauf hin, dass diese Interaktionen durch veranderte
Umweltbedingungenwie z. B. die Erwarmung des Oberflachenwassers und den Riickgang
der Nahrstoffkonzentrationen, insbesondeéirend des Somnsim offenen Ozean, durch

einen Rickgang des Phytoplanktons und die daraus resultierenden Auswirkungen auf die

heterotrophe Gemeaschaft stark beeintrachtigt werden.
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Chapter 1: General Introduction

Unicellular lifeformsare a cornerstone for the functionality of mamtesystems

comprising bacteriaarchaeaand singlecell eukaryotes (protists) involved in all
biogeochemical processes taking place in the oddaihese microbes have diverse
lifestyles, ranging from heterotrophic bacteria that play an essential role in the
remineralization obrganic carbon as part of the microbial Id2p3] to phytoplankton

which, although contributing only 1% of global photosynthetic biomass, does account for
roughly 50%of globalprimary productivity[4]. Primary producers inctling cyanobacteria
and eukaryotic phytoplanktdix 50 Pgof atmospheric C®yearly[4], buildingthe basis of
the open oceafood weband making them a cornerstone of the global carbon cycle.
Heterotrophic protistson the other hand, afeeding on other microbes, including
phytoplankton, consuming and remineralizing carbon, but also moving carbon along the
food-chain to higher trophic leve[4]. Both photosynthetic and heterotrophic protists are
extremely diverse, often hard to quantify and mostly uncultured, leading to a lack of

fundamental knowledgen manyof thesdineageq1].

Microbial life on a microscale

Although of global importancemicrobial life (and deathpredominantiytakes place on a

mi croscal e ange @ mo fc rigghleding dheetete@geneity of the ocean
on a small scalgb]. This heterogeneity is driven by gradients in the concentration of
chemicals of diverse origin, for example, caused by the punctual refeag@nic molecules
by photosynthetic protists and their subsequent diffufiosomponents released by cells
during cell deathwhat matters for the survival of a mabe is only what is present in its
immediate microenvironmenEor example, a microbe can grow rapidly if there is an
abundance of easily accessible organic carbon present in its immediate environment that it
can remineralize to produce energy, even wivmg in an open ocean environmenthich

is that contain®nly low concentratioa of nutrientson a larger scalgp]. These hotspots can
be created by phytoplankton and the materials these cells release during photosynthesis.
Excesdissolved organic megr (DOM) is exported (passivednd actively) to the outside
environment, where it accumulates and slowly diffuses imiceoscalesnvironment
surrounding the ce(estimated-1,200 pum radiu$or a diatom with a diameter of 50 inut
heavily dependent on the size of fiteytoplankton ce)l[6]. This organic matteis amajor

driver that attracts the phytoplankton cells microbipooenposed of heterotrophic bacteria



that respire DOM and in turn provide cofactors and inorganic macronutoemesiting the
phytoplankton cellOn the other hand, both heterotrophic bacteria and phytoplankton require
the same inorganic nutrienesfpeciallynitrogen phosphateandiron), leading to
competition between therhlolistically, this makes the phycosphamicroenvironment of
extensive microbial interactions on a small scalese interactions include symbiotic
relationshipsdefined aghe living together between differespecies spanninga spectrunof
interactions ranginfrom mutualistic(benefiting boththe host andymbion} towards
pathogenidone partthe pathogeexploitingthe otherthe hostfor its own benefit]7].
Microbes living in the phycosphere can be described gs they t 0 p | raierdbibnuerard s
comprises the microbial community they harbour intracellularly or on their surface, similar to
the microorganisms found on human skin or in the gut of all anitdaterotrophic protists
can also harbour a microbiome, e.g., when containing an intracellular pathogen or a microbe
attached to its cell surface. dldiversity of these symbiotic relationships in heterotrophic
protists is likely just as diverse as symbiosis seen in other microbes, but its discovery is
challenging.

Our current insights into symbionts of heterotrophic protists are predominantly based on
the utilization of model organisms, mainly the ciliate geRasameciuni8, 9] andamoebae
[10, 11] lineages known to frequently engage in symbiotic relationships with various
bacteria, which might use the ciliate as an opportunistic host. This, however, creates a biased
insight into both host and symbionts. First, although this approach can helptifiagdgon
of symbionts, it does miss all symbiotic lineages$ adapted to ciliate hosts, including those
that might be symbionts of key marine heterotrophic protists. Second, we do not get insights
into the symbionts preferred host, their host range and host specificity. This is key because
symbionts can have egrtmely different effects on different hosts, benefiting one while
essentially representing a pathogen of the other at the same time, essentially shifting along
the spectrum of symbiosis when moving from one host to anfdtbet 3] Someof the key
predatoy protists in marine ecosystems are heterotrophic nanoflagellates, but a majority of
those lineages have no or few cultured representdtivied 5] leading to a lack of insights
into their potential microbiomeédditionally, symbiotic relationships can change depending
on environmental conditions, shown, e.g., in diatoms where an increase in temperature
resulted in a Rhodobacterales bacterium in the phycosphere turningaitwogeri16].
Considering major changes in the open ocean environment, dshamibcrease in
atmospheric Cecausing warming of surface watérss vertical mixing of the surface ocean

and a subsequent decline in nutrient inventory, amongst[dfhet8] which poses the



guestion how microbial interactions will change in a changing o¢gamnerally, more
oligotrophic conditions would lead to a decrease in primary productivity with subsequently
more dominance of recycling of organic matter by the microbial food web, predicted to lead
to a decrease in carbon expld®].

Characterizing the microbiome of protistisd their interactions with prokaryotic
symbiontssintrinsically difficult. In culture, many phytoplankton isolates are kept axenic, in
monocultures free of bacteria, essentially remowlhthe potential symbionts and members
of the microbiome. Protists that rely on their microbiome for survival are categorically
excluded in those cultivation efforts because they cannot survive in isolation.rMenmpes,
especially abundant heterotrophic protists, andgeegators in the microbial foodweb have
evaded cultivatiorefforts for decades and their interactiovith other microbes, including
predatorprey relationshipsannot be studied using any cultlr@sed approachgs5]. The
rise of largescale amplicotbased and sequencing surveys in the last two decades have
enabled aminprecedented insightto to diversityand uncultured lineaged marine
microbes and subsequent correlatiased networks have led to the prediction of countless
potential biotic interamons between marine microbgX, 21} Similarly, metagenomics
(sequencing of DNA generated from bulk filtration of seawated metatranscriptomics
(similar to metagenomics but utilizing RNA transcriptomssproaches have provided new
insights into the functional potentiaf marine microbef22, 23] including various pathways
and genomic systems that point at symbiotic relationships and interactions with other
microbes However, these sequencibgsed approaches do come with major limitations.
Amplicon and metaomics approaches are bulk sequencing techniques that rely on DNA
recovered from large volumes of water and the community is essentially homogenised before
sequences, making resolution of fiseale heterogeneity in theatercolumnimpossible.
Metagenomics is further challenged by biased assemblies, not recovering no eukaryotic
genomes and no rare lineages nor particularly abundant populations of microbes
characterized by heterogeneity in their genomes, which includes both the most abundant
marine heterotrophic bacterium (SAR11) and phytoplankRno¢hlorococcuk To gain
novel insights into microbial interactions that cannot be resolved withdmgiiencing or
culturebased approachesewtilizedflow cytometry withfluorescencectivated singleell
sorting (FACS)and follow-up genomesequencingFACSseparates individual celllased on
cell characteristics like the presence of a food vacuole or pigmentatigrco-sorting those
microbesthat are physically associated anctliose proximitywith thesingletargeted

eukaryotic cellThis allows selectiorand sortingof photosynthesising and actively feeding



protist cellsdirectly from field samplesind isespecially useful to investigate small cells that
cannot be hangicked via microscopjo sequence single cell genonaeslanalyse the

composition of their microbiome.

Protists in long-term tim eseries

Microbial interactions can vary depending on seasonality, environmental conditions and
could be affected by changes in the water column due to climate changeerm

timeseries studies are essential for understanding changes in environmental conditions and
microbial communities that occur as a consequence of natural and anthropogenic forcing.
This enables an investigation of changes in microbial interaaiiven bychanges in
temperature and biogeochemical paramefédreBermuda Atlantic TimeseriesStudy

(BATS) is one of the two oldesingoinglong-term timeseriesstarted in 188, located aB1°

40°N, 64°10W in the Sargasso Sgaughly 100km off the shore of Bermuda in the North
Atlantic Ocean Since 1991, the BATS timeseries includes not only basic physical and
biogeochemical parameters, but also quantifications primary productivity and carbon export
[17], as well as the collection of molecular samples, particularly Dbiice 2016, the
establishment of the BIOGSCOPE project focused on microbial oceanography and its impact
on the carbon cycle has led to an increase in sampling resolution, pdsticutiepth
resolution.The availability of archived DNA samples harbors the potential to generate a
high-resolution dataset of the composition of the microbial community o8éiyaar
timespanDuring thistime period BATS has experienced substantial changes in
biogeochemical parameters, includingrase of rapid warming between 2010 and 2020, and

a decline in nutrient inventories in surface waters, from increased thermal stratifi¢a@{ion

ThesisOutline
Here, | seek texplore interactions of eukaryotic phytoplankton and predatory protists with
othermarine microbes and changes in their occurrence as a consequencetefrtong
changes in open ocean ecosystemesploya variety of singlecell genomics and amplicen
based approaches to gain insights into the type of interactions seen in marine protists and
their evolutionary history.

Chapter2 is centredaroundbacteria found in physical association with eukaryotic
phytoplankton, representing members ofghgcosphere and compare its composition to the

microbiome of heterotrophic protisisdentify Bacteroidota, Planctomycetota and



Verrucomicrobiota as the three main bacterial lineages found within the phycosphere of
various eukaryotic phytoplankton lineagé&key are characterized byast genomic
repertoire of enzymes to break down carbohydrates and encode different systems associated
with physical attachment to cells, distinguishing them from smaller, streamlined genomes of
symbionts of heterotrophic protists.

In chapter3, | focus on fouruncultured, divergerineageqtwo Rickettsiales and two
gammaproteobacterialades)of symbionts ofpredatoryprotists, specifically associated with
either a marine stramenopile (MAS3) or a choanoflagellat@icostaminor). Their
evolutionary position enabled insights on the emergence of key metazoan pathogens,
including human disease vecto8haring common characteristics of symbionts, including
small genome sizes and the presence of a type IV secretion system, they show distinct
evolutionary trajectories. We observed a Rickettsiales lineages we major genome reduction
and key metabolic enzyraéndicating an dipate intracellular symbiosis, while a traditional
Legionellales lineage displayed extensive acquisition of genes through horizontal gene
transfer from distantly related bacterial pathogens. My findings illuminate symbiont
evolution in the context of thefelationship tdosts, including marine protists as well as
animals, including humans themselves.

In chapter 41 describdindings that suggest that Marinamargulisbacteria, part of the
CandidatusMargulisbacteria, are likely symbionts of protists. We recovered multiple
assemblies of three distinct lineages of Marinamargulisbacteria associated with the
choanoflagellat®.minor, and two stramenopiles lineages (MA8Bnd MAST1).
Margulisbacteria were previously only known to be associated to multicellular eukaryotes
from theMetazoa, with our findings suggesting that their eukargstociated lifstyle
extends to protists as well, similar to patterns observed in Rickettsiales and CoxiEfiales.
global distribution of Marinamargulisbacteria across habitats suggests that their host
associated lifestyle is a conserved strategy enabling their success in spreading across
ecosystems.

Chapter5 focused on longerm changes in micradli community compositiontilizing a
30-year(Oct 19917 Dec. 2021NV1V2 16S rRNA gene amplicon timeseries collected at
BATS spanning the surface and mesopelagic open otéancombination of V1V2 16S
rRNA gene plastid and bacterial amplicons allowed an analysis@t@arence between

phytoplankton and potentially associated bacteria in the context of a changing environment.



Overarchingly] observeda decline in relative abundance of phytoplankton in general,
including cyanobacteria and clades of eukaryotic phytoplankton, possibly driven by increased

stratification leading to more nutrient depleted conditions in the surface layer.

The objectives of this work were to:

1. Charactering the microbiome of photosynthetic protists on a skugk basis,
comparing it with the microbiome of heterotrophic protists, predlicting the
potential interactions between bacteraidingin the phycosphere and their host cell.

2. The diversity of symbionts of heterotrophic protists, their genqmiential,and their
evolutionary history in the context of their relationship with pathogens on metazoans.

3. Long term trends idiversity andnteractions between microbes in the context of a
changingopenoceanecosystem

This dissertation aims wisentangle intedomain interactions between bacteria and diverse

protistlineages based on culturedependent comparative genomics and timeseries analysis.
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Abstract

Marine protists are diverse, often uncultured, but occupy crucial positions in the marine food
web, including major groups of phytoplankton contributing to carbon fixation, as well as key
predatory protists feeding, transporting energy through the foad, @ral controlling

population sizes. Their relationships with other microbes going beyond classical predator
prey relationships, including their own microbiome, but these more complex interactions
remain poorly characterized. We utilized single cell sgrand whole genome sequencing of
marine protists to discover bacteria associated with photosynthetic and heterotrophic protists.
We observed a clear separation in taxonomy and genome characteristics for symbionts of
protists with different lifestyles. Pative symbionts from the Alphaproteobacteria and
Gammaproteobacterassociated with heterotrophic protists includ@ar new lineages with

small genome sizes related to either the Rickettsiales or the Coxiellales, orders which include
many intracellularymbionts and pathogens of metazoans. The microbiomes associated with
photosynthetic protists were dominated by members of the Planctomycetota,
Verrucomicrobiota and Bacteroidota. These bacteria had larger genomes, eacodire)

diverse repertoire of neessential metabolic functions, especially centred around
carbohydratective enzymes (CAZys). Most of these members of thealled phycosphere

also encoded either secretion systems, pili or flagella. Such structurés warging degrees

of motility andattachment to surfaces, suggesting an extracellular lifestyle involving periods
of attachment to the eukaryote. Families of CAZys specific to break down modified
glycoproteins on the phytoplanktondés surface
utilise carbohydrate secreted by phytoplankton during photosynthesis, but could instead
attack the celivall itself, potentially depending on the host they attach to and variability in
environmental conditions. The diversity and evolutionary position afidivel symbionhost
relationships of marine protists uncovered could enable a better understanding of the diverse
crossdomain interactions and flow of resources occurring in the microbiome of marine
protists generally, including the phycosphere of mapimgoplankton and the microbiome of

heterotrophic protists alike.
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Introduction

Marine phytoplankton are a cornerstone of the global carbon cycle, contributing roughly 50%
of the annual global carbon fixati¢h]. During photosynthesis, phytoplankton produce

excess dissolved organic matter (DOM), part of which ends up in its surrounding
environment, through a variety of active or passive processes. The amount of DOM released
by cells can vary greatly (getting asM as 2%) but can reach up to 50% of primary

production in diatom cellR2]. Based on its chemical composition, phytoplankileases a

wide variety of organic compounds, mostly comprising carbohydrates, lipids, nitrogenous
compounds, and organic aci®}. The passive or active export of DOM causes its

accumulation in the microscale environment surrounding the phytoplankton cell, which is
referred to as the phycosphé. It contains components that likely serve as chemical
attractants for bacter{&] and this DOMrich microenvironment provides desirable

conditions for heterotrophic bacteria which can utilize DOM as arggrseuurce, e.g.,

through Carbohydrat@ctive EnZymes (CAZys) that enable the breakdown and subsequent
respiration of carbohydrates or glycosylated protfhsThe presence of these heterotrophic
bacteria, essentially the phytoplankton cell
cell by complementing their metabolic ne¢ds This leads to a symbiotic relationship

between phytoplankton and the bacterial members inhabiting its phycosphere, benefiting both
sides. These same types of relationships could be hypothesized for heterotrophic protists.

In theory, it is thought that phytoplankton, at least partially, regulate the amount and
composition of DOM exudation in response to varying nutrient conditions and limitfions
potentially to attract bacteria thia¢nefit them during these conditio®¥OM release
increases when phytoplankton cells are nutrient linf@&d0] which is generally explained
by changes in metabolism as a response to nutrient stress leading to increase in metabolic
waste (i.e., DOM, that is subsequently releasetie overflow hypothesis, but an alternative
explanation could be increased DOM secretion to attract beneficial bacteria that might benefit
the phytoplankton cell during nutriehiniting conditions[7]. For example, members of the
RhodobacteralefAlphaproteobacteria) are frequently found to respond to phytoplankton
blooms and a common in phytoplankton cultyfield and can crosexchange vitamins with
phytoplankton, compensating their inability to synthesise vitamins like vitamin B12
themselve$l12]. They haveherefore been proposed as members of the phycosphere and their
genomes encode systems that cqudtentialye nabl e att achment to thei

physical ceassociation has not beshown[13].
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The study of the interaction of phytoplankton and bacteria has been centred around diatom
culturesystems, because of fagbbwing model organisms and their global importance for
primary production in the ocedn]. Conceptually, most of these studies focus on the release
of compounds by phytoplankton and their uptake by bacteria-auitare[2, 7]. This follows
the current approach to measure metabolomics (i.e., DOM composition) in the ocean,
focusing on deciphering the diversity of metabolites gmgschallenged by the low standing
stock concentrations and hard to measure, often fast turnovejlrgteSssentially, the
interaction between phytoplankton and their microbiome is studied as a free market
exchange, focusing on production and consumption of compounds, but not looking into the
dynamics of ceassociation within the phycosphere. Our understandf this micre
environment is still very confined, mainly limited by the complexity of any, especially in
situ, measurements at this scale andahlk of insights into physical associations.

