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Summary

Microbes of all lifeforms build the foundation of the marine food web and base of the carbon
cycle. Diverse unicellular eukaryotes, many uncultivated, occupy 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 ecosystem. Beyond predator-
prey relationships, both photosynthetic and phagocytotic protists engage in relationships with
other microbes going beyond classical predator-prey interactions, but those remain poorly
characterized. This microbial community and their interactions across lifestyles will likely
changes as a consequence of natural and anthropogenic forcing over time, driving changes in
temperature, stratification and nutrient inventory, among other environmental parameters. We
utilized single cell sorting and whole genome sequencing of marine protists to discover
bacteria associated with photosynthetic and heterotrophic protists. We then analysed
microbial taxa at the Bermuda Atlantic Timeseries Study (BATS) site over the past 30 years
using V1V2 16S rRNA gene amplicon sequencing to reveal changes in the composition of
surface phytoplankton and interactions with the heterotrophic community.

We observed a clear separation in taxonomy and genome characteristics for symbionts of
protists with different lifestyles. Putative 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 intracellular symbionts and pathogens of metazoans. They resided within
choanoflagellates and the MAST-3 lineages, dominant consumers of the most abundant
phytoplankton and other microbes. Additionally, 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 MAST-1), providing the first indication that the Marinamargulisbacteria are
symbionts of protists. This also constitutes the first known symbionts associated with any
MAST lineage. The choanoflagellate and MAST-3 associated Alpha- and
Gammaproteobacteria lineages, related to metazoan pathogens, including causative agents of
disease in human, possess specialized adaptations in the host environment, including
complete Type IV secretion systems. However, their manner of symbioses differs, following
distinct trajectories. A lineage of Alphaproteobacteria (Simplirickettsiaceae) showed
extensive genome reduction to a genome size <1 Mb, losing key metabolic functionality

suggesting an obligate symbiosis with their choanoflagellate hosts. An order 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 lifestyle like Legionella pneumonia, preferentially associating with hosts but with some
free-living capacity. The microbes associated with photosynthetic protists were primarily
Planctomycetota, VVerrucomicrobiota and Bacteroidota, with larger genomes than those of
heterotrophic protist-associated bacteria and a diverse repertoire of non-essential metabolic
functions, most significantly carbohydrate-active enzymes (CAZys). These 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 by-products of photosynthesis. These members of the phycosphere surrounding the
phytoplankton cell encoded pili and flagella, absent in the symbionts of heterotrophic protists,
enabling varying degrees of motility and attachment in line with an extracellular lifestyle
involving physical attachment to the host eukaryote. The diversity and evolutionary position
of the novel symbiont of marine protists detected herein, could enable a better understanding
of the evolution of bacterial pathogens of metazoans, as well as the ecology and complex
resource flow in the phycosphere and beyond, observed within complex ocean food webs.
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 stratified summer conditions in
the open ocean, through a decline in phytoplankton and subsequent impact on the

heterotrophic community.



Zusammenfassung

Mikroben aller Lebensformen bilden die Grundlage des marinen Nahrungsnetzes und die
Basis des Kohlenstoffkreislaufs. Diverse einzellige Eukaryoten, von denen viele nicht durch
Laborkulturen reprasentieret sind, nehmen Schliisselpositionen im Nahrungsnetz ein, haben
komplexe Lebensweisen entwickelt und interagieren ausgiebig mit Bakterien was erhebliche
Auswirkungen auf den Energiefluss im Okosystem hat. Sowohl photosynthetische als auch
phagozytotische Protisten interagieren mit anderen Mikroben, die Uber die klassischen
Rauber-Beute-Beziehungen hinausgehen, die jedoch nur unzureichend beschrieben sind.
Diese mikrobielle Gemeinschaft und ihre Interaktionen tiber verschiedenen Lebensformen
hinweg werden sich wahrscheinlich im Laufe der Zeit infolge nattrlicher und anthropogener
Einflisse verdndern, die neben anderen Umweltparametern auch zu Veranderungen bei
Temperatur, Schichtung und Nahrstoffinventar fihren. Wir haben individuelle Zellen von
marinen Protisten sortiert und deren Genome sequenziert, um Bakterien zu entdecken, die mit
photosynthetischen und heterotrophen Protisten assoziiert sind. AnschlieRend analysierten
wir die mikrobiellen Taxa an der Bermuda Atlantic Timeseries Study (BATS) Station Uber
die letzten 30 Jahre mit Hilfe der V1V2 16S rRNA-Gene Sequenzierung analysiert, um
Verénderungen in der Zusammensetzung des Oberflachenphytoplanktons und Interaktionen
mit der heterotrophen Gemeinschaft aufzudecken.

Wir beobachteten eine klare Trennung in der Taxonomie und den genetischen
Charakteristika fur Symbionten von Protisten mit unterschiedlichen Lebensweisen. Zu den
mutmaRlichen Symbionten der Alphaproteobakterien und Gammaproteobakterien, die mit
heterotrophen Protisten assoziiert sind, gehorten vier neue Gruppen mit kleinen Genomen,
die entweder mit den Rickettsiales oder den Coxiellales verwandt sind; Ordnungen, die viele
intrazellulare Symbionten und Krankheitserreger von Metazoen umfassen. Sie gehéren zu
den Choanoflagellaten und den MAST-3-Linien, den wichtigsten Préadatoren von
Phytoplankton und anderer Mikroben. Darlber hinaus wurden drei Gruppen von
Marinamargulisbakterien, einer Gruppe kaum characterisierter Bakterien, die einen Vorlaufer
mit den Cyanobakterien haben, in Verbindung mit Choanoflagellaten und mehreren
heterotrophen marinen Stramenopile-Linien (MAST-4 und MAST-1) gefunden. Dies liefert
den ersten Hinweis darauf, dass die Marinamargulisbakterien Symbionten von Protisten sind.
Dies sind auch die ersten bekannten Symbionten, die mit einer MAST-Linie assoziiert sind.
Die mit Choanoflagellaten und MAST-3 assoziierten Alpha- und Gammaproteobakterien, die