Comparably, e study of the microbiome of heterotrophic protists, especially those
lineages that dominate the open ocean, playing a major role in the marinedbpis still in
its infancy, with even fewer insights than those gained for the phycospbere
understanding of the microbiome of heterotrophic protists is mostly confined to those groups
that have largeell sizes, and cultured representatives, for example Rhizaria and some
Dinoflagellates, witimost of those studies focusing on klept@byeor symbioses with
photosynthetic entitied 51 17]. Virtually nothing is known about microbiomes and
interactions with nanoflagellates-22 um) that are important to grazing in the open ocean
[18, 19] Bulk metagenomicgeneratingnetagenomicassembledjenomes (MAGsand
amplicon surveys have revealed various bacten@hges that correlate with phytoplankton
and/or heterotrophic protists and have highlighted the importartgetaf interactions, e.g.
in overcoming nutrientimitation, but thesetadies cannot gain insights into physical
association20, 21} We therefore have very limited igéits into true interactions in the wild
between photosynthetic or heteaphic protists and bacteria alike, requiring the use of
alternative approaches gain insights into tis gap.

We utilizedflow cytometry withfluorescencectivated singleell sorting (FACSwith
follow-up whole genome sequencing to gain new insights into some of the many open
guestions that remain for the attached microbiome of marine protists. Flow cytometry enables
distinction of marine entities based on size and pigmentation and was entisnurtilized in
oceanography in the discovery of the abundant cyanobactBriochlorococcug22]. Since
it separates individual cells, it can be used to sort these cells individually based on

pigmentatim or staining of food vacuoles and allows selectiophaftosynthesising and
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actively feeding protist cellfsom field samples. This is especially useful to investigate small
cells that cannot be hafmicked via microscopjo sequence single cell genomes to analyse

the composition of their microbiome.
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Material & Methods

Single cell sorting and amplification

Sorting was performedsing freshly collected marine photic zone samples that had been
passed throughZ& 0 & m n ydpaenrcollent®mridsubsequentlgoncentratedy
gravity over a 0.8 & m Shglecellswere soitedeom ( Pal | Cor
environmental samples collected from the North Pacific (Monterey B3gélls) and a

mangrove ecosystem (Curacao,céfls). Samplesvere collected from the upper photic zone
between the surface and 42m during multiple sampling campaigns between 2Q04 @nd

An InFlux high speed sorter (B@Bquipped with 488 nmand 355 nasersand a 70 & m
nozzle, operating otne high puritySingle Cell sorting modewith sterile nucleasé&ee 1x

PBS as sheath fluid (ThermoFisher cat# AM9625 and AM99823 used in all cases. First,
samples were stainddr 10-20 min in the darkvith LysoTracker Green DN26 (25 nM

final concentration) and/or LysoSensor Blue DNDB 7  (, final eodentrationpr no

staining Unstained controls were run for all samples suchgbsitive signal from the stain

was always discerned as comparethtecontrol. Forward Angle Light Scatter (FALSaNnd,
depending on the protipopulation of interested fluorescence from chlorophdl (692/40

nm bandpass), green fluorescence from LysoTracker (520/35 nm bandpass), and blue
fluorescence from LysoSensor (435/30 nm bandpass) used as selection criteria, while all
other particles were selected for exclusiBased on their sorting gatmrtswere

operationally classified into those targeting putatively heterotrophic protistxéns8and
photoautotrophic protist28 cells).

Immediately prior to sortinglates wee illuminated with UV irradiation for 2 min.
Negative and positive controffor subsequent genome amplificati@actions)vere
performedon all platedy leaving a subset of wells empand by having a column of wells
receivingmultiple cellswithin each 384 well platgespectivelyAdditionally, the drop delay
and sort qualityvereregularly controlled by sorting a known number of fluorescent bead
standardsand counting them bgpifluorescencenicroscopy After sorting, plates were
covered with foilsealsand frozen at80°C. Singleprotist or multiprotistcell sortswere
subjected tMultiple Displacement Amplification using the repliG or W&fenzyme as
previously described (Needham et al, 20B8quencing was performed on the lllumina

platform, resulting in an average of 2,617,247 raw reads per sequenced well.
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Singleprotistwell DNA sequence assemblies and ipaMAG recovery

Demultiplexed pairegind reads were quality controlled and trimmed using trimmomatics
(v0.39; [17]), with a trimming cutoff quality score <3 or when a 25 bp sliding window
average was <30. Assembly was performed using Spades (v3.15.5; [18]) with thedingle
option -sc” and kmers 21, 33,55, 77, 99 and 127, considering both paired and unpaired reads
that passed qualitgontrol. Samples that could not be assembled through spades single cell
mode using a maximum of 180 Gb RAM were instead assembledrasiahit (v1.2.9;
[ 19]) dpreshtsmelseens i ti ved settings, consideri ng
trimmed reads that passed quabgntrol. All assembled contigs were filtered and only those
> 1kb were retained. Sequence alignment maps for fil@watlgs were generated using
bowtie2 (v2.4.1]23]), with default setting and unaligned reads removed from the alignment
map. Sequencalignment files were sorted and compressed using samtdo&[@4])) 6 v i e w
-bS6, 06 s or tCompkte dr frayants dfel&3ir 18SrRNA genes were identified
usi ng cheeRMds s u _ subcordneandbwith default settings.
Prokaryotic genomesererecovered usingn v i @&;¢26]), with initial clustering of
contigsu s i ng 0 a nand 5% muclentide idleatibyCellular single copy marker genes
for interactive genome completeness estimater e i dent i funrfredmangdtheng o6 an:
default database. Preliminary taxonomytieé recovered gen@gs predictedt the protein
levelu si ngrusegh ax onomy o6 with defaul tunlsmmg ® ngs . ¢
was run using a set of #/IMMs for marker genesf eukayotic giant viruses (NCVOGs;
[27]). Profiles were manually inspected for anomalies i&0ntent and tetranucleotide
frequency and inspected interactively, binning potential prokaryotic genéthefms of GC
anomaliesvereinitially screened for phage/viral contamination using the following
approach: Proteins were queried against NCBI nr using diamond blastg (28]) with E-
value < 1 x 16* and output format 6, including an additional column for subject NCBI
taxonomylD. IDs were converted intoxanomy strings using NCBI taxid2lineage
information pbtainedthrough:github.com/zyxue/ncbitax2l)jnUp to 100 query hits per
protein were considered and hits were summed up for each contig individually when
calculating the percent of viral hits. Contigs were removed from the raw bin when @teast
of hits were classified as virdfirus-cleanlinswer e assessed using check
subcommand with default settingsd all bins identified as genomes of 10% completeness or
higher were hereafter referred to as ipaMABsliyidual protist associated Metagenome
Assembledsenome)Genomes were noatiedsingle-cell amplified genomes (SAGSs) as

these assemblies could be based on multiple prokaryotic genomes associated with the same
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eukaryotic cell sorted and sequenceéaxonomy ofipaMAGswas predicted using GTDB
Tk o6 %02[20]))0i denti fyd6, oalignd a6TDBwvecsio284sli f yo c
as the reference database dethult settingsvhen meeting GTDB'Kk minimum
classification cutoffs

Proteins wer e rporde @&baBl[BO) tigr eachipaMASG ofdtmedium or
high quality >50% completeness, <10% contaminatif@ipwing definitions as irf31])
individually using default setting®.airwise average amiraxcid identity between all
ipaMAGswas calculated using the aai.rb script of db@ogenomiadcollection fownloaded
20 June 202332]) with default settingsProteins for alipaMAGswere annotated using
emapper.py (£.0.1 [33]) against the eggNOG databdsb.0;[34]) with default settings.
Additionally, Pfam domainsv@5;[35]) were identified using hmmscan3(\3.2; [36]) with an
E-value of <1 x 10'°% Homologies against NCBI nr database (downlod&&tWar 2023
were identified usingpiamond blastp (2.14 [28]), requiring a minimum query co\ageof
50bp and arkE-value of< 1 x 10%. For identification of secretion systems, MacSyFinder
(v2.1; [37]) was run with default settings using both the "TXSS"™ and -FFFmodels
(downloaded®8 Mar 2023. CAZys (CabohydrateActive erZYmes)were annated using
hmmscan ven HMM model version of the CA¢Z databaseambohydrateActive Enzymes
database[38]) and filtered using the CAZlb hmmscasparser scriptifothavailable through
dbCAN3 https://bcb.unl.edu/dbCAN CAZydb v.1)). High qualityipaMAGs (>90%
completeness, <10% contamination) gradditionally annotated against the KEGG database
usingthe GhostKOALA webserve(kegg.jp/ghostkoalaf[39]) with default settings.

16S rRNA gene screening & phylogenetic placement

For subsequent phylogenetic placememglohal 16S rRNA geneeference phylogemnyas
constructed using tHeILVA databas¢v138.1SSURefNR99). Thenucleotide alignment
wasrandomlysubsampled to 10% of the origimalmber of taxa in thalignment (53423
genesequences). The alignment was then trimmed using trimAI[A&X) wigtth 086, and
redundansequences wereduced to a single representative i ng O0seqki t r mdup ¢
in the removal of 261g@enesequences. A phylogenetic tree waanreconstructed frorthe
resultingalignment using FastTrée2.1.8 [41]), initially masking for noFhomologous
regonsandisi ng the GTRsmeddaeld.and 0

All assembled contigsere screened for 16S or 18S rRNA gepatainingsectionsusing
phyloflash (\8.4.2[42]) with default settingsSequenceglentified as containing a 16S
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rRNA gene fragmentere trimmed to extract the respective rRNA sectiontdasted

against SILVA (v138.1 SSURef NR9@}¥ing blastn. Sequencesth a top hit to either a

mitochondrial, chloroplast or eukaryotic sequerieedlue< 1 x 10°%%) were removeds24

sequencegmin 50 bp)were subsequently aligned against the modified SILVA reference

alignment using SINA (1.7.2 [43]) with default settings. Sequences were then placed on the
previously constructed global 16S rRNA gene phylogeny usingngfe0.3.8 [44]) with

default settings. E a ¢ h -plaeemenewascaldulatedlugingt ¢ o mmo
gappeedit accumulatév0.8.4[45]) with a minimum likelihood weight ratio threshold of 0.9.

The phylogeny and placements were viggal in R using ggtree 6.1, [46]).

Detection of symbionlineages in global ecosystems

16S rRNA gene sequences recovered from sort assemblies were used as queries against V1
V2 16S rRNA amplicon sequence variants (ASVs) in published datasets from the Bermuda
Atlantic Timeseries Study (BATS) in the North Atlaniir], the Caribbean S¢48], the
Mediterranean Sgd9] and the Indian Ocedb0, 51} and eastern North Pacifis2, 53]

were combined and expanded with additional amplicon sequencing samples. For Monterey
Bay, a new feature table and representative sequences, combining previdlistyepl and

new samples, were generated as previously desddlzgdClassification as identical to the

guery required a 100% nucleotide match for the complet¥ ¥ fegion amplified and

classified as the same lineage required >=97% nucleotide identify, and additionally requiring

a minimum 90% alignment of query and suibje

Functional profiling of recovered bacterial genomes and reference genomes

For comparison of functional capacity of highality genomes recovered here with reference
genomes, all genomes were annotated as follows: Proteins were predicted and annotated
using GhostKOALA and HMMSCAN against Pfam and the CAZy hmm db respectively, as
described above. Protein counts for CAZys were accumulated for the five major functional
families discriminated in the database. Proteins were annotated as ATP/ADP translocases
based on the Pfam domain PF03219 with aralie of < 1 x 163° Additionally, tRNAs

were identified using ARAGORN (v1.2.4[54]) with default settings. Proteins were

assigned to lipid metabolism (betaidation, lipid biosynthesis and lipopolysaccharide
synthesis), nucleotide metabolism (purine biosynthesis, pyrimidine biosynthesis), respiration

(glycolysis, oxidative phosphoryiah, TCA cycle), amino acid metabolism and vitamin
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synthesis based on their assigned to metabolic modules within KEGG. Rhodopsin and retinal
biosynthesis protein annotations are based on Pfam domains for rhodopsin (PF01036.18),
phytoene synthase (PF00494.19), GGPP synthase (PF00348.1-Caro¢étae 15,1%

dioxygenase (PF15461.6) and lycopene cyclase (PF05834.12) with a cutoff of €4 x 10

The number of proteins for each functional category (see columns in Fig.3A)seasez

normalized for visualization purposes.

Data and code availability

Raw amplicon sequencing reads for the Monterey Bay environmental samples are available
in NCBI under BioProjecPRIJNA1107937Representative ASVs and the raw feature table

are deposited in FigSharedj.org/10.6084/m9.figshare.25751283.\Raw reads for single

cell sorts and the highest quality ipaMAG of each lineage are available via NCBI BioProject
PRJIJNA1061664
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Results & Discussion

To separate eukaryotic and prokaryotic assemblies found within sequencegsihgbets,

we initially processed all sequences from each sample together. 781 eukaryotic sorts
produced assemblies larger than 250 Kb, with an average assembly size 810.Q6%b

and a cumulative size of 8235.883 Gh. SAGs were sorted from environmental samples
collected from the North Pacific (Monterey Bay, 733 cells) and a mangrove ecosystem
(Curacao, 48 cells). All samples for cell sorting were collected from the uppgc gone

between the surface and 42 m during sampling campaigns between 2014 and 2019. Based on
their sorting gate, cells have been operationally classified into those targeting putatively
heterotrophic protists (758 cells) and photoautotrophic pr¢f8tsells).

The dataset also comprises 77 sorts for which multiple cells were directed to the same tube
or well, hereafter referred to as population sorts. These ra@a®G cells each that were then
sequenced as a whol e, r esulatterhmadanaveragdit ar get ed
assembly size of 14122.56 Mb.Based on (partial or complete) 18S rRNA gene sequences
recovered from 510 SAGs %), the dataset comprises eukaryotes from seven supergroups
[55]. Thelocation and / or timing of the sampling rendeneginy choanoflagellate sorts
(n=327, where n represents the number of sorts with 18S rRNA gene fragments >30@ bp
these weralmost entirelyepresented by a single speciBsfinor). Other wellrepresented
lineages includeinoflagellates (n=61)xtramenopiles (n=39), Telonemia (n=26), Rhizaria

(n=17) as well as Picozoa (n=14).

Marine protists associated bacteria are dominated by five lineages

Analysis of the 16S rRNA genes was performed in order to access the taxonomic
composition of the prokaryotic DNA sequenced from each sort. This provided mitochondrial
and chloroplast (phytoplankton sorts only) sequences of eukaryotic organelles for many of
the sorts, as expected. It also revealed diverse bacterial sequences. Phylogenetic placement of
fragmented and complete 16S rRNA genes fromarganellar sources, indicated that the
detected bacteria primarily consisted of members of the Akoidh Gammproteobacteria,
Planctomycetota, Bacteroidota (especially Flavobacteriaceae) and Verrucomicrobiota (Figure
1). Whole genome sequencing allowed us to potentially bin genomic bacterial DNA that
assembled, allowing further insights into the genomics undgrihi@ physical associations

we detected. A portion of eukaryotic single cell sort assemblies were comprised of multiple

clusters of contigs with distinct GC content far exceeding typical variation observed within a
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single genome. Although genomic and organd#eved DNA differs in G&ontent, some
of these distinct GC regions far exceeded the genome size of organelles and instead
putatively comprised distinct prokaryotic DNA. We separated bacterial DNA from ho&t DN
based on G&ontent, assembly quality (with prokaryotic DNA assembling better than

eukaryotic DNA in mixed samples) and the presence of bacterial sioglemarker genes.

Mitochondria Actinobacteriota

Planctomycetota

; /. Vi icrobiot
‘I./’;/ : errucomicrobiota

Patescibacteria

Flavobacteriales ’.'o é ‘

other Bacteroidota
Cyanoabcteria Firmicutes
& Chloroplast

Figure 1: Bacterial lineages found in ceassociation with marine protists.Maximum likelihood
reconstruction of SILVA138:-based 16S rRNA gene phylogeny under@TéR modelwith 2113 positions
Each circle indicates the placement of a 16S rRNA gene fragment (min 50 bp) originating from a eukaryotic

cell-sort placed on the node with a minimum likelihemdight ratio of 0.9.

We manually inspected clustering of assembled sequences in all sorts separately, required
because automated genome recovery tools require differential coverage, which is skewed in
singlecell genomics by the usage of MDA, relying on an enzyme thalif@a®NA before
sequencing. This led to the identification of 232 putative prokaryotic DNA clusters that we
separated from the eukaryotic DNA present in the assemblyhQmaredfifty -eight of
these, recovered from 100 distinct sorts, were of suffigjaality to estimate genome
completeness and contamination. Out of a total these 158 ipaMAGs, 69 were categorized as

prokaryotic assemblies of medium or high quality (accordiri§xfi min. 50%
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completeness, max. 10% contamination), and kept for downstream analysis (Figure 2). These
ipaMAGsrepresented 18istinctbacterialordersand averaged 2.33.31 Mb in genome
size. The majorityq0%) wereclassified as either Alph@r Gammaproteobacteria,

Bacteroidota, Planctomycetota, or Verrucomicrob{gigure 2A)
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Figure 2: Uncultivated bacteria living in physical caassociation with wild protists and presence across

tropical and subtropical oceans(A) Evolutionary positions of bacterial ipaMAGs. Placement is based on ML
analysis of a concatenated alignmeni2® proteins encoded by single copy universal genes Y086

positions in the final masked alignment and any recovipadAG with estimated completion >50%md
contamination <10%vas included. Branches are labelled (with corresponding color coding) based on GTDB
taxonomy. (B) thdotal number ofpaMAGsrecovered for each lineage in association with a protist. (C)

Phylum level taxonomic distributions of all bacterial sequences as a function of genome completion (only those
>10% complete are included.
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We next used genorased taxonomy prediction, using a set of 120 marker genes that is
conserved throughout all bacteria with a single copy to predict taxonomy of all ipaMAGs
recovered, independent of the presence of a 16S rRNA gene. The resutmgmsoaligned
with the main lineages observed in 16S rRNA gbaged phylogenetic placement of the
protistassociated bacterial lineages (Figure 2). This suggests that our method of genome
assembly and manual ipaMAG recovery is not biased against carzages, since
ipaMAGs from all major clades present in the 16S rRNA gene placement were represented
by genomes herein as wellcross all recoveregpaMAGs, high quality genomesere
assembled for ten lineagespresenting three Bacteroidota, two Verrucomicrobiota, one
Planctomycetota and two Gamyaand Alphaproteobacteria clades, respectively (Table 1)

On average, these HQ ipaMAGs weretd.A Mb in size, comparable to the size of an

average MAG from publicly available (marine and cresesystem) datass. At the same

time this exceeded the average size and quality of previous (marine) studies recovering
prokaryotic genomes from SAGs, mainly due to lower average genome completeness in the
latter (Figure 3). This could be explained by the presence dipteutional cells of the
prokaryotes recovered being associated with the single sorted eukaryaotic cell. This would
increase the availability of identical genomic DNA fragments for sequencing, greatly
increasing assembly quality compared to the singlegryokic cells sorted during previous
efforts[56]. Addi ti onally, those efforts didndt co
removal of viral sequences, increasing possible contamination. The presence of (almost)
complete ipaMAGs herein also implies that these lineages are unlikely to represent prey
organisms of the associated heterotrophic protists as one would rapidly degrading genomes
during the preybreakdown process. Their taxonomy further suggests that they are not among

the more abundant known gref predatory protistgL8].

genome ID clade group compl. cont.|size_Mb est. G.size| # contigs # prot. | % GC
ipa-MAG-0934 Simplirickettsiaceae* Alphaproteobact. 100 0.0 |097 0.97 15 937 36.62
ipa-MAG-0929 Gamibacteraceae  Alphaproteobact. 915 0.0 |1.69 1.85 168 1651 36.76
ipa-MAG-0156 Marinicoxiellaceae®* Gammaproteobact.| 873 06 |[1.70 1.93 35 1484 | 44.74
ipa-MAG-0636 Protistiellales* Gammaproteobact.| 87.1 03 140 1.60 87 1341 40.90
ipa-MAG-0027-7 |UBA4466 Bacteroidota 99.5 80 |3.30 3.07 352 3260 39.04
ipa-MAG-0015 Patiriisocius Bacteroidota 893 42 |207 2.22 102 1990 | 35.48
ipa-MAG-0027-1 |CAJQQYO01 Bacteroidota 863 3.7 |263 2.92 234 3674 | 32.89
ipa-MAG-0691 SW10 Verrucomicrobia 835 14 354 417 554 3247 | 49.49
ipa-MAG-0028-5 |Rubritalea Verrucomicrobia %4 20 |3.37 3.43 217 3150 | 49.46
ipa-MAG-0028-7 | Mariniblastus Planctomycetes 789 14 |427 5.32 352 3408 | 48.40

Table 1: Assembly statistics for ipaMAGs from highest quality lineages recovere@lades marked (*)

represent uncharacterized lineages that have been named herein, see chapter 3.
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Variations in host range, genome size and GC content

The representative ipaMAGs showed different patterns with respect to the hosts they were
physically associated with (Figure 4). However, while capturing much new information on
uncultivated bacteria and their physical association with different prolistslesign of

sampling itself did not allow for conclusions of the type of interactions. For this reason,
deeper investigation of genomic characteristics was employed to reveal evolutionary and
functional aspects of the different lineages. This type ofiinédion is valuable for

understanding evolutionary trajectories, potential host interactions, or functional traits and
insights into their lifestyle (see below). Lineages with smaller genomes can evolve through
genome streamlining. In frd&ing cells, itcan take place in a larger context of reduction in

cell size and complexity as a Darwinian strategy for success in nting®d environments

[57]. In symbionts, especially those with intracellular lifestyles, genome size reduces as a
consequence of naom genetic drift in which the isolation of the symbiont in its host leads to
the loss of functionality by chance which can be compensated, e.g., by obtaining essential
metabolites, or energy in the form of ATP from their host instg2[ The stable host
environment essentially provides the opportu
their host organism without facing selective pressures against this loss, i.e., relaxed selection
[58]. Smaller genome size is often in line with a reductioB@icontent, driven by less nen
coding, GGCrich regions in these genomi&®], energetic efficiency of lovisC replication

and maintenand®7, 60] accumulation of ATImutations as a consequence of higher

mutation rates observed in intracellular symbig6éfg, and a series of other factors shaping

smaller genomes through similar evolutionary drivers.
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Figure 3: Comparison ofipaMAG size with previously published data (A) Comparison of average size of
MAG or SAG assembly size between the Global Earth Microbi@@iodal crossecosystem synteny dataset)
[62], TARA Oceans MAG$63] and TARA OceanSAGs[56] andipaMAGsassembled hereirsterisks

indicate pvalues obtained through pairwistests with Bonferroni correction (*** $£<0.0001).

Estimated genome sizd ipaMAGs their GC-content, andbroad scaléaxonomywas
consistent with general trends reported for cultivated reference symbionts afdrigee
bacteria that have been genome sequefcedb9](Figure 9. Specifically, the
alphaproteobacterimndgammaproteobactetigpaMAGs hadsignificantly (<0.001)smaller
average estimated genome sige7+0.4 Mb and 2.1+1.4 Mlvespectively thanthe
Verrucomicrobiota (3.5+0.7 Mi@ndPlanctomycetota (6.2+1.9 Mb¢covered herein
Similary, the GGcontent of Alphaproteobacter{d6.1+0.7%) and Gammaproteobacteria
(42.7+£4.5%) was lower than that of Verrucomicrobiota (49.3+1.6%) or Planctomycetota
(49.5+1.8%). Nostrictly following the correlation between genome size andd@@tent the
Bacteroidota had an average genome size of 2.8+0.7 Mb while having an averaget&@
similar to that of Alphaproteobacteria, although with more variability (36.2+4.@#)ome
streamliningas a consequence of an intracellular lifesikyleot the only dwver of GGcontent
in bacteriawith other selective pressures like resource competition, acting for example on
Bacteroidota as members of thleycosphere, affecting the same genomic signatures,
explaining the range of genome size for {@€% lineages observed in microbial

communitieg57].
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Figure 4: Eukaryotic host association of prokaryotic lineages with high quality ipaMAGsCo-association
between eukaryotic and prokaryotic organisms in sequenced single cell sorts. Coloured circles iatlzte th
the eukaryote lineage as well as the associated prokaryotic mizcesbdetected in the same single cell sort,

based on the detection of eitheripaMAG or (partial or complete]l6S rRNA gene sequence.

For ipaMAGs with smaller genomesg observed a decrease in agiability of the
eukaryotic lineage the prokaryotes were associated Wiibse withthe smallest genomes
were identified as possibhgpresenting obligatend/orintracellular symbiontthathave
specialized for a distinct host lineage (rig 4. Foursymbiont lineageglentifiedwithin this
study with highquality ipaMAGs phylogenetically placedthin Alpha or
Gammaproteobacteria showed specificity in their association with onlgrotist, indicating
a more specialized lifestyle than tAanctomycetota, Bacteroidota and Verrucomicrobiota
detected hereinhis was additionally supported by the detection of complete type IV
secretion systems within all Alphand Gammaproteobacteria lineages of high quality
(Figure 4), indicative of a hostssociated, potentially intracellular, and pathogenic lifestyle

(See chapter 3).
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General functional trends

Genome annotation enables the characterisation of functional traits, such as motility and
chemotaxis, pathways for degradation or production of specific compounds, or systems
associated with secretion of toxins or other proteins in pathogenic syrhlistassociations.
The functional analys allow development and testing of specific hypotheses regarding the
lifestyles of the taxa represented by the ipaMA&sysicallyco-associatiormight arise from
intracellular symbiosis, either mutualistic or pathogeor extracellular attachment to the
eukaryote. Extracellular interactions could represent parasitism or even predation, where the
bacterium feeds on the eukaryote, or a mutualistic interaction benefiting both. More
specialized interactors will have mechanisms for exchanging effector proteins with their
specific host, while more generalistic bacteria will encode a more diverse metabolic
repertoire to adapt to changes in availability of resources. Subsequentlyighasteciated

to the phycosphere of varis eukaryotic phytoplankton lineages relying on the increased
availability of DOM in that microenvironment should encode more CAZYs (enzymes to
modify and break down carbohydrates, a major component of DOM), than pathogens
putatively living within a eukamotic host. If cells not physically attached are nesoaed, as

previously hypothesizefd], then extracellularly associated bacteria must encode structures
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enabling to attach to the surface of the respective eukatyoliectively, this type of
knowledge gained through functional annotations can then be applied to define the lifestyle
or type of relationship they were in with the associated eukaryote.

ipaMAGswith a larger genomicepertoire and freéving capacity, including all
Planctomycetes, Bacteroidota and Verrucomicrobiota lineages we recovered, showed the
ability to associate with protists of diverse lifestyles and representing lineages placed within
different eukaryotic supergroups. The prokaryotic community associated with eukaryotes
emitting aphotosynthesipigmentsignal were generally more complex thanigeMAGs
associated with putative heterotrophic protists. As opposed to heteroteoghted
eukaryoticSAGs, whee recovery of more than one associated prokagyenemevas
uncommon 15.%% of sorts with at least 1 prokaryotic pii3.81 ipaMAGswere found

associated with photosynthetic pro®&aGson average.

Bacteroidota, Verrucomicrobiota aRthnctomycetota as members of the phycosphere

Bacteroidota, especially members of the Flavobacteriaceae family are commonly found to
interact with diatoms on a global scale, based eoamurrence analys[20], and this

interaction is among the earliest observed between bacteria and phytop[&dktdpart

from nitrogenfixing cyanobacteria symbion{65], described interactions between diatoms
and bacteria commonly comprise members of the Rhodobacteraceae, Bacteroidota and
Gammaproteobacter|@, 66]. These interactions, however, are generallyweit

characterized and based on eithecuatiuring experiments or correlation analysis of

amplicon or genomics & transcriptomics sequencing [data3, 20] This modelsystem

centred view has shaped our general concept of the phycosphere anddtalsesterized
members consisting of Alteromonadaceae (Gammaproteobacteria), Flavobacteriaceae and
Rhodobacteraceae, with no members of the Verrucomicrobi®koctomycetes being
discussed as central compondb®. Her ei n, we di dnoadateaedet ect
ipaMAGs in any phytoplankton sort, and only recovered two Rhodobacteraceae ipaMAGs
from the genu&mylibacter which was originally isolated from the surface of the green algae
Ulva fenestratg68], suggestingn association to the phycosphere in the phytoplankton cells
sorted herein. Representatives of the genus have also been isolates from surface seawater
[69], also indicating that they might be associated with phytoplankton, but due to the low
quality of the ipaMAGs recovered herein they were not considered in downstream functional

analysis. The absence of any membass of Al
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components of the phycosphere but suggests that they might not have been physically
attached to the sorted eukaryotic cell and were therefore separated from the cell during the
sorting process. Planctomycetes are often observed in high abundance witbpigotkgon
blooms[70, 71]and have been isolated repeatedly from the surface of macroalgae and live
within their biofilm[72, 73] They are also hypothesized to attach to particles and interact
with eukaryotic phytoplanktofy4] and have been seen to attdo their surfacg/l, 75]

which is inline with our findings, but their actual lifestyle and the nature of their interactions
with phytoplankton remain elusive. Proposed characteristics involve antimicrobial functions
to make them competitive despite their slow grovate compagd to other heterotrophic
bacteria, but also scavenging and algicidal activity, which has been proposed because of their
correlation with phytoplankton blooming events, although genomic pathways and the actual
mechanisms facilitting these functions are unknoyi®, 77] Verrucomicrobiota, like the
Planctomycetota, are not part of the classical members of the phycogeatthough they

are known to possess a diverse catalogymlysaccharidelegrading enzymes tdilize
carbohydrates produced by phytoplankiie8]. Although this suggests an association with

the phycosphere, Verrucomicrobiota are not generally found in association with
phytoplankton in molecular surveys of phycosphssmposition[79, 80]
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Figure 6: Functional comparison of ipaMAG lineages with reference genomes representing diverse

lifestyles (A) genome size of symbionts and selected marine reference genomes wiithirfgeand host

dependent lifestyles. (B) Functional comparison of lineages recovered here and reference genomes, based on
completeness of core metabolic pathways and accessmtyoins. The heatmap reflects the number of genes
associated with a function or pathway. Gene counts wecere normalized and genomes clustered

hierarchically based on Manhattan distaned eomplete linkage clustering. Taxa names colourgdiiple

underlined represent ipaMAGs recosé herein.

To this end, functional profiling was performed on the ten representative high quality
ipaMAGs (Table 1, Figure 5). Then, comparative genomic analyses were performed against
select reference genomiesm well understood cultivated bacteria with known lifestyles.
Theserevealed a clear separation in terms of encddectionality and metabolic pathway
reductionbetweemrmemberof different lineagespaMAGsfrom Bacteroidota,
Verrucomicrobiota and Planctomycetota clustered with reference genomeseiilifg
(e.g.Prochlorococcug22]) or particleattached lifestyles (e.gRhodopirellula[81]) (Figure
6), but also including lineages of pathogens with extensivelifriexy capacities, likeVibrio
andLegionella[82, 83] This clustering was driven by similarity in the completeness of
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amino acid, lipid and other core metabolisms. ipaMAf(assified as Gammar
Alphaproteobacteria, on the other hand, clustered with symbiotic reference genomes
demonstrating various degrees of genome reduction and host dependency. This included
organisms with a pathogenic lifestylég. Chromulinavorax destructaif®4]) as well as
representatives with a more mutualistic symbioost relationship (e.dduchnerg85]). This
clustering according to their lifestyle was preserved even for genomes from the same lineage,
with the Bacteroidota obligate intracellular symbiont Sawoebophils asiaticug86]

clustering with other symbionts and not witiarine Bacteroidotaften found in connection

to phytoplankton bloomf87]. ipaMAGsfrom sortsrepresenting eukaryotic phytoplankton

were larger omveragdhan those from their heterotrophic counterpgt88+1.92 Mb vs

2.85+2.76 Mbestimated genome size for medium or higlality genomes

CarbohydratéActive EnZyme diversity within phycosphebacteria.

A category thaéxhibited majoCarbohydrateActive EnZymes (CAZys)diverse families of
enzymes that are generally related to the modification, synthesidegrabatiorof
carbohydratesr carbohydratenodified molecule$38]. Carbohydrates are one of the major
components of marine DOM, often exudated by phytoplankton during photosynthesis or
during cell death. Additionally, glycosgiroups are often added to lipids or proteins as
posttranslational modifications, e.g., to prothose against degradation by other entities,
impacting pathogen survival and virulence reesise[88, 89] Carbohydrates are utilized by
heterotrophic bacteria as a major carbon and energy J@@jcgpaMAGsfrom sorts
representing eukaryotic phytoplanktencodedstatistically significantly more total CAZys
(Figure 7A p < 0.000), more distinctamilies of CAZys (Figure 7B;p < 0.0001)andmore
CAZys when normalized via Mb (Figure 7C) or via genome completeness (Figupe<7C,;
0.001) than their counterparts found in association with putative heterotrophic protists

A detailed breakdown into the CAZys encoded by the Bacteroidota, Planctomycetota and
Verrucomicrobiota, the lineages we found associated with eukaryotic phytoplankton, gave
insights into aspects of their potential interactions with the protists.ddefEMAGs
encoded similar CAZy families, and although there was a large overlap in the most abundant
CAZys, we found distinct families missing or enriched differentially (Figure 8A). In line with
previous observations, all ipaMAGs carried multiple, somesi up to 44copies (ipaMAG
00271, CAJQQYO01 (Bacteroidota)) of the glycosyltransferase (GT) families GT2 (especially
subfamilies GT2_2 and GT2_3) and GT4 (Figure 8B). GTs catalyse the transfer of sugar
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moiety from a donor sugar to a saccharide orsextharide acceptf@l]. GT2 and GT4 are

large enzyme families, including various characterized enzymes, including cellulose & chitin
synthase$38], but their members are polyspecific, with large variability in their substrates

and functions, making homolodyased assumptions into their exact role within the ipaMAGs
difficult [91]. Both families are known to be abundant within the Bacteroidota lineage
especially, and more generally, GT2 and Gawrily GTs @mprise more than 50% of the

known marine GT$92]. In line with the unspecific GTs, all lineages encode various copies

of the carbohydrate esterase (CE) families CE1 and CE4. CE1 is among the biggest and most
diverse CE families, with a large variety of substrates, and CE4, similarly, catalyses de

acylaton of various polysaccharidgd88].
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Figure 7: CAZys in bacteria based on thessociated eukaryoteComparisons of CA¥s within bacterial
SAGs recovered from assembled population and sitejlesorts, annotated based on through dbGAN
(https://bcb.unl.edu/dbCAN /; CAZgb v.1]). Bacterial assemblies were compared based on (A) the total
number of CAZYs within a SAG, (B) the number of different GAZmilies, (C) the number of CA% per Mb
of assembly, and (D) normalized by the completeness of the bacterial ass®igrificance (tested through
pairwise ttests) is indicatetly astersks(* p < 0.01; ** p < 0.001; *** p < 0.0001).
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We also identified various families of carbohydrbteding modules (CBMs) (Figure 8B),
which are generally noncatalytic and work in synteny with other CAZys. CBM66, for,
example, found here primarily in Verrucomicrobiota and Planctomycetota, isl finke
range of CAZys, most commonly glycoside hydrolases (GHs) and lyases that are associated
with plantcebwal | degr adati on, but i toés sp8lci fic
Throughout all lineages, we also observed the common CBMs CBM50hiwith to
enzymes that cleave either chitin or peptidoglycan (incl. GH23, seen here in all Bacteroidota
but missing in the other groups), and CBM9, which is found in xylanases, and has been
demonstrated to bind cellulose in one d&si.