mit Krankheitserregern von Metazoen verwandt sind, einschlielich der Erreger von
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Krankheiten beim Menschen, verfiigen Uber spezialisierte Anpassungen an die Umgebung
ihres Wirtes, einschlielich vollstandiger Typ-1V-Sekretionssysteme. Die Art und Weise ihrer
Symbiose ist jedoch unterschiedlich und folgt verschiedenen Entwicklungspfaden. Eine Linie
von Alphaproteobakterien (Simplirickettsiaceae) zeigte eine umfassende Genomreduktion auf
eine Genomgrolie <1 MB und gleichzeitigem Verlust wichtiger Stoffwechselfunktionen, was
auf eine obligate Symbiose mit ihren Choanoflagellaten-Wirten schliel3en l&sst. Eine
Ordnung von Gammaproteobakterien, von der bisher nicht bekannt war, dass sie mit dem
Wirt assoziiert ist (Protistiellales), zeigte Anzeichen fur einen umfangreichen horizontalen
Erwerb von Genen aus verschiedenen, nicht verwandten bakteriellen Krankheitserregern und
eine Lebensweise wie bei Legionella pneumonia, wobei sie bevorzugt mit dem Wirt
assoziiert sind, aber auch eine gewisse Fahigkeit zum freien Leben haben. Bei den mit
photosynthetischen Protisten assoziierten Mikroben handelte es sich in erster Linie um
Planctomycetota, Verrucomicrobiota und Bacteroidota mit groReren Genomen als bei den mit
heterotrophen Protisten assoziierten Bakterien und einem vielféltigen Repertoire an nicht-
essentiellen Stoffwechselfunktionen, vor allem Kohlenhydrate-aktiven Enzymen (CAZys).
Diese CAZy-Stoffwechselwege enthielten Enzyme, die darauf schlieRen lassen, dass die
Zellen die Zellwand selbst angreifen und sich nicht nur auf Kohlenhydrate und geldste
organische Stoffe stiitzen, die vom Phytoplankton als Nebenprodukte der Photosynthese
abgesondert werden. Diese Mitglieder der Phycosphére, die die Phytoplankton Zelle umgibt,
kodierten Pili und Flagellen, die bei den Symbionten der heterotrophen Protisten fehlen, und
ermdglichten so ein unterschiedliches Mal an Motilitat und Anhaftung im Einklang mit einer
extrazellularen Lebensweise, die eine physische Anhaftung an das Phytoplankton beinhaltet.
Die Vielfalt und die evolutionéren Positionen der hier entdeckten neuartigen Symbionten
mariner Protisten kdnnte ein besseres Verstandnis der Evolution bakterieller
Krankheitserreger von Metazoen sowie der Okologie und des komplexen Ressourcenflusses
in der Phycosphére und dariiber hinaus ermoglichen, 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 verénderte
Umweltbedingungen, wie z. B. die Erwarmung des Oberflachenwassers und den Riickgang
der Nahrstoffkonzentrationen, insbesondere wahrend des Sommers im offenen Ozean, durch
einen Ruckgang des Phytoplanktons und die daraus resultierenden Auswirkungen auf die

heterotrophe Gemeinschaft stark beeintrachtigt werden.
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Chapter 1: General Introduction

Unicellular lifeforms are a cornerstone for the functionality of marine ecosystems,
comprising bacteria, archaea, and single-cell eukaryotes (protists) involved in all
biogeochemical processes taking place in the ocean [1]. These microbes have diverse
lifestyles, ranging from heterotrophic bacteria that play an essential role in the
remineralization of organic carbon as part of the microbial loop [2, 3] to phytoplankton,
which, although contributing only 1% of global photosynthetic biomass, does account for
roughly 50% of global primary productivity [4]. Primary producers including cyanobacteria
and eukaryotic phytoplankton fix 50 Pg of atmospheric CO2 yearly [4], building the basis of
the open ocean food web and making them a cornerstone of the global carbon cycle.
Heterotrophic protists, on the other hand, are feeding on other microbes, including
phytoplankton, consuming and remineralizing carbon, but also moving carbon along the
food-chain to higher trophic levels [1]. Both photosynthetic and heterotrophic protists are
extremely diverse, often hard to quantify and mostly uncultured, leading to a lack of

fundamental knowledge on many of these lineages [1].

Microbial life on a microscale

Although of global importance, microbial life (and death) predominantly takes place on a
microscale and ‘microbes sce a sea of gradients’ highlighting the heterogeneity of the ocean
on a small scale [5]. This heterogeneity is driven by gradients in the concentration of
chemicals of diverse origin, for example, caused by the punctual release of organic molecules
by photosynthetic protists and their subsequent diffusion, or components released by cells
during cell death. What matters for the survival of a microbe is only what is present in its
immediate microenvironment. For 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 when living in an open ocean environment, which
is that contains only low concentrations of nutrients on a larger scale [5]. These hotspots can
be created by phytoplankton and the materials these cells release during photosynthesis.
Excess dissolved organic matter (DOM) is exported (passively and actively) to the outside
environment, where it accumulates and slowly diffuses in the microscale environment
surrounding the cell (estimated ~1,200 pum radius for a diatom with a diameter of 50 pum, but
heavily dependent on the size of the phytoplankton cell) [6]. This organic matter is a major

driver that attracts the phytoplankton cells microbiome, composed of heterotrophic bacteria