Apart from various families of CAZys whose specificity beyond carbohydrates in general
remains elusive, we have been able to identify a series of CAZys abundant in the
phytoplanktorassociated genomes described herein that give insights into their pigtentia
pathogenic lifestyle. Generally, the phycosphere surrounding marine phytoplankton, e.g.,
diatoms, has generally been considered a place of mutualistically beneficial symbiosis with
the phytoplankton exuding excess DOM that is utilized by hetgroitdacteria, which in
turn provide essential nutrients and cofactors for the phytoplafiktoHowever, the
extracellular proteome of diatoms also includes miikmproteing[95]. These proteins have
a similar structure to human proteins forming a layer protecting epithelia, including the
human gut, from harmful bacteria by preventing bacterial aggregation on its §a6hce
This mucin proteins remain understudied in phytoplankton, but if diatom mucins prevent the
attachment of pathogenic bacterlastgroup of proteins could present an important defence
mechanism for the phytoplankton cg€¥].

The Verrucomicrobiota and Planctomycetota ipaMAGS, but also some Bacteroidota
(CAJQQYO01 and g__MedREWsndG2), encode the CAZy family CE20 (Figure 8B),
putatively functioning as a sialate&etylesterase. We also observed GH33 (often linked
with CBM40), encoding exosialidases in all three lineages. Sialic acids are often located in
terminal positions in glycoproteins, glycolipids and glycans, including mucins in the human
gut, and this outermost carbohydrate protects the integrity of the glycogi{®@}. Sialic
acid residues in mucin glycans for example protect the mucin glycan structure from
degradatiorj99]. Bacteroidota present in the human gut also produce sialidases, which can
promote the expansion of potential pathogens3i&knonellaandEscherichia coliwho do
not encode sialidases themsel{H30]. Terminal sialic acid, to protect it from exosialidase
(GH33) activity, is often additionally modified with-&cetyl ester§100]. However, in turn,
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sialate Qacetylesterases (CE20) can remove these&lyl esters from sialic acid, making it
susceptible to cleavage through sialidases (GH33). Through the action of these two CAZy
families, glycans protected with terminal sialic acid residues becomseckpo further
degradation through various GIF88]. We observed both C20 and G33 within all three

lineages, but especially frequently in Planctomycetota and Verrucomicrobiota.
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Figure 8: ipaMAGs recovered from phytoplankton encode more CAXs. (A) Taxonomy and (B) top 20
CAZzy families present (based on absolute copy numbers) of ipaMAGs found in association with phytoplankton,
clustered hierarchically on both axis using Euclidean distance based on a distance matrix of CAZy copy

numbers per famjl

CE20 has also been implicated in the breakdown of cell wall xyloglucan by pathogens of
vascular plantgl01]. This is complemented by our detection of the family GH74 herein,
which is a highly specific family of xyloglucanagd®2], setting it apart from various pely
specific GH familie§38]. Both CE20 and GH74 have been implicated in a pathway
connected to the breakdown of xyloglucapiants, where it acts as a barrier against
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pathog@s, again, through high amounts of substitutions to complicate their breaktiaiyn
Xyloglucans are not encoded in all marine phytoplankton but are present in green algae
[103]. For those ipaMAGs investigated more closely, we observed copies of both enzymes
co-located next to each other in ipaMA@B287 and observed a proximity (spanning 12
proteins) between CE20, GH74 and GH33 in ipaM®@2 4. The parallels in key

enzymatic rpertoire observed here compared to that of bacteria implicated inetiediown

of the extracellular glycoprotein layer in the human gut or vascular plant cell walls gives rise
to hypothesise a potential pathogenic lifestyle for some of the ipaMAGs observed in
association with phytoplankton cells herein. Given the strateggraplex modifications

added to terminal glycoproteins as protective mechanisms, divergence, and high copy
numbers within enzyme families to break these complex proteins could be an evolutionary
mechanism shaping these CAZy families. Homologs of the samié/fcould be specific to

one or a subset of modification on, e.g., a terminal sialic acid molecule, with the repertoire of
sometimes dozens of copies and a variety of enzyme families enabling the breakdown of the
full variance of sialic acid modificati@on a glycoprotein, making it accessible for foHop
utilization. Given that we always observed multiple bacteria associated with a single
phytoplankton cell, the cumulative functional repertoire in their carbohydt#itang

enzymes could expand assospecies, with multiple lineages collaborating in this breakdown

of complex celwall molecules.
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Figure 9: presence (black circle) and absence (white circle) of genomic systems associated with motility
and cellattachment. All lineages with genomes of medium or higbhality were analysed. Type Il or IV

secretion systems were not detected in any of the queried lineages.

Motility systems and cell surface attachment mechanisms

While harbouring larger metabolic potential across all functional categories (Figure 6), in line
with their, on average, larger genomes and putatively copiotrophic lifestyle, no
Planctomycetota, Bacteroidota or Verrucomicrobiota encoded a type IVA oMigpe
secretion system (Figure 4), characteristic to bacteria with symbiotic or pathogenic
associations with specific protiqts04, 105]We did not detect any signatures of type Ill
secretion systems, which have previously been implicated in injectingogffeoteins into
the eukaryotic host cell to module late host response to bacterial atta¢h@&gnt

Multiple ipaMAG-lineages from the Bacteroidota carried a type IX secretion system
(Figure 9)(T9SS),which is exclusivedo the phylum{107, 108] It is utilized by various
pathogens to secrete large amounts of virulence factors which are generally attached to the
outer membrane afterwards, corrupting host defence mechgiiB@jsleading to its
characterization as a molecular weapon against host cells. In environmental bacteria, mainly

characterized isolates from soil ecosystems, T9SS genes areéat$segliding motility and
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secretion of chitinase and cellulg4&0]. This suggests a similar function for these marine
Bacteroidota lineages with a similar lifestyle, with the T9SS likelyng associated to gliding
motility and export of CAZys, with a potential role in more antagonistic functions against
possible host defence mechanisms in the phycosphere.

Both Planctomycetota lineages encoded more classical motility systems, with a complete
flagellum in both, and the potential for chemotaxis inRidripirellula (Figure 9). Both
lineages, and two out of three Verrucomicobiota lineages also included a type 4 pilus,
dynamic fibers with extensive functional diversity spanning virulemzeprotein secretion
as well as biofilm formationaggregationsurface sensing and motility11]. ipaMAG-0491-
2 (Rubripirellula, Planctomycetota) encoded a Tad piludesysa subtype of the type IV
pilus (T4P)nanomaching¢l11, 112] Its origin lays in an archaeal T4P system, explaining its
distinction from other T4P subtypes, but it horizontally moved into bacteria in an
interkingdom transfer, and has since extensively spread within[&#3h The functionality
of Tad pili has not been characterized in most bacteria that possess them, but initial studies in
cultured model systems indicate a significant functional divefsitg]. Tad systems are
prevalent in pathogens andmmensal symbionts of mammals and plants, and Tad has been
implicated in hospathogen interactions and pathogengkig, 115] Characterized Tad
systems, among others, play an essential role in surface attachment and aggregation in
Aggregatibacter actinomycetemcomitdh$6], guide surface sensing and attachment in
Caulobacter crescentyd17], allows twitching motility inLiberibacter crescengl18],
enableBifidobacterium brevadherence to epithel[a19], and trigger contaalependent
killing of prey cells inMyxococcus xanthy420]. Although the wide array of functionality of
the Tad pilus does not allow a definite prediction of its exact function in ipalA4e3-2
(Rubripirellula), its predominant role in attachment to various surfaces suggests that it
enablesRubripirellulato attach to the phytoplankton cell to stay within the phycosphere. This
is further supported by the observation that the Tad pilus is the defining feature of putative
Rhodobacterales phycosphere colonizers of diatom [i&ts

Interestingly, we do not see various lineages of bacteria regularly associated with the
phycosphere in the literature, for example Gammaproteobacteria groups Oceanospirillales or
Altermononadaced@7, 121] Both lineages are usually omnipresent in the surface ocean but
itds theoretical |l yasspcatedsreptesertatitedhveete ngd gregentaasdp her e
associated with the phytoplankton cells at the time of sorting. Alternatively, and arguably
more Ikely, these lineages represent phycosplasseciated bacteria that do not physically

attach to the eukaryotic phytoplankton and are therefore raxtréed with the protists during
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sampling. They could employ are different strategy, not attaching to the cell but being more
motile and able to conduct chemotaxis to find and stay with the phycosphere instead, a
common approach previously observed in various marine baf@étia

Cumulatively, we observesi/stems associated with motility, surface attachment and
sometimes virulence in eight out of 13 lineages analysed, but due to some lineages not having
complete ipaMAGSs, systems could have been missed in those lineages. Generally, mobility
provides an advdage to cells that desire to find the phycosphere of a phytoplankton cell
quicker, because it greatly increases the encounter rate with such a microenvifé@inent
This encounter rate can be boosted further with the afalitghemotaxis (here observed only
in theRubripirellula) whi ch provides the ability to Oser
cell to use them as a O6mapbé towards the phyc
uncoordinated and with no directifgi7, 122] Similarly, being able to attach to the
phytoplankton cell via, e.g., a pilus or secretion system can be an advantage because it
conserves the energy that is required for continuous chemotaxis and motility towards the
phytoplankton cel[123, 124] a mechanism observed in tReseobactegroup
(Alteromonadacae) associated with the diatoksterionellopsis glaciali§l25]. However a
flagellar machinery or chemotaxisquire extensive genomic and energy resources, leading
to a tradeoff between the benefits of finding and getting to the phycosphere faster vs
spending a lot of resources in doing[6@]. This opens the possibility that some lineages, for
example the UBA4466 and CAJQQYO01 described here, could opt for lower encounter rates,

but do so in an energgfficient way as an alternative evolutionary tragegt

Global distribution and particlattachment of bacteria associated with marine protists

Comparisons of 16S rRNA gene sequences from the terguigility ipaMAG lineages with
sizefractioned sequences showed that they are rarely observed in theifrgsize fraction
(0.2-1.2pm), but all, although some are rare, were observed in the @attemthed (>5um)

fraction (Figure 5). This supports our finding and suggests that these lineages indeed all are
physically connected to their eukaryotic cells. Furthermore, it suggests that either none or

only a small subset of the population spends tintbe freeliving fraction, i.e., not attached

to another cell. When spending a fast majority of their time attached directly to the surface of

a phytoplankton cell, this essentially renders a motility system useless and a waste of

resources, potentialy x pl ai ni ng why we dondt see fl agell

widespread within the Planctomycetota, Bacteroidota and Verrucomicrobiota. The rarity of
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the lineages found with heterotrophic protists, on the other side, compare to dominant
lineages likeProchlorococcusas well as their almost exclusively particle attached lifestyle

also both support the hypothesis, that these lineages do not represent prey organisms.
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Figure 10: ipaMAGs represent particle-associated baaria. Relative abundand®5% ID cutoff to query
sequenceyvas only visualised for values abovéo0 atotal of 432 samplesas in Comstock et gl126].
Boxplots for lineage and sizieactionswere only shown when the lineage was obseined least three
samples

To verify that the protisassociated lineages we recovered herein were not endemic to
Monterey Bay, where most of the sorting took place, we surveyed a seriegepitim
amplicon studies covering multiple ocean basinsliddlagesshowed global distribution
patterns spanning coastal and open ocean ecosysteme(Ely This indicates that these
lineages generally do not represent endemic linefageswithin Monterey Bay, where most
of them were recovered, or a specific niece of marine ecosydiatiastead highlights a

larger relevance of these lineages for global marine ecosystems.
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Figure 11: Global distribution of ipaMAG lineages.Subtropical and tropical sites searched for presence of
16S rRNA gene sequences froem highqualityipaMAG lineages (top panel); the background color gradient
shows mean 2014 sea surface temperature (SST) based on data obtained from NOAA. Amplicon data comes
from published studies with differing sample collection intensity and years rangin@®@®to 2019 Presence

of ten bacterial lineages physically-associated with protists across sites determined by detection of amplicons
within subtrgical and tropical oceanBata is shown only to taxa for whitiigh-qualityipaMAGswere

recovered. The number of samples searched per dataset is indicated below the respective panel.

Conclusions

The recovery of ipaMAGs from heterotrophs provided an important comparator for
highlighting differences in the bacteria that associate physically with phytoplankton versus
heterotrophic protists. In the following chapter, data from the heterotrophictgmantid their
associated bacteria is used to more deeply examine ecological and evolutionary aspects of
bacteria affiliated with key predatory protists. From an oceanographic perspective, these
microbial interactions seem to effect protists and their amasde major aspects. Some
members of the phycosphere could be competing, or even feeding on phytoplankton,
regulating population size, while others could be beneficial, providing nutrients, cofactors
(such as vitamins). Similarly, intracellular symbioafdeterotrophic protists might provide
cofactors benefiting the predator and providing supplementary compounds lacking from their
nutrition. Energy parasitism might on the other hand harm the predator, thus also affecting
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the abundance and success of heterotrophic protists, which in turn would change their impact
on the food web and movement of carbon through the microbial community. A lot of these
potential effects remain abstract, due to the lack of insights into therelaof various

players within the phycosphere and the almost complete lack of any microbiome of
heterotrophic protists, asking for more cultimdependent, highesolution work on

interactions between protists and bacteria.

Our current insights into the dynamics and
cell and its associated bacteria within the phycosphere are derived from-balsexe studies
[7]. The concept of the phycosphere as a place of widespread mutuatasisamiation is
driven by the benefits of eculturing of phytoplankton with bacteria frequently observed in
the laboratory127, 128] Although certainly true to some degree, this raises the question if
this understanding of phycosphere as berafimight be affected by a eaulturedriven bias
against antagonistic (algicidal) bacteria during the isolation process. While the phycosphere
can be seen as a place for a beneficial symbiosis for both sides, with phytoplankton receiving
cofactors and aess to micronutrients in return for exuded DOM, this is contradicted by the
widespread competition of marine bacteria and phytoplankton for inorganic nuf@éhts
The existence of marine bacteria with algicidal activity is well established althoughahey
not been discussed in the context of the phycosphere historically, but more generally in their
role interminating algal bloomgl29, 130] a separation th&ias been overcome only
recently[130]. This poses the question if bacteria in the phycospw@ety depend passively
on the DOM produced and exuded by phytoplankton, or if they possess and could actively
use their biochemical potential to utilize the particulate living alga[t28], potentially
damaging, or even killing it in the proc@sé/estill lack extensive insights into these bacteria
and how widespread this bacterial lifestyle is, but Bacteroidotal{ordia algicida) [131]
andCroceibacter atlanticugl32] have been characterized as algicidal bacteria killing
diatoms, indicating that some members of the phycosphere are antagonists. The lifestyle of
these bacteria can, to a certain degree, depend on the algal cell they are associated with,
supported by thelservation that algicidal bacteria can act beneficial members of the
phycosphere of one and pathogenic when associated with thewativa hos{133].

The approach employed here allowed investigation of interactions that occur in the wild
and circumvented any biases that might arise from cultivation. The results showed that
various bacterial members of the phycosphere likely encode an extensiverbical
machinery that can utilize components beyond exudated DOM. This includes members of the

Bacteroidota, a group that comprises classiwadielsystems of algicidal bacteria lilkeordia
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algicida, but also Verrucomicrobiota and Planctoraiata lineages, both of which are

generally notonsidered classicgroups of algicidal bacteria. Focusing on the CAZys
encodedy the associated bacterial community, we characterized various potential pathways
and enzymatic cascades that could degrade key components of the intact phytoplankton cell
wall in all lineagesecoveredThese lineages could also encode functions beneficial to their
associated phytoplankton, atiebir potential algicidal aatity could be restricted tspecific

hostsor environmental condition$t will require additional studies, particularly those

focussing on expression of pathways, to understand if these enzymes are continuously
expressed, attacking the live phytoplankton cell, potentially counteracted by continueus cell
wall repair by the phytoplanén cell, or if these pathways are triggered by environmental
conditions, for example competition for inorganic nutrients or the availability of more easily

accessible DOM (or lackaereof) in the phycosphere.
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Abstract

Predatory protists occupy key positions in marine food webs with major implications for the
flow of energy and carbon in open ocean ecosystems. Their interactions with other microbes
beyond classical predatprey relationships are poorly known, althoughaim of eukaryotic
evolution is revolves around entanglements between unicellular phagotrophs and prokaryotes.
Here, using single cell sorting in the wilde reveal threéneages of uncultivated symbionts
associated with uncultivated predators in the ncaad identify a host for the recently named
Gamibacteraceae (Rickettsiales, Alphaproteobacteria), a family of putative symbionts that
lacked any known host association. The gammaproteobacterial Marinicoxiellaceae and
Protistiellales as well as the alphageobacterial Simplirickettsiaceae and Gamibacteraceae

are found throughout low and midtitude oceans and reside within choanoflagellates and
MAST lineages, dominant consumerstioé most abundant phytoplankton artter

microbes. The symbionts assomatwith choanoflagellates, the closest unicellular relatives

of animals and members of the Opisthokonta which houses all metazoans, together with their
evolutionary position based on phylogenomic analyses shed light on the emergence of four
different grogs of metazoan pathogens, including causative agents of disease in human, and
specialized adaptations in the host environment. All four choanoflagellate and-BIAST
associated lineages possess complete Type IV secretion systems, however their manner of
symboses differ, following distinct trajectories. The Protistiellales show signs of horizontal
transfer of genes from distantly related bacterial pathogens, in what appear to be preferential
association with hosts, similar kegionella pneumoniarhe Simplirickettsiaceae showed
extensive reduction to a genome size <1 MB, with a loss of key parts of metabolism,
including lysine biosynthesis, ribosomal proteins, WA modification enzymes,

suggestingn obligate symbiosis with their choanoflagellate hosts.r@sults emphasize the

need to examine symbiont and pathogen evolution in the context of optimal, permissive, and
accidental hosts, and shifts that occur between these relationships. The widespread nature of
symbioses in marine predatory protists expmm@aplexities in resource flow in the oceans

and point to possibilities for host jumping to multicellular animals, marine and otherwise.