that respire DOM and in turn provide cofactors and inorganic macronutrients benefiting the
phytoplankton cell. On the other hand, both heterotrophic bacteria and phytoplankton require
the same inorganic nutrients (especially nitrogen, phosphate, and iron), leading to
competition between them. Holistically, this makes the phycosphere a microenvironment of
extensive microbial interactions on a small scale. These interactions include symbiotic
relationships, defined as the living together between different species, spanning a spectrum of
interactions ranging from mutualistic (benefiting both the host and symbiont) towards
pathogenic (one part, the pathogen exploiting the other, the host, for its own benefit) [7].
Microbes living in the phycosphere can be described as the phytoplankton’s microbiome and
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 animals. Heterotrophic protists
can also harbour a microbiome, e.g., when containing an intracellular pathogen or a microbe
attached to its cell surface. The diversity 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 genus Paramecium [8, 9] and amoebae
[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 help in identification
of symbionts, it does miss all symbiotic lineages not 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 extremely 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 another [12, 13]. Some of the key
predatory protists in marine ecosystems are heterotrophic nanoflagellates, but a majority of
those lineages have no or few cultured representatives [14, 15], leading to a lack of insights
into their potential microbiome. Additionally, 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 turning into a pathogen [16].
Considering major changes in the open ocean environment, driven by an increase in
atmospheric CO2 causing warming of surface water, less vertical mixing of the surface ocean

and a subsequent decline in nutrient inventory, amongst other [17, 18], which poses the



question how microbial interactions will change in a changing ocean. Generally, 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 export [19].

Characterizing the microbiome of protists and their interactions with prokaryotic
symbionts is intrinsically difficult. In culture, many phytoplankton isolates are kept axenic, in
monocultures free of bacteria, essentially removing all the 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. Many microbes,
especially abundant heterotrophic protists, and key predators in the microbial foodweb have
evaded cultivation-efforts for decades and their interactions with other microbes, including
predator-prey relationships cannot be studied using any culture-based approaches [15]. The
rise of large-scale amplicon-based and sequencing surveys in the last two decades have
enabled an unprecedented insight into to diversity and uncultured lineages of marine
microbes and subsequent correlation-based networks have led to the prediction of countless
potential biotic interactions between marine microbes [20, 21]. Similarly, metagenomics
(sequencing of DNA generated from bulk filtration of seawater) and metatranscriptomics
(similar to metagenomics but utilizing RNA transcriptomes) approaches have provided new
insights into the functional potential of marine microbes [22, 23], including various pathways
and genomic systems that point at symbiotic relationships and interactions with other
microbes. However, these sequencing-based approaches do come with major limitations.
Amplicon and meta-omics 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 fine-scale heterogeneity in the water column impossible.
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 phytoplankton (Prochlorococcus). To gain
novel insights into microbial interactions that cannot be resolved with bulk-sequencing or
culture-based approaches, we utilized flow cytometry with fluorescence-activated single-cell
sorting (FACS) and follow-up genome sequencing. FACS separates individual cells based on
cell characteristics like the presence of a food vacuole or pigmentation, only co-sorting those
microbes that are physically associated and in close proximity with the single targeted

eukaryotic cell. This allows selection and sorting of photosynthesising and actively feeding



protist cells directly from field samples and is especially useful to investigate small cells that
cannot be hand-picked via microscopy to sequence single cell genomes and analyse the

composition of their microbiome.

Protists in long-term timeseries

Microbial interactions can vary depending on seasonality, environmental conditions and
could be affected by changes in the water column due to climate change. Long-term
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 interactions driven by changes in
temperature and biogeochemical parameters. The Bermuda Atlantic Time-series Study
(BATYS) is one of the two oldest ongoing long-term timeseries, started in 1988, located at 31°
40°N, 64°10°W in the Sargasso Sea, roughly 100 km 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 DNA. Since 2016, the
establishment of the BIOS-SCOPE project focused on microbial oceanography and its impact
on the carbon cycle has led to an increase in sampling resolution, particularly in depth-
resolution. The availability of archived DNA samples harbors the potential to generate a
high-resolution dataset of the composition of the microbial community over a 30-year
timespan. During this time period, BATS has experienced substantial changes in
biogeochemical parameters, including a phase of rapid warming between 2010 and 2020, and

a decline in nutrient inventories in surface waters, from increased thermal stratification [17].

Thesis Outline
Here, | seek to explore interactions of eukaryotic phytoplankton and predatory protists with
other marine microbes and changes in their occurrence as a consequence of long-term
changes in open ocean ecosystems. | employ a variety of single-cell genomics and amplicon-
based approaches to gain insights into the type of interactions seen in marine protists and
their evolutionary history.

Chapter 2 is centred around bacteria found in physical association with eukaryotic
phytoplankton, representing members of the phycosphere and compare its composition to the

microbiome of heterotrophic protists. I identify Bacteroidota, Planctomycetota and



Verrucomicrobiota as the three main bacterial lineages found within the phycosphere of
various eukaryotic phytoplankton lineages. They are characterized by a vast 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 chapter 3, | focus on four uncultured, divergent lineages (two Rickettsiales and two
gammaproteobacterial clades) of symbionts of predatory protists, specifically associated with
either a marine stramenopile (MAST-3) or a choanoflagellate (Bicosta minor). Their
evolutionary position enabled insights on the emergence of key metazoan pathogens,
including human disease vectors. Sharing 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 enzymes indicating an obligate 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 their relationship to hosts, including marine protists as well as
animals, including humans themselves.