The diversity and evolutionary position of the novel symblorgt relationships of marine

protists uncovered could enable a better understanding of the evolution of bacterial pathogens
of metazoans, as well as the ecology and complex resource flow absative complex

ocean foodwebs.
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Introduction
The oceans are known for the dominance of microbial life in controlling biogeochemical
cycles critical to the global biosphddg. Predatory protists are a key link in these cycles and
ocean food chains, consuming both phytoplankton and prokaryotes. Bacteria (many of them
uncultured) are involved in a variety of processes, responsible for the respiration of organic
matter within themicrobial loop[2], but also include the photosynthetic cyanobacteria and
diverse symbionts of protists and multicellularamgms alikg1]. Over evolutionary time,
physical interactions between such phagotrophic protists and prokaryotes have had profound
influenceson eukaryoticlife as we know itincluding endosymbiosis events and the
establishment of organelles. Indeed, prdistterial symbiosesnderpimedthe rise othe
algal progenitor of land plants and dapacity for photosynthed|i8, 4] anda plethora of
mutualistic symbioses exist between modern day photosynthetic protists and pac6dria

The impact of symbiotic bacteria on their eukaryotic hosts ranges from neutral to
mutualistic or pathogeni@], oftentimes varying depending on the host encountered. In
metazoans, mutualistic symbionts of tigkevide essential nutrition to complement a blood
diet, but cause diseasgon entering mammalian ho$8. Manifestation of tickborne
bacterial diseases have so many similarities that they were thought to come from single type
of bacterium, until the discovery that these pathogens actepltgsent evolutionarily distant
lineages, specifically Alphaproteobacteria and Gammaproteobd®ieti. Microbiomes of
metazoans have now been extensively characterized and encapsulate interactions of profound
consequence, leading to health or even dd2h

In contrast, while the diversity and feeding activities of key surface ocean phagotrophic
protists have long been examihiéheir microbiomes are unknown and difficult to
conceptualize given the small cell sizes of some (B3] Detection of extant symbioses
between marine predatory protists and bacteria has been hindered by the fragility of many
protists, preventing easy recovery of intact cells andssociates, as well as recalcitrance to
culturing, the elimination of partigar interactions upoaulturing, and the inability of most
molecular methodologies, such as metagenomics, to capture intact intergdtiéms
aguariabased study recently exposed symbioses betweealphaproteobacteliineages
and marine diplonemidd4], protists that can switch between osmotrophy and phagotrophy
[15]. Additionally, the one study to examine the microbiome of active predatory protists in
the field, exposed an obligate symbiosis between an uncultivated Gammaproteobacterium
(Comchoanobacterales) and choanoflagellates, widespread predatory protiststtieat ar

closest living unicellular relative of animdB]. There are multiple other bacterial lineages,
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characterized only by environmental metagenome assembled genomes (MAGS), that are
proposed to have hedependent lifestyles due teduced genomes, but for which a true
connection to hosts is not known. Prominent examples are the candidate phylum
Omnitrophota, ultrasmall bacterfa 0 . 2 basethdn size fractioned datiaat are found in
soils and aquatic environments, andalghaproteobacterial family Gamibacteracfae
17]. Both have complete central metabolisitreduced genomes and lack a knowasth
This hinders our understanding of their impact on and the fate of their hosts (should they
indeed be symbionts), their role in the microbial food web, and subsequent impact on the
carboncycle

Symbioses open new ecological opportunities that have shaped the diversification of life
[18i 20] and continue to reveal new aspects of ocean biogeochemical dgdliByidging
knowledge gaps on biogeochemical processes and potential future transitions depends on
gaining more nuanced understanding of marine microbiomes. For protists, this requires
extending our understanding of their ecology beyond pregagyr dynangs, to other
interactions, such as the impact of viruses andssmciations with lzderia. It also requires
disentangling roles of the many diverse uncultivated ocean bacteria for which lifestyles

remain unknown.
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Material & Methods

Analysis in this chapter is based Alphaproteobacteria and Gammaproteobacteria
individual protistassociated metagenome assembled genomes (ipaMAGS) recovered in
association with heterotrophic protists. For details on sampling, sequencing, and genome

recovery, refer to the materials &methaaixtion in chapter 2.

Completeness and contamination refinement of high quality ipai983l
CheckM predicted two missing marker genes (PF01702, PF01259) and the duplication of two
marker genes (PF00691, PF00152) for ipaM@%34, leading to a completeness estimate of

99.05% and 0.71% predicted contamination. Manual fellpnanalysis confirmed thane

of the duplicates of PFO0152 (tRNA synthetases class Il) was a horizontal gene transfer event
of a transposase into a long contig (466 Kb), not representing contamination. PF00691
(OmpA) representsraintragenomeduplication event of a gene also fmuduplicated in

other ipaMAGs described here (see below), encoded within two large contigs (466 Kb and
219 Kb), both of which are clearly part of the ipaMA834 assembly. The absence of both
PF01702 (Queuine tRNAbosyltransferase) and PF01259 (SAICARthetase,
phosphoribosylaminoimidazekuccinocarboxamide synthase) is a feature of the novel
family represented by ipaMA&934 (see belowFigure 8). Thebsence of this marker gene
is also seen in the other members of this family discussed heresdartarally well

conserved in Rickettsiales otherwidénis confirmghat it has been lost within members of
this lineage specifically and is not an indication of an incomplete genome assembly. This
leads us to assume thpaMAG-0934 based on marker gene analysia t®mpletegenome

assembly thatontains no contamination.

16S rRNA gene phylogenies

Specialized reconstructions were performed for the Rickettsialedassical Legionellales

For the classical Legionellales, taxon sampling started based on a previously published
phylogeny[21]. The sequence selection was updated by blasting the 16S rRNA gene
sequences of ipaMA®156 and ipaMAG636, two high quality ipaMAGs classified as
Gammaproteobacteria related to the Coxiellales based on GTDB, against NCBI nr.
Sequences were consideredtfor alignment when having a minimum length of 1400 bp and
being in the top 25 hits of at least one of the query sequences. Additionally, GTDB was

gueried for novel clades identified within this gammaproteobacterial lineage, and 16S rRNA
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gene sequences were recovered from those, as well as all other species representatives of
already included -ftiarxdae rués i angg derseacrkivb ek saub o v e .
16S rRNA gene sequences, the longest sequence was considered for then&liDetails on
sequences included in the phylogeny as well as metadata and corresponding references are
available as supplementary table 4A.

For Rickettsiales, initial taxon sampling was based on prior publicdd@n22] We then
screened all Rickettsiales assemblies classified as representative species in GTDB for 16S
rRNA gene sequences as described above. Additional sequences were recovered and
incorporated in the alignment by blasting 16S rRNA gene sequences for @&9i24 and
ipaMAG-0929, two high quality ipaMAGs classified as Rickettsiales based on GTDB,
against NCBI, as described above.

For both phylogenies, selected 16S rRNA gene sequences were aligned using the MAFFT
(v7.310;[23]) L-INS-i algorithm[24] to avoid overalignmentand subsequently trimmed
using trimAl (v1.4.1]25]). Trimmed alignments were further manually inspected for
anomalies and curated, removing chimeric and incomplete sequences. Phylogenetic trees for
both lineages were reconstructed usingliREE (v.1.5.4{26]) with ultrafast bootstrap-b
1000) and optimized substitution models (Rickettsiales: GTR+F+I+R5;
Gammaproteobacteria: GTR+ R#Bfesianbnfosnatibn on Mo d e
criterion. Information on hodineage and environment displayed in figures is based on NCBI
metadata obtained from the nucleotide archive for 16S rRNA clonal sequences and NCBI
BioSample data for 16S rRNA gene sequences recovemedasemblies. Phylogenetic trees
and accessory data were visualized using ggplot2 (v328P;with the ggtree extension
(v3.6.1;[29]).

Phylogenetic reconstruction of horizontal gene transfer through gene trees

ZupT taxon sampling is based on sequences assigned to the protein family model for the zinc
transporter ZupT (NF003243.0) as of 2 Oct 2023, in addition to the top 100 blastp hits for the
ipaMAG-0636 ZupT protein sequence against NCBI nvélitie < 1 x 169. Bax Inhibitor

1/YccA family protein (Bax1) taxon sampling is based on the NCBI protein family
NF024221.0, as well as the top 100 blastp hits recovered using the ip@B2éBax1

protein sequences as a query against NCBI +wafke < 1 x 169). Following the same
approachaminoglycoside phosphotransferase family profdiaH_6_hur) reconstruction

was based oNF0165330 anduridine diphosphat&l-acetylglucosamin&inding protein
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YvcK onTIGR01826.1as well as the respective blastp hits for ipaMBATm6 query proteins.
Sequences from NCBI protein family models were clustered at 80% sequence identity using
CD-HIT (v4.8.1;[30]) wialth80-4aS 0. 56 settings before comb
results. Sequences were aligned using MAFFT with default settings followed by trimming
using tr-gmAD. @bt hTéhe phyl ogenetic reconstruc
(v2.1.11[31])) , wd-tah3-gta mmad set t i n geguenbes with 871 positiorss4 52 s
(ZupT), 2870 sequences and 296 positions (Bax1), 5184 sequences and 255 positions
(APH_6_hur), and 3383 sequences and 307 positions (YVCA) respectively. Taxonomy was

derived from NCBI using taxonomy ID and taxon to lineage mfation (downloaded 10 Feb

2023).

Phylogenomics

Phylogeromic reconstructionsf Gammaproteobacteria and Rickettsiaes based on
orthologs datasets build focegionellales faxID: 118969) and RickettsialetakID: 766) by
eggNOG (v5.0[32]). For Rickettsialesinitial taxon samplevas based ofL7, 22] with
othergenomesncluded to capture six additionf@milies, specifically,Arcanobacteraceae,
UBA6177,33-17,JADKJEQ] CAIJLX01 and JABSSGO1 (renamed herein
Simplirickettsiaceae fam. novas well aspaMAG-0934, ipaMAG0047 and ipaMA&)929
recoverecherein Gammaproteobacteria taxon sampling Wwased on Needham et al. 2022
[21] with the addition ofepresentativeBom each genus @oxielldes classified by GTDB,
and all highquality represetatives of the uncultureM30B25 (named hereiRrotistiellales
ord. nov.) PIVX01, UBA1113, UBA9339, UBA6002, UBA1240andCAISUEO1 lineags,
and ipaMAGO0156, ipaMAGO0789 and ipaMA®)636 generated herei@rthologs were
identifiedusinghmmscar(E-value < 1 x

1029 againsthe prebuileggNOG hmnuatabase for the respective lineagédentify
proteinswith singlecopy orthologs (SCOs) i@@4% of theprotein catalogs from the two
customgenomecollections resulting in90 gammaproteobacteti&COs and8 Rickettsiales
SCOsthat were considered furthétighly discordant SCOs were removed by performing
single protein reconstructions using-TREE (v2.2.6; options:B 1000-bnni-m MFP) and
alignments generated in MAFFFIES-i (v7.520;--auto;[23]) that had been trimmed via
trimAl with the i gappyout option (v1.4.rev1§5]). For each resulting tree bipartition counts
were generated usi ng -OREE ootsmapkirg odpptlinisdrigs. pl 6 wus
obt ai n g@ithubtommouigithboroCode, f ol | o weal pabbwise eomputation
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of discordance using O0tre_discordance_two. pl
average discordance against all other SCOs were removed resulting in 81 (classical
Legionellales and related lineages) and 79 (Rickettsiales) SCOs used for subsequent
phylogenomic reconstructions. In some cases, this approach led to removal of desirable taxa,
for exampleCa. Arcanobacter lacustri€cGCA_000970895.1), represented by a SAG that was
41% complete and lacked 36 of the 79 markers. This left a single represeoitétiee
Arcanobacteraceae, a MAG (GCA_000746585.2) with all 79 markers.

For the lineage specific phylogenomic reconstructions based on the 81 and 79 SCOs
identified herein, nofmomologous sites were masked for each SCO bwlmament of
sequences using prequal (v1.(83, 34), aligned using MAFFT BNS-i. SCOalignmens
where then tri mmed anld][84d) removingecalinnsuwihimorge Di v vi
than 60% gaps and agpgdrtiahall pepalraeeri 8g§0wat
conc at e n aatfasth2phymsliplcapcaténai@ github.com/nylander/catsga2phym.
The untreated concatenated alignment was further trimmed to remove compositionally
het er ogen o uwkgnnenttprerer.pbsi ng o
--chi2_prunef0.0&, to filter out the top 1% most het
in [35] with 67 (Rickettsiales) and 65 (classical Legionellales) repetitions respectively, until
no taxa were deviating significantly incatest conducted after each iteration. Maximum
likelihood phylogenies were reconstructed usingTIREE with 1000 ultrdast bootstrap
iterations under th®.yeast+RgRickettsiales) and LG+I+R7 (classical Legionellales) model
as selected by ModelFindg7] in IQ-TREE. Within the Rickettsiales, the Gamibacteraceae
freshwater clade containing 42 MAGs was represented in the alignment by two members and
was expanded in the visualization to indicate the position of the whole clade. Because
multiple orders withirthe classical Legionellalesisplayed signs of genome reduction, we
investigated the lineaggpecific loss of single copy markerrges within the
Marinicoxiellaceae, Comchoanobacterales and Protistiellales, which would indicate
underestimation of genome completeness by checkM. We identified the missing marker
genes for each genome within the three lineages considered in phylogescongtiuction
using checkM6s | ineage workflow, as describe
all Comchoanobacterales, 13 in Protistiellales, and 11 in the Marinicoxiellaceae, which were
subsequently not considered in manually corrected estimagesnome completeness.

To investigate the effect @a. A lacustrison the tree topology and statistical support of
the branch structure, we constructed an additional alignment and phylogeny in€@adiAg

lacustriswith the same 79 SCO marker set, despite the large portion of missing positions
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(Figure S). Additionally, we created an alignment and phylogenetic tree considering only
the 43 SCOs present@a. A lacustris(Figure S2). To investigaf@tential longbranch
attraction between ipaMA®156 and the MAG JAJRROGCA 024279495)1 we
reconstructed two additional phylogenies using the same 81 SCO marker set, selectively

removing one of the two members of the long branch within the Coxie{Ripsre S3).

Ortholog analysis

Representative genomes from each lineage represented in phylogenomic reconstruction of
classical Legionellales and Rickettsiales were manually curated for ortholog analysis,

choosing the highest quality genome or MAG for each lineage. Orthogroups werategne

using OrthoFinder (v2.5.536]) wi th t he &émsad gene tree infe
060di amondd as the sequence search pabserge am and
patterns detected through analysis of orthogroups was configagétsaall genomes

considered in the phylogenomics through diamond blastp searcihatiéEl x 169 using

the OrthoFinder orthogroup sequences as queries.

Data availability

Raw reads for singleell sorts and the highest quality ipaMAG of each lineage are available
via NCBI BioProjectPRINA1061664Full and trimmed alignments for phylogenetic trees of
Alphaproteobacteria and Gammaproteobacteria, as well as all recovered bins are available
through FigSharedi.org/10.6084/m9.figshare.25751283.vllhis Whole Genome Shotgun
project has been deposited at DDBJ/ENA/GenBank under the accel3ip@$T000000000
JBDOIU000000000IBDOIVO0000000pIBDOIWO00000000The versions desceal in

this paper are version 1.
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Results & Discussio

Discovery of globally distributed uncultivated marine bacterial lineagessociated with

predatoryprotists.

To gain insights into potential celb-cell interactions between key open ocean predatory
protists and bacteria we captured individual cells of wild choanoflagellates and8AST
Both are consumers of bacteria and phytoplankton, feeding activ&lgochlorococcusthe
most abundant photosynthetic organism in the ocgah88] Choanoflagellates belong to
the Opisthokonta Osupergroupd w-Bbelorygtodhe s o
Stramenopila. Using singleell sorting and subsequent wholengme sequencing, we
characterized microbes that were physicalhassociated with these important predatory
protists, circumventing culturing biases or disruptiomditu cell-to-cell interactions.