In chapter 4, | describe findings that suggest that Marinamargulisbacteria, part of the
Candidatus Margulisbacteria, are likely symbionts of protists. We recovered multiple
assemblies of three distinct lineages of Marinamargulisbacteria associated with the
choanoflagellate B.minor, and two stramenopiles lineages (MAST-4 and MAST-1).
Margulisbacteria were previously only known to be associated to multicellular eukaryotes
from the Metazoa, with our findings suggesting that their eukaryote-associated lifestyle
extends to protists as well, similar to patterns observed in Rickettsiales and Coxiellales. The
global distribution of Marinamargulisbacteria across habitats suggests that their host-
associated lifestyle is a conserved strategy enabling their success in spreading across
ecosystems.

Chapter 5 focused on long-term changes in microbial community composition utilizing a
30-year (Oct. 1991 — Dec. 2021) V1V2 16S rRNA gene amplicon timeseries collected at
BATS spanning the surface and mesopelagic open ocean. The combination of V1V2 16S
rRNA gene plastid and bacterial amplicons allowed an analysis of co-occurrence between

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



Overarchingly, I observed a 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. Characterizing the microbiome of photosynthetic protists on a single-cell basis,
comparing it with the microbiome of heterotrophic protists, and predicting the
potential interactions between bacteria residing in the phycosphere and their host cell.

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

3. Long term trends in diversity and interactions between microbes in the context of a
changing open ocean ecosystem.

This dissertation aims to disentangle inter-domain interactions between bacteria and diverse

protist lineages based on culture-independent 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 food chain, and 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 sorting and 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. Putative 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 intracellular symbionts 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, encoding a more
diverse repertoire of non-essential metabolic functions, especially centred around
carbohydrate-active enzymes (CAZys). Most of these members of the so-called phycosphere
also encoded either secretion systems, pili or flagella. Such structures enable varying degrees
of motility and attachment to surfaces, suggesting an extracellular lifestyle involving periods
of attachment to the eukaryote. Families of CAZys specific to break down modified
glycoproteins on the phytoplankton’s surface, indicating that these lineages might not only
utilise carbohydrate secreted by phytoplankton during photosynthesis, but could instead
attack the cell-wall itself, potentially depending on the host they attach to and variability in
environmental conditions. The diversity and evolutionary position of the novel symbiont-host
relationships of marine protists uncovered could enable a better understanding of the diverse
cross-domain interactions and flow of resources occurring in the microbiome of marine
protists generally, including the phycosphere of marine phytoplankton 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 fixation [1]. 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 as low as 2%) but can reach up to 50% of primary
production in diatom cells [2]. Based on its chemical composition, phytoplankton releases a
wide variety of organic compounds, mostly comprising carbohydrates, lipids, nitrogenous
compounds, and organic acids [3]. The passive or active export of DOM causes its
accumulation in the microscale environment surrounding the phytoplankton cell, which is
referred to as the phycosphere [4]. It contains components that likely serve as chemical
attractants for bacteria [5] and this DOM-rich microenvironment provides desirable
conditions for heterotrophic bacteria which can utilize DOM as an energy source, €.g.,
through Carbohydrate-Active EnZymes (CAZys) that enable the breakdown and subsequent
respiration of carbohydrates or glycosylated proteins [6]. The presence of these heterotrophic
bacteria, essentially the phytoplankton cell’s microbiome, in turn benefits the phytoplankton
cell by complementing their metabolic needs [7]. 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 limitations [2],
potentially to attract bacteria that benefit them during these conditions. DOM release
increases when phytoplankton cells are nutrient limited [8-10] 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 released) — the overflow hypothesis, but an alternative
explanation could be increased DOM secretion to attract beneficial bacteria that might benefit
the phytoplankton cell during nutrient-limiting conditions [7]. For example, members of the
Rhodobacterales (Alphaproteobacteria) are frequently found to respond to phytoplankton
blooms and a common in phytoplankton cultures [11] and can cross-exchange vitamins with
phytoplankton, compensating their inability to synthesise vitamins like vitamin B12
themselves [12]. They have therefore been proposed as members of the phycosphere and their
genomes encode systems that could potentially enable attachment to their ‘host’, but this

physical co-association has not been shown [13].
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The study of the interaction of phytoplankton and bacteria has been centred around diatom
culture-systems, because of fast-growing model organisms and their global importance for
primary production in the ocean [7]. Conceptually, most of these studies focus on the release
of compounds by phytoplankton and their uptake by bacteria in co-culture [2, 7]. This follows
the current approach to measure metabolomics (i.e., DOM composition) in the ocean,
focusing on deciphering the diversity of metabolites present, challenged by the low standing
stock concentrations and hard to measure, often fast turnover rates [14]. Essentially, 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 co-association within the phycosphere. Our understanding of this micro-
environment is still very confined, mainly limited by the complexity of any, especially in-
situ, measurements at this scale and the lack of insights into physical associations.

Comparably, the study of the microbiome of heterotrophic protists, especially those
lineages that dominate the open ocean, playing a major role in the marine food-web, is still in
its infancy, with even fewer insights than those gained for the phycosphere. Our
understanding of the microbiome of heterotrophic protists is mostly confined to those groups
that have large cell sizes, and cultured representatives, for example Rhizaria and some
Dinoflagellates, with most of those studies focusing on kleptoplasty or symbioses with
photosynthetic entities [15-17]. Virtually nothing is known about microbiomes and
interactions with nanoflagellates (2-20 um) that are important to grazing in the open ocean
[18, 19]. Bulk metagenomics, generating metagenomics assembled genomes (MAGSs) and
amplicon surveys have revealed various bacterial lineages that correlate with phytoplankton
and/or heterotrophic protists and have highlighted the importance of biotic interactions, e.g.,
in overcoming nutrient limitation, but these studies cannot gain insights into physical
association [20, 21]. We therefore have very limited insights into true interactions in the wild
between photosynthetic or heterotrophic protists and bacteria alike, requiring the use of
alternative approaches to gain insights into this gap.

We utilized flow cytometry with fluorescence-activated single-cell sorting (FACS) with
follow-up whole genome sequencing to gain new insights into some of the many open
questions that remain for the attached microbiome of marine protists. Flow cytometry enables
distinction of marine entities based on size and pigmentation and was prominently utilized in
oceanography in the discovery of the abundant cyanobacterium Prochlorococcus [22]. Since
it separates individual cells, it can be used to sort these cells individually based on

pigmentation or staining of food vacuoles and allows selection of photosynthesising and
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actively feeding protist cells from field samples. This is especially useful to investigate small
cells that cannot be hand-picked via microscopy to sequence single cell genomes to analyse

the composition of their microbiome.
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Material & Methods

Single cell sorting and amplification

Sorting was performed using freshly collected marine photic zone samples that had been
passed through a 30 um nylon mesh upon collection and subsequently concentrated by
gravity over a 0.8 um Supor filter (Pall Corporation). Single cells were sorted from
environmental samples collected from the North Pacific (Monterey Bay, 733 cells) and a
mangrove ecosystem (Curacao, 48 cells). Samples were collected from the upper photic zone
between the surface and 42m during multiple sampling campaigns between 2014 and 2019.
An InFlux high speed sorter (BD) equipped with 488 nm and 355 nm lasers and a 70 um
nozzle, operating on the high purity Single-Cell sorting mode, with sterile nuclease-free 1x
PBS as sheath fluid (ThermoFisher cat# AM9625 and AM9932), was used in all cases. First,
samples were stained for 10-20 min in the dark with LysoTracker Green DND-26 (25 nM,
final concentration) and/or LysoSensor Blue DND-167 (1 uM, final concentration) or no
staining. Unstained controls were run for all samples such that positive signal from the stain
was always discerned as compared to the control. Forward Angle Light Scatter (FALS), and,
depending on the protist population of interest, red fluorescence from chlorophyll-a (692/40
nm bandpass), green fluorescence from LysoTracker (520/35 nm bandpass), and blue
fluorescence from LysoSensor (435/30 nm bandpass) were used as selection criteria, while all
other particles were selected for exclusion. Based on their sorting gate, sorts were
operationally classified into those targeting putatively heterotrophic protists (758 cells) and
photoautotrophic protists (23 cells).

Immediately prior to sorting plates were illuminated with UV irradiation for 2 min.
Negative and positive controls (for subsequent genome amplification reactions) were
performed on all plates by leaving a subset of wells empty, and by having a column of wells
receiving multiple cells within each 384 well plate, respectively. Additionally, the drop delay
and sort quality were regularly controlled by sorting a known number of fluorescent bead
standards and counting them by epifluorescence microscopy. After sorting, plates were
covered with foil seals and frozen at -80°C. Single-protist or multi-protist cell sorts were
subjected to Multiple Displacement Amplification using the repliG or WGA-X enzyme, as
previously described (Needham et al, 2019). Sequencing was performed on the Illumina

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

Demultiplexed paired-end 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 the single cell
option “-sc” and kmers 21, 33,55, 77, 99 and 127, considering both paired and unpaired reads
that passed quality-control. Samples that could not be assembled through spades single cell
mode using a maximum of 180 Gb RAM were instead assembled using megahit (v1.2.9;
[19]) with the ‘—presets meta-sensitive’ settings, considering both paired and unpaired
trimmed reads that passed quality-control. All assembled contigs were filtered and only those
> 1kb were retained. Sequence alignment maps for filtered contigs were generated using
bowtie2 (v2.4.1; [23]), with default setting and unaligned reads removed from the alignment
map. Sequence alignment files were sorted and compressed using samtools (v1.6; [24]) ‘view
-bS’, ‘sort” and ‘index’. Complete or fragments of 16S or 18S rRNA genes were identified
using checkM’s (v1.2.2; [25]) ‘ssu_finder’ subcommand with default settings.

Prokaryotic genomes were recovered using Anvi’o (v8; [26]), with initial clustering of
contigs using ‘anvio profile’ and >95% nucleotide identity. Cellular single copy marker genes
for interactive genome completeness estimate were identified using ‘anvi-run-hmms’ and the
default database. Preliminary taxonomy of the recovered genes was predicted at the protein
level using ‘anvi-run-scg-taxonomy’ with default settings. Additionally, ‘anvi-run-hmms’
was run using a set of 47 HMMs for marker genes of eukaryotic giant viruses (NCVOGs;
[27]). Profiles were manually inspected for anomalies in GC% content and tetranucleotide
frequency and inspected interactively, binning potential prokaryotic genomes. All bins of GC
anomalies were initially screened for phage/viral contamination using the following
approach: Proteins were queried against NCBI nr using diamond blastp (v2.14; [28]) with E-
value < 1 x 10 and output format 6, including an additional column for subject NCBI
taxonomy ID. IDs were converted into taxonomy strings using NCBI taxid2lineage
information (obtained through: github.com/zyxue/ncbhitax2lin). Up 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 at least 2%
of hits were classified as viral. Virus-clean bins were assessed using checkM’s ‘lineage wf’
subcommand with default settings and all bins identified as genomes of 10% completeness or
higher were hereafter referred to as ipaMAGs (individual protist associated Metagenome
Assembled Genome). Genomes were not called single-cell amplified genomes (SAGS) as

these assemblies could be based on multiple prokaryotic genomes associated with the same
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eukaryotic cell sorted and sequenced. Taxonomy of ipaMAGs was predicted using GTDB-
Tk’s (v1.0.2; [29]) ‘identify’, ‘align’ and ‘classify’ consecutively, with GTDB version 214.1
as the reference database and default settings when meeting GTDB-Tk minimum
classification cutoffs.