Four bacterial lineages emerged that were each represented by a high quality ipaMAG
(90-100% complete, 0:0.6% contamination), two Alphaproteobacteria and two
Gammaproteobacteria, with two additional ipaMAGs (ipaMB@!t7, ipaMAG0789)
representing dse relatives of two high quality ipaMAGs, bringing the total of analysed
ipaMAGs herein to six (Table 1). Their completion levels indicated multiple clones were
present with each sorted protistan cell, given that publicly available assemblies from single
bacterial cells (SAGSs) are usually highly incomple, 39] The presence of multiple,
potentially clonal cells associated with the sorted protistian cell likely led to genome

redundancy that greatly increase the completeness of our assembly.

genome ID clade protist associat. compl. cont. size_Mb est.G.size # prot. % GC
ipaMAG-0934  Simplirickettsiaceae (a-proteo.)*  B.minor 100 0.0 097 0.97 937 39.1
ipaMAG-0929 Gamibacteraceae (a-proteo.) B.minor. 91.5 00 143 156 1322 369
ipaMAG-0047  Gamibacteraceae (a-proteo.) B.minor. 84.9 29 165 1.88 1478  36.0
ipaMAG-0156  Marinicoxiellaceae (y-proteo.)* MAST-3 94.6 06 1.70 1.93 1484 447
ipaMAG-0636  Protistiellales (y-proteo.)* B.minor. 90.3 03 140 1.60 1341 414
ipaMAG-0789  Protistiellales (y-proteo.)* B.minor. 71.2 53 1.2 1.51 1131 423

Table 1: Assembly statistics for ipaMAGsfrom Alphaproteobacteria and Gammaproteobacteria,
recovered from B.minor (Choanoflagellata) or MAST-3 SAGs.Clades marked (*Jepresent uncharacterized

lineages that have been named herein.

Phylogenetic analysis of ipaMAGGES rRNA genes established that they are divergent
from all cultivated bacterial species. Three fell within two distinct clades comprised

exclusively of marine environmental sequences in the alphaproteobacterial Rickettsiales
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(Figure 1). ipaMAG0929 and ipaMA®)047 both branched together with marine
representatives of the Gamibacteraceae, together with additional 16S rRNA sequences from
lower-quality assemblies recovered from additional choanoflagellate siedjlsorts.

ipaMA-0934 formed a deep branch forming a sistade to the Rickettsiaceae. The others

fell within what has traditionally been termed the (gammaproteobacterial) Legionellales
(ipaMAG-0636, ipaMAGO0156, Figure 2). A fifth group recovered in-association with
choanoflagellates belonged to the recently desc@mdchoanobacteral¢®l] (Figure 2)

and was not further analysed herein. We also recovenefllll -length 16S rRNA gene
sequencg(B. minorsort_0716& sort_0016 related to ipaMAGI636(ipaMAG-0789 did

not contain a 16S rRNA}uggesting that the diversity of Choanoflagellate symbionts from
that lineage goes beyond the ipaMAG described herein, but we were unable to recover a high
quality ipaMAG forsort_0716 All four of the novel protisassociated gups had genomes

sizes <2 Mb and tended towards-Aichnesqlow %GC, Table 1), compositional features
typical of eukaryotic endosymbiotic bactef®]. IpaMAG-0934 was just 966 Kb,

comparable to well characterized Rickettsiales endosymbionts with among the smallest
bacterial genomes known, suchVéslbachia(864 Kb) [41] andNeorickettsia[859 Kb) [42].

These features pointed to possible symbiosis between the uncultivated bacterial lineages

having symbiotic relationships with the unicellular predatortedan the wild.

Reflections of novel marine bacterialedatory protist cassociates on the evolution of

animal pathogens.

Understanding of the diversity, evolution, and function of human pathogens like those within
the Rickettsiales (Figure 1) and classical Legionellales (Figure 2) is largely based on strains
from animals, including insecte.g,[43]), or protistan model systems, like the ciliate
Parameciuni44]. Comparisons often centaroundrelated pathogens likeoxiellaor
Legionella[45, 46] with a few notable recent exceptiddd, 17, 22, 47]Closely related
environmental clades are typically excluded, many of Wiaie not represented by high

guality genome assembly or lack the contextual information (such as whether they are host

associated) that is crucial for understandingseolution with eukaryotes.
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Figure 1: Phylogenetic relationship of Rickettsiales highlights environmental clades with unknown

lifestyles Taxonomic sampling is based on lineages characterized in CE=2gHind Schéijl7]. Additional
sequences were recovered based on blastp searches of ifEB4BNA gene sequences against NCBI nr and
by screening all genome of s pec.ifesomplaepléScRNAgenat i v e
sequencedML reconstruction based on fdéngth (including all sequences from cell sorts) and neatefjth
(minimum 1400 bp) 16S rRNA gene sequences. Trimmed alignment with 1381 positions was evaluated based
on GTR+F+I+R5 model. Node support is based on ShainatHasegawa approximate likelihoodtio test
(SH-aLRT;[48]) and 1000 ultrdast bootstrap (UBoot) replicates and support is indicated for clades with SH
aLRT 80% and UFboof05%. The tree was rooted using fiRelagibactefSAR11) 16S rRNA gene

sequences (not displayed in visualization).

66



A

Host lineage of symbionts

'Opisthokonta
sﬁ

UB348: é

HQ59254; Eadrvated
AB806833.1
ABBO5794.1 Imarlne drilling core

-JX226906,
JX227313.1 ésedlmeﬂt Pacific)
AB806830.1

1 |drinking

8 vter
F oo
B

) (r?y)drotnenual Atiantic)

uncultured
env clades
(hosts unknown)

EUB34797.1 (aerobic biore

1 (deep sea nodule)

drilling core)
5796 Atlantic)

Metazoa
Choanoﬂagellata i
{& Coral

Amoeba

s
-
-0
|}

MArine STramenopiles

mént_Berihg S
X227336.1 damem P )
977051 pola sSert soil)

1%rasE
o nelerChen
urface
marine

ipal
&%%w Pacific)

Euaozssz 1 (Panama coast, Atlantic)

fﬁw UBAG6002 (6) /

5.1
(MS' subsudace sediment)

Wewipes BL]IJ\L

mosspmar Iake Skarvsnes, Antarctica)

o
%

-

) — o
1 fSouth China Sea, Pacific) Protistiellales\-B/
| Protistiellales-A

16S rRNA gene
phylogeny
(1486 positions)

0.02

KX!-}S5557 1
%mﬁjg GCF‘??A 9 M&OHQ“(P&CNIC)
97.8/100 | 54 1 (Saanlch Inlet, Pacific)

UBA9339 (5)

acific) \

1007100

1 )/ OM801198.1 (Pacific) / \
A 5 ( Paciic

EU!
EF: 57378 (&ooslsland Indian Ocean)

GTR+F+R9

Support
(SH-aLRT/UFboot)

symbionts with known host (this study)
* Choanoflagellate-associated
* MAST-3-associated

Ugs?;m {goaslal Pa%ﬂlc i)

KBS {58323 Newport Harbour, Atiantic)
I,
EEs7B81 1 (CC (sls . Indian n Ocean)

974008, i

GOBL T (el mm et
EF574556| sland, Indian Ocean)
Eocos Isiana, Indian Ocean)

57369 a
» EF 74619 1 Scacgcoslsland Indian Ocean)
GCA 90253 (North Atlantic)
1line, Pacific)
‘Ocean)

X330
G%:iswzsoaé"7 i (§Jﬁm ane”
R{bBbaoa 1 (South Pacic

% 1
BB A oo

samxa;oeqoueouowoo

?296?“(»& rtn m Bering Saa%_lc)

99.7/99
)9
91/100

KR857641.1

HF558.

EU373837.1 (canyon sedmen

F, 1 (deef manne Sedl nt)
B ik ok 3

EUB02753.1 (A
DQ3961

X
KX35555.
Hoe73603 1 gmpa\a% Paci
aporsolinG sodient Alaisy. - )

1007100~

EF65942 act

SAL Flline, Paci

Kl-zgi 2.1 Wexmm

7701 Pacific)
G
1 (Costa Rica fift flank, Pacific)

STICRECTR!

line, Pacific)

1 (North Alllnﬁc))

gvievan b
suuew

S CA 543758 '1( Gl {mmo::emﬂM“W'

&b
gasgomv 1351 g&fnn ‘Allantic)
2 %ﬁdeamm RilsA o) %/
igg 305301" esgwaterdmn resen:o«)
&3117 1 1subsul1aoe acquifer sediment)

G e 271mm«er)

A ooe
roumater g__JAHFRQO1

taumg mal , Chile)

é

BA0E||9IX000ULB

Erer-1ind
212 b
|eusa.118)}

84.2/99
82.4/100
98.5/100
99.3/100~
96.3/1001
AM9977 1

KC682733.1

89.5/!
1 KF79879

EU: 791
GQ2!

96.5/99

&;CA 0010777!51

meelad O:S&:Fggg 01 |o7ees|
A, 0052 %o

d leep-sea
%30285 i (ammal intestine)
GéA 82173!545 1 (drinking water) g__CAIQCEO1

&Atlanl'c)
50627.1 (Atlantic)

GCF MZB71095 1 (CLERM)

30

KMO'

e|leixon” b

/A_002804145.1
99.9/100

EEEE )

GCF 000815025.1
795.1 (CeAS-UFV)

JuolquiAsopus  Jajemysay

2549571
55 1

sea sediment, Atlantic)

100/100

L JQ580223.1
100/100

UBA1

».| env clade 2

@)

Berkiellales (14) ’éﬁ“*

113 (8)

DSM-16500 (23)%@
&

98.8/100
99.6/100 _/——"’%;Ionckettsmles (12)

env clade

1(3)

2

PIVX01 (9)

———— ————wwwnro1 5)¥

UBA12402

Figure 2: (see figure legend on next page

67

GCA_018812595.1

— Legionellales (69) * ii

known host ass.

genome avail.

marine origin



Figure 2: Phylogeny of Coxielléesand related uncultivated and symbiotic gammaproteobacterial orders.
Taxonomic sampling is based on lineageRi. Additional sequences were recovered based on blastp

searches of ipaMAG 168RNA gene sequences against NCBI nr and by screening all genome of species
representative in GTDB related to Legionellales and Coxielfalesomplete 16S rRNA gene sequenddk.
reconstruction based on fdéngth and near fulength (minimum 1400 bp) 16S RNA gene sequences. The
trimmed alignment with 1486 positions was evaluated using the GTR+F+R9 model. Analysis of the 16S rRNA
gene from the Marinicoxiellaceae genomes placed them in the same clade, embedded within a diverse supported
clade of other marine environmental sequenicesjding UBA9148, all from uncultivated organisms. Node
support is baseebn SHaLRT [48] and ultrafast bootstrap replicates and support is indicated for clades with
SH-aLRT (80% and UFboof®5%. Accessions for all sequences, including those in collapsed clades, as well as
metadata and references are available in supplementary table 4. The tree was rooted using members of the

Francisellales as an outgroup (omitted in the visualization).

We next constructed phylogenomic trees, often used when characterizirigrdeelping
lineages and allowing to include MAGs that often lack-fieiigth 16S rRNA gene sequences
and can subsequently not be considered for 16S rRNAlggser phylogenie3o infer
genome scale phylogenies of the Rickettsiales and classical Legionellales that would also
reveal the evolutionary position of the new kassociated lineages, we performed
comprehensive taxonomic sampling with two aims. First, while attemtimgorporate
taxonomic representation of all relevant lineages in GT4&3, we also ensured that
environmental MAGs from other studies were close to completion and had low
contamination, factors that influence the phylogenetic relationships recovered, statistical
support, and evolutionary distances. Second, taxonomic samplavgitdble genomic data
was agnostic to environmental or medical importance.

Phylogenomic reconstructiaf the Rickettsiales showed one choanoflageketsociated
lineage is the sister clade to the Rickettsiaceae, based on analysis of 79 SCMGs conserved
across the Rickettsiales (Figure 3). The core Rickettsiaceae irRickigtsia rickettsiand
Rickettsia prowazekicausative agents of Tidborne Rocky Mountain Spotted Fever and
Louseborne Typhus, respectively, alongside other pathogens, as well as symbionts of non
Opisthokonta protist0, 51] We named the novel lineaghe Simplirickettsiaceae, because
the ipaMAG0934 genome was smaller than many symbionts and pathogens in the
Rickettsiaceael(4+0.3Mb; Figure 3), apart from the divergent symbiont of marine
diplonemids Ca. Sneabacter namystfis}]. In the phylogenomic analysis

Simplirickettsiaceae comprised uncultivated marine lineages, which until now lacked known
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hostassociations (Figure 3). In the 16S rRNA gene analysis we observed expansion to

freshwater, including apparesymbiosis with a freshwater opisthokont (Figure 1).
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Figure 3: Phylogenomic tree of RickettsialesMaximumtlikelihood reconstruction of Rickettsiales based on

79 concatenated single copy ortholog alignments (10,481 positions) evaluated under the Q.yeast+I+R7 model.

Thetwo choanoflagellate cassociates (ipaMA®929 and ipaMA®047) have 70%airwiseamino acid

identity (AAI), higher than to other members of the Gamibacteraceae. Node support ioheSHa@aLRT [48]
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The environmental 337 family holds an evolutionarily important position in this region
of the Rickettsiales tree. It comprises coastal wastewater MAGs with unknown lifestyles and
a symbiont ofStachyamoebbBpophora ATCC 50324[47], a predatory protist isolated from
the Atlantic Ocean that belongs to the Excavata. Notably, support for topology was
challenged by the Arcanobacteraceae and UBA6177 which lack a sufficient number-of high
quality MAGs (Figure 3). The position of these fhes adjacent tdhe core Rickettsiaceae
and Simplirickettsiaceae was not supported, however the Arcanobacteraceae were previously
reported to be the closest sistdade of the Rickettsiace@&?]. Additional reconstructions
examining these instabilities confirmed the statistically supported sister relationship between
the Rickettsiaceae ar@Implirickettsiaceae (Figure S3$2). Withthe caveat that many
sequences in this region of the tree come from uncultivated bacteria that lack any lifestyle
information, our findingseygest symbioses with aquatic protists strongly influence and
inform on key aspects of the Rickettsiaceae ancestor. Moreover, ipad@8&established
that the Simplirickettsiaceae are hassociated, specifically symbionts of opisthokonts, like
many of tlke Rickettsiaceae, and the complete genome offered new possibilities for
understanding both the evolution of the choanoflagellate associated lineage but also the
Rickettsiathemselves.

The secona@hoanoflagellat@associated alphaproteobactelia¢age formed a statistically
supported branch within threcently discovere@Gamibacteracedé&7]. Genomic features of
this aquatic lineage point to symbiosis with eukaryotes, although lacking definitive host
information[17]. Our data establish choanoflagellates as a host and insights that expand upon
the limited information for marine members. Phylogenomic analysis recovered a freshwater
Gamibacteraceae clade, and four marine memberspaMAGs and twassembled from
waters collected offshore frono8th Africa.Support for backbone topology in this region of
the Rickettsiales tree was lacking at several nodes but was present between the
Anaplasmataceae, symbionts of insects, inclutlfajpachia and pathogens of animals, and
a group gathering the Gamibacteraceae, Deianiraceae (which has been implicated in long
branch attraction issu¢t7]), and another uncultivated marine family, the Diomedesiaceae
[22]. While the latter lack known hesssociationsCa. Deianiraea vastatrixvas isolated
from a marine ciliat¢53]. Our expanded taxonomic sampling, restricted to-jgdlity
MAGs, indicates that the Acrowno Rickettsial
harbouring the Anaplasmataceae and the above aquatic clades and the other harbouring the

Rickettsiaceae, ouri@plirickettsiaceae, as well as other environmental clades like the
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Arcanobacteriacae and-33 family[47]. Thus, both key groups of metazoan symbionts and

pathogens have different nearest relatives that live with marine Opisthokonta protistan hosts.
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Figure 4: Phylogenomictrees ofclassicalLegionellales (A) Maximumtlikelihood based phylogenomic
reconstruction of 79 gammaproteobacterial assemblies based on 81 single copy ortholog alignments
concatenated resulting a single alignment of 12,607 positions, reconstructed under the LG+I+R7 model.
Gammaproteolerial ipaMAGs are highlighted in violet. Note that JAJRRLO1 and ipaMAG6 share 85%

of their protein encoding genddode support is basedn SHaLRT [48] and ultrafastbootstrap replicates and
support is indicated for clades with SHL RT O8 0 % a n d AttEsbonyaata if@lude BYinformation
on hostassociation and environment, as well asg&embly size (dark grey) and estimated missing portion of

the genome (light grey) for each genome.

The gammaproteobacterial ipaMAGs alongside other environmental MAGs comprised
independent lineages within the classical Legionellales, which encompasses animal
pathogens such aggionella pneumophilandCoxiella burneti, the former also residing in
aguatic protists (Acanthamoeba), and the latter astyckbiont (Figure 4). MAST co
associate ipaMA&®156 and JAJRRLO1, an Indian Ocean dsea hydrothermal vent MAG,
formed a sister clade to the c&@exiella includingC. burneti. We term these the
Marinicoxiellaceae, acknowledging that the deep branching structure between ipab&G
and JAJRRLOL1, the sole representative of the GTDB order of the same name, will lead to
further discovery and delineation. In the 16S rRNA gene analysis, a bacterimbsym
lacking genomic information was the closest sequence to ipallFss (Figure 2). The
symbiont was isolated from a marine spoffsf, which like choanoflagellates and
metazoans, belongs to Opisthokofd]. These results indicating that closely retht
members of the Marinicoxiellaceae can be symbionts of Opisthokonts and Stramenopiles.
Given the few HQ MAGs available for the Marinicoxiellaceae, we also investigated whether
long branch attraction might influence this topology. We performed two aulalitio
phylogenomicanalyses (Figure S3nd examined AAI for the entire Legionellales lineage
(Figure S4), whiclsupported relatedness of these two deep branching Marinicoxiellaceae.
The reconstruction placed multiple other aquatic environmental lineageg,maaine and
all lacking lifestyle information, in statistically supported branching positions adjacent or
basal to the Coxiella and Marinicoxiellaceae.