Proteins were predicted using ‘prodigal’ (v2.6.3; [30]) for each ipaMAG of medium or
high quality (>50% completeness, <10% contamination; following definitions as in [31])
individually using default settings. Pairwise average amino-acid identity between all
ipaMAGs was calculated using the aai.rb script of the ‘ecogenomics’ collection (downloaded
20 June 2023; [32]) with default settings. Proteins for all ipaMAGs were annotated using
emapper.py (v2.0.1; [33]) against the eggNOG database (v5.0; [34]) with default settings.
Additionally, Pfam domains (v35; [35]) were identified using hmmscan (v3.3.2; [36]) with an
E-value of < 1 x 10'1°. Homologies against NCBI nr database (downloaded 28 Mar 2023)
were identified using Diamond blastp (v2.14; [28]), requiring a minimum query coverage of
50 bp and an E-value of < 1 x 10-%. For identification of secretion systems, MacSyFinder
(v2.1; [37]) was run with default settings using both the "TXSS™ and "TFF-SF" models
(downloaded 28 Mar 2023). CAZys (Carbohydrate-Active enZYmes) were annotated using
hmmscan vs an HMM model version of the CAZy database (Carbohydrate Active Enzymes
database; [38]) and filtered using the CAZydb hmmscan-parser script (both available through
dbCANS3: https://bcb.unl.edu/dbCAN /; CAZydb v.11). High quality ipaMAGs (>90%
completeness, <10% contamination) were additionally annotated against the KEGG database
using the GhostK OALA webserver (kegg.jp/ghostkoala/; [39]) with default settings.

16S rRNA gene screening & phylogenetic placement

For subsequent phylogenetic placement, a global 16S rRNA gene reference phylogeny was
constructed using the SILVA database (v138.1 SSURef NR99). The nucleotide alignment
was randomly subsampled to 10% of the original number of taxa in the alignment (51,423
gene sequences). The alignment was then trimmed using trimAl (vX; [40]) with ‘-gt 03°, and
redundant sequences were reduced to a single representative using ‘seqkit rmdup’, resulting
in the removal of 2617 gene sequences. A phylogenetic tree was then reconstructed from the
resulting alignment using FastTree (v2.1.8; [41]), initially masking for non-homologous
regions and using the GTR model and ‘-fastest’.

All assembled contigs were screened for 16S or 18S rRNA gene-containing sections using
phyloflash (v3.4.2;[42]) with default settings. Sequences identified as containing a 16S
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rRNA gene fragment were trimmed to extract the respective rRNA section and blasted
against SILVA (v138.1 SSURef NR99) using blastn. Sequences with a top hit to either a
mitochondrial, chloroplast or eukaryotic sequence (E-value < 1 x 10-%4) were removed. 624
sequences (min 50 bp) were subsequently aligned against the modified SILVA reference
alignment using SINA (v1.7.2; [43]) with default settings. Sequences were then placed on the
previously constructed global 16S rRNA gene phylogeny using epa-ng (v0.3.8; [44]) with
default settings. Each sequence’s last common ancestor-placement was calculated using
gappa edit accumulate (v0.8.4 [45]) with a minimum likelihood weight ratio threshold of 0.9.
The phylogeny and placements were visualized in R using ggtree (v3.6.1; [46]).

Detection of symbiont-lineages 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 Atlantic [47], the Caribbean Sea [48], the
Mediterranean Sea [49] and the Indian Ocean [50, 51]; and eastern North Pacific [52, 53]
were combined and expanded with additional amplicon sequencing samples. For Monterey
Bay, a new feature table and representative sequences, combining previously published and
new samples, were generated as previously described [47]. Classification as identical to the
query required a 100% nucleotide match for the complete V1-V2 region amplified and
classified as the same lineage required >=97% nucleotide identify, and additionally requiring

a minimum 90% alignment of query and subject.

Functional profiling of recovered bacterial genomes and reference genomes

For comparison of functional capacity of high-quality genomes recovered here with reference
genomes, all genomes were annotated as follows: Proteins were predicted and annotated
using GhostK OALA 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 an E-value of < 1 x 10-?°. Additionally, tRNAs
were identified using ARAGORN (v1.2.41; [54]) with default settings. Proteins were
assigned to lipid metabolism (beta-oxidation, lipid biosynthesis and lipopolysaccharide
synthesis), nucleotide metabolism (purine biosynthesis, pyrimidine biosynthesis), respiration

(glycolysis, oxidative phosphorylation, 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 (PF00348.17), beta-carotene 15,15’
dioxygenase (PF15461.6) and lycopene cyclase (PF05834.12) with a cutoff of < 1 x 10-%0,
The number of proteins for each functional category (see columns in Fig.3A) was z-score

normalized for visualization purposes.

Data and code availability

Raw amplicon sequencing reads for the Monterey Bay environmental samples are available
in NCBI under BioProject PRINA1107937. Representative ASVs and the raw feature table
are deposited in FigShare (doi.org/10.6084/m9.figshare.25751283.v1). Raw reads for single-
cell sorts and the highest quality ipaMAG of each lineage are available via NCBI BioProject
PRINA1061664.
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Results & Discussion

To separate eukaryotic and prokaryotic assemblies found within sequenced single-cell sorts,
we initially processed all sequences from each sample together. 781 eukaryotic sorts
produced assemblies larger than 250 Kb, with an average assembly size of 10.55+10.90 Mb
and a cumulative size of 8235.883 Gb. 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 upper photic zone
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 protists (23 cells).

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 had 15-1000 cells each that were then
sequenced as a whole, resulting in “targeted” metagenomes. The latter had an average
assembly size of 141+122.56 Mb. Based on (partial or complete) 18S rRNA gene sequences
recovered from 510 SAGs (65%), the dataset comprises eukaryotes from seven supergroups
[55]. The location and / or timing of the sampling rendered many choanoflagellate sorts
(n=327, where n represents the number of sorts with 18S rRNA gene fragments >300 bp) and
these were almost entirely represented by a single species (B. minor). Other well-represented
lineages include dinoflagellates (n=61), stramenopiles (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 from non-organellar sources, indicated that the
detected bacteria primarily consisted of members of the Alpha- and Gammaproteobacteria,
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 underlying the 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 organelle-derived DNA differs in GC-content, 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 host DNA
based on GC-content, assembly quality (with prokaryotic DNA assembling better than

eukaryotic DNA in mixed samples) and the presence of bacterial single-copy marker genes.
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Figure 1: Bacterial lineages found in co-association with marine protists. Maximum likelihood
reconstruction of SILVA138.1-based 16S rRNA gene phylogeny under the GTR model with 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 likelihood-weight 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
single-cell genomics by the usage of MDA, relying on an enzyme that amplifies DNA before
sequencing. This led to the identification of 232 putative prokaryotic DNA clusters that we
separated from the eukaryotic DNA present in the assembly. One-hundred-fifty-eight of
these, recovered from 100 distinct sorts, were of sufficient quality to estimate genome
completeness and contamination. Out of a total these 158 ipaMAGs, 69 were categorized as

prokaryotic assemblies of medium or high quality (according to [31]; min. 50%
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completeness, max. 10% contamination), and kept for downstream analysis (Figure 2). These
ipaMAGs represented 13 distinct bacterial orders and averaged 2.13+1.31 Mb in genome
size. The majority (90%) were classified as either Alpha- or Gammaproteobacteria,

Bacteroidota, Planctomycetota, or Verrucomicrobiota (Figure 2A).
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Figure 2: Uncultivated bacteria living in physical co-association 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 alignment of 120 proteins encoded by single copy universal genes with 5036
positions in the final masked alignment and any recovered ipaMAG with estimated completion >50% and
contamination <10% was included. Branches are labelled (with corresponding color coding) based on GTDB
taxonomy. (B) the total number of ipaMAGs recovered 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 genome-based 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 resulting taxonomy aligned
with the main lineages observed in 16S rRNA gene-based phylogenetic placement of the
protist-associated bacterial lineages (Figure 2). This suggests that our method of genome
assembly and manual ipaMAG recovery is not biased against certain lineages, since
ipaMAGs from all major clades present in the 16S rRNA gene placement were represented
by genomes herein as well. Across all recovered ipaMAGs, high quality genomes were
assembled for ten lineages, representing three Bacteroidota, two Verrucomicrobiota, one
Planctomycetota and two Gamma- and Alphaproteobacteria clades, respectively (Table 1).
On average, these HQ ipaMAGs were 2.0+1.1 Mb in size, comparable to the size of an
average MAG from publicly available (marine and cross-ecosystem) datasets. 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 of multiple clonal cells of the
prokaryotes recovered being associated with the single sorted eukaryotic cell. This would
increase the availability of identical genomic DNA fragments for sequencing, greatly
increasing assembly quality compared to the single prokaryotic cells sorted during previous
efforts [56]. Additionally, those efforts didn’t comprise manual curation of assemblies or
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 prey-breakdown process. Their taxonomy further suggests that they are not among

the more abundant known prey of predatory protists [18].

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 recovered. Clades 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 protists, the design 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 of information 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 free-living cells, it can take place in a larger context of reduction in
cell size and complexity as a Darwinian strategy for success in nutrient-limited environments
[57]. In symbionts, especially those with intracellular lifestyles, genome size reduces as a
consequence of random 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 instead [52]. The stable host
environment essentially provides the opportunity to ‘lose’ functions that are redundant with
their host organism without facing selective pressures against this loss, i.e., relaxed selection
[58]. Smaller genome size is often in line with a reduction in GC-content, driven by less non-
coding, GC-rich regions in these genomes [59], energetic efficiency of low-GC replication
and maintenance [57, 60], accumulation of AT-mutations as a consequence of higher
mutation rates observed in intracellular symbionts [61], and a series of other factors shaping

smaller genomes through similar evolutionary drivers.
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Figure 3: Comparison of ipaMAG size with previously published data. (A) Comparison of average size of
MAG or SAG assembly size between the Global Earth Microbiome (global cross-ecosystem synteny dataset)
[62], TARA Oceans MAGs [63] and TARA Oceans SAGs [56] and ipaMAGs assembled herein. Asterisks

indicate p-values obtained through pairwise t-tests with Bonferroni correction (*** = p<0.0001).

Estimated genome size of ipaMAGs, their GC-content, and broad scale taxonomy was
consistent with general trends reported for cultivated reference symbionts and free-living
bacteria that have been genome sequenced [57, 59] (Figure 5). Specifically, the
alphaproteobacterial and gammaproteobacterial ipaMAGs had significantly (p<0.001) smaller
average estimated genome sizes (1.7+£0.4 Mb and 2.1+1.4 Mb, respectively) than the
Verrucomicrobiota (3.5£0.7 Mb) and Planctomycetota (6.2+1.9 Mb) recovered herein.
Similarly, the GC-content of Alphaproteobacteria (36.1+0.7%) and Gammaproteobacteria
(42.7+4.5%) was lower than that of Verrucomicrobiota (49.3+1.6%) or Planctomycetota
(49.5+1.8%). Not strictly following the correlation between genome size and GC-content, the
Bacteroidota had an average genome size of 2.8+0.7 Mb while having an average GC-content
similar to that of Alphaproteobacteria, although with more variability (36.2+4.9%). Genome
streamlining as a consequence of an intracellular lifestyle is not the only driver of GC-content
in bacteria, with other selective pressures like resource competition, acting for example on
Bacteroidota as members of the phycosphere, affecting the same genomic signatures,
explaining the range of genome size for low-GC% lineages observed in microbial

communities [57].
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Figure 4: Eukaryotic host association of prokaryotic lineages with high quality ipaMAGs. Co-association
between eukaryotic and prokaryotic organisms in sequenced single cell sorts. Coloured circles indicate that both
the eukaryote lineage as well as the associated prokaryotic microbe were detected in the same single cell sort,

based on the detection of either an ipaMAG or (partial or complete) 16S rRNA gene sequence.