The choanoflagellatassociated gammaproteobacterial ipaMB&36 branched in a
different region of the tree than the Marinicoxiellaceae. It formed a supported clade named
here the Protistiellales, that included a second ipaMAG from a wild choantdtagel
(ipaMAG-0789) and the MAG M30B25 (lacking a 16S rRNA gene sequence) from a saline
lake[56], environments known to have abundant choanoflage[aigsThe Protistiellales

grouped with the order PIWDO1 (represented by a single marine MAG) and vataalti
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obligate symbionts of choanoflagellates, Comchoanobactgpdlpsrotistiellales formed a
supported sister group to the latter. However, its estimated genome size (1.52+0.07 Mb),
indicates Comchoanobacter al es R1],eepresentsaai ve gen
unique evolutionary trajectory towards complete host dependency, and manifests differently
than the Protistiellales, Marinicoxiellaceae as well as the many other aquatic lineages that
comprise the massive diversity covered by the class@gibhellales.

The overall background topology of this portion of gammaprotepbacterial diversity still
requires resolution that will be improved as more lineages are discovered. Here, groups like
the Diplorickettsiales are in unsupported positions basal to thesifywvencapsulated by the
Coxiella, Marinicoxiellaceae, Protistiellales and multiple other principally aquatic lineages.
These are collectively more related to each
(Figure 2, 4). Supported regions of our tlmgy contrast sharply with analyses that do not
include the newly discovered Marinicoxiellaceae Bndtistiellalespr exclude other lineages
recovered from the aquatic environments. Indeed, key nodes recovered and used to determine
a pathogenic and animal macrophage infecting ancestor of the breadth of Legionellales tick
endosymbionts appears highly improbable. Thosidt require that said ancestor also spread
to marine protistan hosts, and therereserged to infect terrestrial animals in multiple
indepement events. Our analysis point to multiple events where symbionts of aquatic protists
have led to mutualistic symbioses in animals, such as insects. These same symbionts then
cause disease upon encountering other hosts, consistent with the hypothEsespliby
Duran et al[58].

It is well known that sveralbacteriallineages harbaing animal pathogens have
members that are symbionts of aquatic protaften protists withdiverse microbiomefl2,

59, and all bel onging to 6suhenegmophidefd ot her
found inAcanthamoebandParameciumand individual members of the Ricketts2aehave

been isolated from a Euglenozoan (diplonemid) astdaanenopile algél4, 50] To our

knowledge theCoxiellaand the Anaplasmataceae have only been reported in association with
animals (including insects). Otinding of multiple independent uncultivated bacterial

lineages that live in association with marine protists, especially Opisthokonta, provides a new
perspective for ease of transition from one opisthokont host to others, potentially involving

transit though permissive hosts from other eukaryotic supergroups. Our identification of the
Marinicoxiellaceae ipaMAG156 extend the host range@dxiellalike organisms from

primarily metazoarassociations to unicellular stramenopiles (MAST

73



Nuances in mechanisms and metabolic approaches implicated in symbiosis.

A key feature of pathogenesis and symbiosis alike is the Type IV Secretion system (T4SS)
[60]. Of the two T4SS superfamilies, one is essential for injecting bacterial effector proteins
into the host, and the ot he60pbWeoliserved T4$Sooh i s
the former in all four uncultivated bacterial lineages (Figure 5). The Simplirickettsiaceae had
highest synteny and amino acid identity to Rickettsiaceae, consistent with the phylogenomic
results and vertical inheritance. Likewideg two Pacific Gamibacteraceae where more

similar to each other than to the best prior marine Gamibacteraceae MA&J@nd had

higher amino acid identities to evolutionarily closer orders (Deianiraecaceae, Anaplasmataceae
and Midichloriaceae) than Rickettsiaceae ddimplirickettsiaceae. All four novel lineages
perform glycolysis, with variations connected to Er@nerDoudoroffglycolysis pathway,

lacking phosphofructokinase, whereas the Rickettsiaceae and Comchoanobacterales lack
glycolysiscompletey (Figure S5). Nonef the four novel predateassociated lineages are
flagellated, although generally, many common marine Alphaproteobacteria and

Gammaproteobacteria are mofitd., 62]
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Figure 5: Synteny of type IV secretion systems including ipaMAGs, symbionts and environmental

lineages T4SS of the classical Legionellalés) and RickettsialegB) and lineages identified herein, both of
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by Ac37b) also encode a Conjugation Superfamily T4SS, not found in any other lineage shown herein, and

depicted below the Effector Translocala!SS.

Simplirickettsiaceae is the most distinct from the other three symbiont lineages found
herein, which share more similariticdimplirickettsiaceaencodes an ATP/ADP translocase,
a classical sign of energy parasitism that enables uptake of ATP from thié3joshis
translocase is also present in the Rickettsiaceae and Comchoanobg@e}aled other
obligate intracellular symbion{64]. Of the four lineages, ongimplirickettsiaceaéacksa
competence systenwhich is completely or partially psent in all Rickettsiaceae, and
partially in Comchoanobacterales (ComEQ)ree of the lineagesan biosynthesize essential
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B-vitamins that function as eenzymesalthough none encoded Bt@lated pathways. The
choanoflagellatassociated Gamibacteraceae enatelaovaB1 biosynthesis and salvage
pathways, as well as full pathways for B2, B5, and B7, similar to many Anaplasmataceae.
Marinicoxiellaceae biosynthesize B2, B5, and B7, but not®ikiellaspecies are similar,
although a few synthesize B1, and the B5 pathway appears to be partial ofGt]s&inte
Protistiellales also synthesizes B2, B5, and B7, and can condientseotthiamin moieties to
form TPP, the biologically active form of vitamin B1 (thiamj6%] but cannot produce the
precursors. Vitamin B1 is scarce in the ocean photic zone, despite being an essential for all
domains of life. Several key lineages of marine bacteria and phytoplankton cannot fully
biosynthesize it, nor can choanoflagellates (amais)[67, 68] Simplirickettsiaceae
ipaMAG-0934 has reduced B2, and completely lacks B5, B7 and B1 biosynthesis (like
Rickettsiaceae), and thus is nearly asioedl as Comchoanobacterales which lack
biosynthesis of all Br/itamins. Vitamin exchange has been implicated as a vital part of
symbionthost mutualism in multiple systemacludingprovision of Bvitamins by
Wolbachiato bloodfeeding (insect) hos{§9]. In this sense MASB and choanoflagellates

may use symbioses to solve a shared problgitamin supplies.

Trajectories of symbioses with marine predatory protistglependent routes.

Convergent evolution of symbionts from different bacterial lineages in the same or similar
hosts, including Acanthamoepé0], diplonemidg14], and ant$71] has been observed
before Our results support this at a wider level, with examples such as vitamin biosynthesis
but at the same time highlight how individua
aspects of the hastymbiont interaction, that differ across the disparatalyes. Given that
three of the novel lineages wereassociated with theame hosts, and the fourth
(Marinicoxiellaceae) seems to infect opisthokonts as well, but also stramenopiles, this
appears in some way duertizchespecializationor potential mechanism that evade
competition with other symbionts or weleveloped host immune responddsre, several
symbiont gainsof-functionlink to cellsurface properties and direct interaction with hosts
but, although largely operating in shared hosts, are functionally different.

Each of the predatory protiaffiliated lineages harboured novel approaches to host
interaction. The two Gamibacteraceae recovered in association with choanoflagellates,
encode &-histidylcysteinesulfoxide synthase OvoA, which catalyses formatioB-of

histidylcysteine sulfoxidea small sulfur compound involved in signalling and oxidative
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stress respons¢§a2]. It is implicated in defence against host immune responses for
intracellular eukaryotes, specifically trypanosome parasites and symbionts (members of the
Euglenozoa)72, 73] While not detected by orthologyased searches in other

Gamibacteraceae or most other Rickettsiales (possibly due to incomplete MAGS) it was also
present in the Diomedesiaceae andhultiple other bacterial phyla (as well as eukaryotes,
including choanoflagellates, soriveetazoa and some unicellular stramenopilesbacteria it

is disproportionately present in symbionts (including parasites and pathogens) of animals and
plants, where it is implicated metabolic exchanges between ovottpabducing bacteria

and hostgacking thisfunction[74].

ProtistiellalespaMAGs encode a series of proteins not found inrafgtedlineage of
endosymbiotic pathogerilom the classical Legionellales. This includes multiple proteins
associated with virulence of pathogens, such as a zinc transportef7aja§ well as a Bax
inhibitor-1/YccA family protein[76, 77] ZupT mutant work in cultures demonstrates that it
helpsClostridium difficilecounteract hosimposed nutritional restriction (through
transitional metal sequestratidi@B] It also has a role in success of fish pathogens from
multiple bacterial lineages, including the Gammaproteobactetiemomonas salmorida
[75]. Here phylogenetigeconstruction indicates ZupT was acquired though HGT (Figure 6).
The Protistiellales ipaMA@but not the saline lake Protistiellales MAG M30Bpspteirs
are in a statistically supported clade formed otherwise of ZupT from uncultivated bacterial
phylum Omnitrophota and Woesearchaeota, as a sister to a large clade comprising
Omnitrophota ZupT. These ultsmall (<0.2um) bacteria are found across diverse
ervironments, including marine ecosystems and genomic profiling suggestsijihréty have
a hostassociated lifestylfl6]. ZupT acquisition by Protistiellales demonstrates a possible
example of antagonistic coevolution of Protistiellales with its choanoflagellate host, or simply

a means by which zinc requirements of both host and symbiont can be met.
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Figure 6: Horizontal acquisition of ZupT . (A) Phylogenetic maximurtikelihood-based reconstruction of the

ZupT domain. Taxon sampling is based on blastp homologs EfthistiellalesZupT sequences and sequences
from the NCBI protein model domain NF003243.0. Taxonomy information is based on NCBI taxon IDs and
node support (based on UFboost) is not depicted in the global version (A) of the tree for visualization purposes.

(B) represents theubsection of the phylogenetic tree that containedtbéistiellalesZupT sequences.

Protistiellalesencods threeOmpA proteins the bacterialouter membrane protein A)
used byCoxiella burnetiiduring host cell invasiof¥9]. While OmpA is preserthroughout
the classical Legionellales, includiiprinicoxiellaceag thethree Protistiellale® mpA
appear to havbeenacquired horizontalljrom other sources, contrary to the vertically
inherited OmpA present throughout the related linea@egis most similar tdmpA inthe
gammaproteobacteriélcinetobactera human pathogefiound in soil and water
environmentg$80], while the other tware located adjacently in the genome shaw
homology to vaousAlphaproteobacterid.he fact that OmpA differs from those in nearby
relatives with symbiont/pathogen lifestyles likely reflects host range expansion or
differentiation. While OmpA has been implicated in multiple roles, the Protistiefildes
acquired a Bax1/YccAamily proteinwith closest homologs beinghcultured marine
Verrucomicroliota (Figure 7)Implicated as airulence factor for infection and triggering of
host immune response Bylwardsiella piscicidaa gammaproteobacterial fish pathofgh,

82], hereBax1/YccA is diectly upstream from inner membrane proteins of the Sec pathway
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(protein export) and just upstream are four hypothetical proteins with no functional

Mmapmteobacleria

Marinimicrobia

predictions and no homologs in genbank nr.
A B

branch support
80-89%
® 90-99%
® 100%

Acidobacteriota

-« Verrucomicrobiae

'.. Protistiellales

' —~—mmm===""_ Verrucomicrobiota & others

qurrucomlcromae
Bax1/YccA domain phylogeny
N\ Bacilli
@ Actinomycetes AN
@ Bacilli / I\ Bacteroidia
: Clostridia 7 Gammaproteobacteria
Mollicutes T
@ Negativicutes 4
@ Gammaproteobacteria Chitinophagia
L@ Protistiellales —  e==—"Bail
= L ——Gemmatimonadota
C HP HP HP PuwtA HP Bax! Tgt YaC SecD SecF HP 75 rochestia
i ] N (| )
protein-export membrane protein y Negativicutes
B percent of gammaproteobacteria homologs )
no homologs in NCBI L M Gammaproteobacteria

[ part of Sec secretion system/pathway

HP = hypothetical protein; PutA = bifunctional proline dehydrogenase/L-glutamate gamma semialdehyde dehydrogenase;
Bax1 = Bax inhibitor-1/YccA family protein; Tgt = tRNA guanosine(34) transglycosylase; YajC = preprotein translocase subunit;
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Figure 7: YccA phylogeny. (A) Phylogenetic maximurtikelihood-based reconstruction of the ZupT domain.
Taxon sampling is based on blastp homologs oPtiodistiellalesBax1 sequences and sequences from the

NCBI protein model domain NF024221.0. Taxonomy information is based on NCBI taxon IDs and node
support (based on UFboost) is not depicted in the global version (A) of the tree for visualization purposes. (B)
representshe subsection of the phylogenetic tree that containeBrtéestiellalesBax1 sequeces. (C)

Organisatiorof the ipaMAGO0636 Protistiellale$ contig encoding Bax1. Also indicated are results using the
Protistiellalessequences as a queries, reflecting the proportion of sequences (blue shading) in the top 10 blastp
results that were assigned to a gammaproteobacterial assembly.

Protistiellales, as well as marine group UBA9148 encode a homolog of the
proteorhodopsin found in Comchoanobacteraleth the same core motif. Microbial
rhodopsins have been noted for their high abundance, and for a few bacterial taxa have now
been demonstrated to allow phototrop&$i 85]. While in Comchoanobacterales their
function is still unclear, possible roles include energy transfer and acidification of the host
cell [86]. Like Comchoanobacterales, homoldagsed searches indicate the Pratistiesis
lacking the pathway for betzarotene biosynthesis, the pigment that is cleaved for production

of the necessary retinal chromoph{##]. This indicates the chromophore must be recovered
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from choanoflagellate prey cellsor potentially choanoflagellate giant viruses that encode
both rhodopsin and the pigment requif8d]. The similary of the protein in these
gammaproteobacterial lineages indicates that the last common ancestoCoxitlales
(given proteorhodopsin presence in UBA9148), Comchoanobacterales and Protistiellales
encoded a proteorhodopsin that was lost in clas€iogiellaas well adMarinicoxiellaceae,
andmultiple other nonmarine lineages. The evolutionary origin &f tlerizontally acquired
protein could not be reconstructed due to the short sequence length and high mutation rate,
i.e., divergence, observed within rhodopsin evolution.

ipaMAG-0156 (Marinicoxiellaceae) carries two putative Rpn (Recombindtromotion
Nucleaselike transposase proteif83]. TheRpn systenis a toxirantitoxin module
encoded in bacteria, in which one protein encodes the toxin, and the other suppresses toxin
activity, until a trigger causes release and toxin activation. This function was recently
demonstrated i&. coli(replacing prior proposed functions as some form of transposable
element endonucleas@g]. Phage infection triggers activation, in what appears to be an
abortive infection strategy whereby the cell is either sacrificed or rendered dormant, in the
interest of preventing inféion of the greater populatig89]. Rpn systems are present in
various bacterial taxa, including many Rickettsialed,is not in Simplirickettsiaceae or
Gamibacteraceae and hast been reported in Coxieléss until now. Ortholog analyses show
that while not present iotherCoxiella it is present in scattered representatives in more basal
lineages, specifically begionellales aDiplorickettsiales, a UBA1113 and a PIVX01 and in
GCA _018402195.1 (the saline lakAG from theProtistiellale3. However theipaMAG-
0156Rpnsystem has more similarity to those encodeditrobacterspecies and
Escherichiacoli, than more closely relatéammaproteobacteria like Legionellgles
suggestin@g horizontal acquisitiarBoth Rpnsystems detected here (RpnA and RpnB)
contain the characteristic four amino acid repeats comprising an oligomerization domain
within the Gterminal region, which encodes a separately transcribed proteig) (Ripimin
the full protein (Rpn). Interestingly, RpnBdoes not encode the four amino acid repeats, but
an almost exact copy of thet€rminus of RpnBis encoded downstream of RpnB
containing an insertion of 10 four amino acid repeats, suggesting that thedRponent of
this system is encoded arseparate open reading frame. The repeats in a8 deviated
in their normal composition of one hydrophobic and three charged amino acids or glycine,
seen in RpnA and all characterizéatoli systems, being composed of QQGM insteadadt
been suggested that Rps involved itself in its duplication, as well as the creating of smaller

downstream copies and amino acid repf8§ but this and the exact role of this putative
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phage defence system, especially within symbiosis between bacteria and eukaryotic host
organisms remains to be investigated.

IpaMAG-0156 and its deep branching sister MAG (JAJRRO1, GCA 024279495.1) within
the Marinicoxiellaceae uniquely share two proteins connected with interactions and cell wall
structure, relative to other Coxiellales. Qs@naminoglycoside phosphotransferase
(APH_6_hur) characterized as being involved in antibiotic resis{@0¢eand the other is
uridine diphosphat&l-acetylglucosamindinding protein YvcK involved in cell wall
integrity [91]. Each protein appears to have been acquired by the L@ s# two lineages,
but in different events, although limited taxonomic sampling of Marinicoxiellaceae (the only
two representatives being ipaMA@ 56 andJAJRRO1)preventconclusive determination
(Figure %). Apart from these acquisitions and the Rpn system, ipaMA®5does not show
extensive acquisition through HGT or loss of genes, consistent with the suggestion that the
influences of HGT were most substantial in @axiellaancestor, prior to divergence the
subclades within the linead43, 46] In fact, 93% of ipaMAG)156 orthogroups also
containedCoxiellamembers, suggesting a large overlap in encoded genes overall.

Both Comchoanobacterales and the Simplirickettsiaceae seem largely recalcitrant to influx
of new functionality that often occurs in parallel with genome reduction in symbionts. We did
not observe clear acquisition of virulence factors, potentially dussodf the competence
system in Simplirickettsiacea8implirickettsiaceae has retained complete pathways for lipid
and lipopolysaccharide synthesis, synthesima$t of amino acids, and glycolysis, unlike
Comchoanobacterales which has lost all of th2%¢ However, Simplirickettsiaced®s lost
various functions associated with resistance to host defence mechanisms and virulence
factors, when compared Rickettsia(Figure 8).

Our results establish much broader hastges for nearby relatives of many metazoan
endosymbionts that lead to disease in some hosts. Likewise, their genomic content points to
common solutions, as well as distinct approaches, for colonizing kdisii. the timing of
acquisition eventss difficult to ascertaingivenextinction or absence of data from many
lineages, it some of the HGT events observed herein could have occurred through the
interactions between bacterial members of the protist miaradior through exposure to
DNA from bacteria that are ingested by the predatory protisteas Exchanges of actual
compounds between symbionts (and host) has also been clearly documented, for example in
Wolbachia[92]. Possible caesidence of Simplirickettsiaceae with other bacteria occurs in
the opisthokonPompholyxophyrswvhere Simplirickettsiaceae 16S rRNA genes have been

seen93]. An overlap, albeit in a small percentage of cells was observed for different
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members of the Comchoanobacterg®dy. Such cehabitation could provide ongoing

avenues for HGT from other pralates, even if the symbiosis with the protsstbligate,

although clearly less so for taxa that lack the competence system like Simplirickettsiaceae.
These interactions can also compl etelor shift
example, in thécanthamoebanicrobiome plays essential roles in consequences of

infection The host is lysedheninfected byLegionella pneumophilalone, but whewther
bacterial endosymbiontse also present lysis is prevenfgd]. Further,Acanthamoebaas

been proposed as providing an environment wheretransfer between emfecting

symbionts occurs, influencing the development of effective pathogens of mammals, like the
tick endosymbionRickettsia belli[94]. It is likely that a simultaneous, intracellular infection

of the same host organism provides close encounters that facilitate this transfer, presumably
prior to loss of compence genes that has occurre@®uthnerg95] and somedRickettsia
specieg94]. Hence there is much teelarn about manifestation of infection when in a co
evolved host where mutualism may have been achieved, versus other hosts that are

encountered where there are negative consequences to infection.

Gain and loss differentiate the Simplirickettsiaceae and Rickettsiaceae

The recovery of ipaMA&?934 provided unprecedented views into functions gained or
retained in core Rickettsiaceae but absent in their sister, the Simplirickettsiaceae. Despite its
smaller genome size ipaMA@34 shares many similarities with Rickettsiacdae

Rickettsia rickettsiiHowever, 49 orthogroups present in Riekettsiawere absent from
Simplirickettsiaceae (with a specific focus on ipaMAG&34) (Figure 8). Multiple celvall
associated proteins and transporters (e.g., HlyC / CorC famikf Biporter, EmrB/QacA

family transportergefflux RND transporter permease, autotransporter OmyaBe detected

that have previously associated with intracellular pathogen invasion of hosts and resistance to
host defences mechanis{@6i 99]. Several of these were more broadly distributed across the
Rickettsiales, like HlyD, angroteinswith broad functions, but definitivelgponnected to
virulencein Staphylococcus aure€tS41 family peptidagd100], another animal pathogen

that proliferates il\canthamoehaTlhe type 1 secretion system (T1SS) responsible for
secretion of proteins and utilized in pathogenic interactibihg secretion protein)were

also present. Collectively, this ggbvides insight into the mechanisms acquired or retained

by Rickettsiaduring their evolution towards symbiotic interactions with multicellular
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organisms. It also highlights reductions in the Simplirickettsiaceae, such as what appears to
be degradation of T1SS.

A striking example oRickettsiadifferentiation from the broader Rickettsiales, and most
dramatically so for its sister clade Simplirickettsiaceae, is synthesis of Queuosine precursors
and presence dRNA-guanine transglycosyla3ésT, used in the final conversion to
Queuosine (QueE, QueF, QueC, QueA, QueH). Queuosine forms a tRNA modification
involved in diverse processes in animals, including cell proliferation, where it is acquired
from gut bacteria and is used by the bactdraariselve$101]. ipaMAG-0934 and one other
Simplirickettsiaceae lack all components, and the Anaplasmataceae and Midichloriaceae
(largely tick endosymbionts) encode only TGT, reflecting a salbaged strategy. Our
results point to a differentiation in strategies acrossynabiotic lineages of the
Rickettsiales. The first involves complete biosynthesis in a strategy potentially linked either
to coordinating expression of genes related to virulence and biofilm formation, as recently
observed for several pathogenic bactgtia?], or an exchange maintaining benefits to a host
having only blood for nutrition. The second strategy involves dependency on salvage,
implying other nearby sources for both the host and symbiont, or less dependency on
translational controls via this tRNA rdidication. The third type, complete loss, is seen in
two of four Simplirickettsiaceae, including the choanoflageléstgociated symbiont, in
Sneabacterthe marine diplonemid symbiont, and complete or partial loss in uncultivated
marine member of thBeianiraceae. Complete biosynthesis (presumed retention from an
ancestral frediving state) is a trait oRickettsiaspecies alone, opening new avenues for
understandindrickettsiahost interactions.

ipaMAG-0934 also encoded unique proteins not shared with closely related genomes.
Perhaps as expected for a novel uncultivated symbiont lineage, most of the 78 proteins
uniquely present ilpaMAG-0934relative to the Rickettsiales recovered no functional
annotations and indeed several appeared to be completely novel. Additionally, six unique
orthogroups were observed in Simplirickettsiaceae compared to Rickettsiales, with only one
having any functionaknnotation & glycosyltransfera3eBoth essentiadnzymes of lysine
metabolism areraong losses that appear unique to Simplirickettsiaceae while among
ipaMAG-093406s 78 uni g-loa dgmaimdorgainingtransmgorteawhieh@ould
transport lysine across the cell membrGsS].

The Simplirickettsiaceae ipaMAG934 is additionally lacking multiple proteins encoding
core metabolic functions that are preserRickettsia These include TypA translational

GTPase andbosome biogenesis GTBinding protein YihA/YsxC both involved in
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ribosome biogenesis, as well as proteins encoding core steps of purine biosynthesis, amino
acid & phospholipid metabolisnipaMAG-0934 is also missing ribosomal proteins S21 and
L34, which are absent from sorReckettsiabut not others. Ribosomal protein S21 has been
categorized as neuabiquitous and is frequently lost in bactdi@4]. It is however present
throughout the Rickettsiales, apart from Simplirickettsiaceae. Its dispensable nature is likely
due to being near the ribosome surface and having lowaber of contacts to other

essential ribosomal components than many other ribosomal proteins. In contrast, while also
surficial, L34 has only emerged as a candidate for loss through analysis of highly reduced
bacterial genomes (<1ie.g.,WolbachiaandNeorickettsia [104]. Loss of L34 through
mutation does impact growth B subtilis in an offset that can be partially suppressed by
magnesiunj105], a cation second only to sodium in seawater. While these loss events are
independent from those in tiRackettsia some parallel reduction in the more distant
Anaplasmataceae has been obsefd&d42] Moreover, intense pressure on
Simplirickettsiaceae to reduce genome size is shared with evolutionary pressures in its sister

clade, but in a manner differing from the gains and lossBgkettsia

Environmental importance and the optimal host

Our results thus far demonstrated that some
oceans have symbionts, coming from divergent bacterial lineages. The types of symbioses
represented by the four lineages living in association with these key peedétovariations

in the level of demand on the host. The Simplirickettsiaceae, have the highest demand as
obligate intracellular symbionts, while the Marinicoxiellaceae, Protistiellales, and
Gamibacteraceae, are symbionts and seemingly bring morerthaists, including synthesis

of various Bvitamins, which are scarce in ocean surface wi®8). The Gamibacteraceae
have been proposed as obligate symbionts that operate either as ectosymbionts, consistent
with lifestyle of the adjacent albeit deep branching Deianira&&jeectosymbionts of
Parameciumor as intracellular symbionfs7]. A freeliving or facultative symbiotic

lifestyle is suggested for the more basal Mitibacteraceae and Athabaqdagehieely

associated with protists, given essited timing of the emergence of the Rickettsiales

ancestor versus metazoans. Choanoflagellates themselves purportedly arose in the late
Neoproterozoi¢l107], and while this timing does not align with proposals of an earlier
Rickettsiales emergence, molecular dating is extremely challenging for prokaryotes and soft

bodied eukaryotes. Interactions between bacteriachodndlagellateshave illuminatectell
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biological transitions central to animal evolutidndeed, bacterialhemicalqueues trigger

sex and the transition snd from a unicellular towulticellular statein choanoflagellates

[108, 109] The mechanism by which these queues arrive at high enough concentration if
released in seawater remains mysterious and would be facilitated with duwagadt

exchanges. Our data point to the possibility of many more physical and symbiotic interaction
between bacterial symbionts and small predatory protists;iwierein are prominent for
choanoflagellates.

The global distribution of all ipaMAGs from the four lineages suggests successful
establishment of a sustained niche, much@keiella-infections of animals globally. The
novel lineages were typically low in relatiadundance (see chapfigrcompared to abundant
freelliving taxa, likeProchlorococcusand SAR11, making them statistically unlikely to be
encountered at frequencies anything like common prey, and further raised questions about
possible transmission and host prevalence.

Searches for the hosts at BATS, where corresponding 18S V4 amplicon data was available
for a subset of samples, showed that choanoflagellates and faAfe present throughout
the photic zone and seasonwgtle (Figure 9), alongsidareviously reported broad
distributions in global survey dafal]. MAST-3 are the most abundant MAST clade at the
Bermuda Atlantic Timeseries Study (BATS) site and makerupverage 15.01+5.86% of
thenon-photosynthetic protist community in the photic zone at acroseadons
(recalculated using data frophl10]). Moreover, the massive diversity shown for the marine
symbiont lineages through 16S rRNA gene analysis (Figure 1, 2) suggests there are many
more symbiotic relationships to be discovel@dllectively, the manner of recovery through
capture of wild protist cells, characteristics of the hagiality ipaMAGs and the four
lineages they represent, as well as their distributions throughout tropical and subtropical
surface oceans, pointed to thdmcteria having an important role in the ecology of dominant

maiine unicellular predators.
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Functions lost in ipaMAG-0934 Presence@bsence of orthologs that were found to be missing in

Figure 8

ipaMAG-0934 (Simplirickettsiaceae) but present in core Rickettsiaceae. Lost functions were identified in

orthofinder and presenadsence throughout Rickettsiales is based on diamond blastheg (Bvalue < 1 x

10%and 35% sequence identity) against all assemblies considered for phylogenomic reconstruction. Functions

were manually group into categories, based on ghostkoala KEGG and diamond blattpassnof the lost

orthologs.
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Figure 9: Presence of Choanoflagellates and MAS3 at the Bermuda Atlantic Time-Series station

Relative abundance of heterotrophic marine protist lineages at BATS ba¥dd1l&s rRNA gene amplicon
sequencing. Lineages were assigned to trophic modes based on Wilkg&83taadd were normalized to the
abundance of all heterotrophic protists excluding Alveolates. Relative abundances are averaged for each year
and season, based on the BATS physical framework. Alveolates were excluded due to high numbers of

Syndianales and the difficulties in assigning predatory versus mixotrophic modes to many dinoflagellates.

Many aspects of theory regarding symbiosis in the ocean with hosts that may be difficult
to encounter suggest these are mutualistic relationships, or potentially highly flexible
symbioses that entail multiple hosts, under current environmental cmsdénd ocean
microbiome composition. We captured the associations by sorting active protistan predators
in the surface ocean, however there are indications of expanded host ranges. For example,
Simplirickettsiaceae 16S rRNA gene sequences were alsoatkted freshwater unicellular
opisthokont (Figure 1). For the Gamibacteraceae, in addition to having many freshwater

members, 16S sequences were found in microbiomes from a multicellular opisthokont, the
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cnidarianHydra vulgaris[111], and a ciliat§112]. For the Marinicoxiellaceae, we detected

16S sequences in marine sediments and in a multicellular marine opisthokont (sponges). In
contrast, the highly reduced obligate intracellular choanoflagellate symbiont
Comchoanobacteral¢®l] appears restricted to hosts residing in marine pelagic

environments. Its sister lineage in the phylogenomic reconstructions, Protistiellales, has much
broader distributions. Indeed, close relatives of Protistiellales ocdaeim sea sediments,

soils, freshwater and even infected root canals (in hufigare 1).Thus, a central question
surrounds how the nature of these interactions may shift through climate change and
encounter with other potential hosts.

Interestingly, until now, the Coxiellales have only been known to infect metazoans, a
contrast to the Rickettsiaceae which are known symbionts of diverse eukaryotic lineages
including metazoans, but also ciliates, Euglenozoa, Apicomplexa and [dth&}sGiven
marine and other environmental subclades within both families that have little or no members
with known hostassociation, it is likely that the host range of both is currently
underestimated. Although there have recently been insights intedhgien within Coxiella
as pathogens of humans and other MetazpHijsthe diversity withinCoxiellaas well as the
larger phylogenetic position of tli&oxiellaclade within the Gammaproteobacteria is often
oversimplified or neglected. This is driven largely by the absence of genomic and/or host
information for multiple environmental lineages. We observe distinct surface proteins in
Marinicoxiellaceae that migtexplain the associations with different hosts when compared to
Coxiella More generally, & observed extensive acquisition and loss of proteins associated
to cell surface, the bacterial interface for symbilbast interactions, which could partially
explain the wide host ranges observed in the symbionts and pathogens of all the Rickettsiales
andCoxiellalike lineagesdescribed herei(Fig. 4,5 [17]. Recent work has led to the
discovery of unique members of common symbiotic lineages, susheadbacter namystus
associated with diplonemid$4] andDeianiraceae vastatrixan ectosymbiont of
Parameim [53]. Our findings add to these new lineages but are unique because they reveal
symbionts okey lineages of widespread open ocean predatory protists.

Our results reveal symbionts of multiple marine nanoflagellatebly, these symbionts
and their hosts do not associate in purely pairwise interactions. We found three instances in
which we detected both Comchoanobacterales and Gamibacteraceae ipaMAGs within the
same single choanoflagellate cell. It is likely that othezdges of symbionts also cooccur.
Simplirickettsiaceae were not detected with another symbiont likely because the lineage is

less common than Gamibacteraceae while Marinicoxiegllcassociated with MAS3 was

88



not detected more frequently because the dataset only comprised 9-3/1éel$. Symbiotic
relationships can drastically change when another symbiont is associated with the same cell,
as demonstrated iicanthamoeb@l2]. This suggests that bacterial interactions with
heterotrophic protists should be considered conceptually similar to other microbiomes, with
the symbionts themselves interacting, going beyond isolated interactions between a single

symbiont and its host.

Conclusions

Our currently understanding of the diversity of major lineages of human pathogens, classical
Legionellales and Rickettsiales, is primarily shaped by symbionts of multicellular organisms,
largely because they are comparatively easy to study and medigallycaince. This led to a
skewed picture of the evolution and true diversity of these lineages in the larger scope,
impacting our understanding of their evolution with subsequently biased interpretations as a
consequence, harming progress in understaritiegg lineages better. Both lineages

originated as symbionts of protists, highlighting the need to look at the microbiome of
protists in general, including small heterotrophic nanoflagellates, not just larger protists, or
multicellular eukaryotes, with ingstant implications that go beyond microbial ecology. The
true diversity of both lineages is likely far greater than currently known, with many (often
protistassociated) lineages waiting to be characterized.

In the context of marine ecology, key predatory protists controlling populations of
abundant phytoplankton like Prochlorococcus and like other bacterial groups alike, seem to
harboura microbiome, impacting the protists in ways currently poorly understood. Some
show signs of beneficial functions such as vitamin biosynthesis, while some might be
(energy) parasites. They likely affect growth both positively and negative (lneage
dependat) and flow of energy through these key components of the maride/éi
highlighting the importance to investigate the symbiotic associations they are engaged in in

more depth.
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Figure S2:Phylogenomic tree of Rickettsiales incorporating only SCMG present in the partial MAG for

Ca. Arcanobacter lacustridMaximumtlikelihood reconstruction of RickettsialégscludingCa. Arcanobacter
lacustrig based on 43 of 79 SCMG that were present in the incompéetArcanobacter lacustriMAG. Node

support is based on S&_RT [48] and ultrafast bootstrap replicates and support is indicated for clades with

SH-aLRT G80% and UFboof95%.

101



Figure S3: Phylogenomic trees of traditional.egionellales to investigate potential londpranch attraction

in the Marinicoxiellaceae Phylogenomic trees as in Figutavere reconstructed independent after exclusion of
(A) JAJRRO1 and (B) ipaMA@®156, respectively, to examine impact on topology of the Coxiellales. The
member of the Marinicoxiellaceae that was kept is highlighted if\tede support is based on SHHRT [48]

and ultrafast bootstrap replicates and support is indicated for clades witi 8 (80% and UFboof05%.
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