For ipaMAGs with smaller genomes, we observed a decrease in the variability of the
eukaryotic lineage the prokaryotes were associated with. Those with the smallest genomes
were identified as possibly representing obligate and/or intracellular symbionts that have
specialized for a distinct host lineage (Figure 4). Four symbiont lineages identified within this
study with high-quality ipaMAGs phylogenetically placed within Alpha- or
Gammaproteobacteria showed specificity in their association with only one protist, indicating
a more specialized lifestyle than the Planctomycetota, Bacteroidota and VVerrucomicrobiota
detected herein. This was additionally supported by the detection of complete type IV
secretion systems within all Alpha- and Gammaproteobacteria lineages of high quality
(Figure 4), indicative of a host-associated, 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 symbiont-host associations.
The functional analyses allow development and testing of specific hypotheses regarding the
lifestyles of the taxa represented by the ipaMAGs. Physically co-association might arise from
intracellular symbiosis, either mutualistic or pathogenic, or 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. Subsequently, bacteria associated
to the phycosphere of various eukaryotic phytoplankton lineages relying on the increased
availability of DOM in that microenvironment should encode more CAZY's (enzymes to
modify and break down carbohydrates, a major component of DOM), than pathogens
putatively living within a eukaryotic host. If cells not physically attached are not co-sorted, as

previously hypothesized [7], then extracellularly associated bacteria must encode structures
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enabling to attach to the surface of the respective eukaryote. Collectively, 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.

ipaMAGs with a larger genomic repertoire and free-living capacity, including all
Planctomycetes, Bacteroidota and VVerrucomicrobiota 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 a photosynthesis-pigment signal were generally more complex than the ipaMAGs
associated with putative heterotrophic protists. As opposed to heterotrophy-targeted
eukaryotic SAGs, where recovery of more than one associated prokaryote genome was
uncommon (15.5% of sorts with at least 1 prokaryotic bin), 3.81 ipaMAGs were found

associated with photosynthetic protist SAGs on average.

Bacteroidota, VVerrucomicrobiota and Planctomycetota as members of the phycosphere

Bacteroidota, especially members of the Flavobacteriaceae family are commonly found to
interact with diatoms on a global scale, based on co-occurrence analysis [20], and this
interaction is among the earliest observed between bacteria and phytoplankton [64]. Apart
from nitrogen-fixing cyanobacteria symbionts [65], described interactions between diatoms
and bacteria commonly comprise members of the Rhodobacteraceae, Bacteroidota and
Gammaproteobacteria [7, 66]. These interactions, however, are generally not well
characterized and based on either co-culturing experiments or correlation analysis of
amplicon or genomics & transcriptomics sequencing data [7, 13, 20]. This model-system
centred view has shaped our general concept of the phycosphere and its best-characterized
members consisting of Alteromonadaceae (Gammaproteobacteria), Flavobacteriaceae and
Rhodobacteraceae, with no members of the Verrucomicrobiota or Planctomycetes being
discussed as central components [67]. Herein, we didn’t detect any Alteromonadaceae
ipaMAGs in any phytoplankton sort, and only recovered two Rhodobacteraceae ipaMAGs
from the genus Amylibacter, which was originally isolated from the surface of the green algae
Ulva fenestrata [68], suggesting an 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 members of Alteromonadaceae doesn’t rule them out as
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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 within phytoplankton
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 phytoplankton [74] and have been seen to attach to their surface [71, 75],
which is in-line 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 growth-rate compared 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 facilitating these functions are unknown [76, 77]. Verrucomicrobiota, like the
Planctomycetota, are not part of the classical members of the phycosphere [67], although they
are known to possess a diverse catalogue of polysaccharide-degrading enzymes to utilize
carbohydrates produced by phytoplankton [78]. Although this suggests an association with
the phycosphere, Verrucomicrobiota are not generally found in association with

phytoplankton in molecular surveys of phycosphere-composition [79, 80].
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Figure 6: Functional comparison of ipaMAG lineages with reference genomes representing diverse
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underlined represent ipaMAGs recovered 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 genomes from well understood cultivated bacteria with known lifestyles.
These revealed a clear separation in terms of encoded functionality and metabolic pathway
reduction between members of different lineages. ipaMAGs from Bacteroidota,
Verrucomicrobiota and Planctomycetota clustered with reference genomes with free-living
(e.g. Prochlorococcus [22]) or particle-attached lifestyles (e.g. Rhodopirellula [81]) (Figure
6), but also including lineages of pathogens with extensive free-living capacities, like Vibrio

and Legionella [82, 83]. This clustering was driven by similarity in the completeness of
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amino acid, lipid and other core metabolisms. ipaMAGs classified as Gamma- or
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 lifestyle (Ca. Chromulinavorax destructans [84]) as well as
representatives with a more mutualistic symbiont-host relationship (e.g. Buchnera [85]). This
clustering according to their lifestyle was preserved even for genomes from the same lineage,
with the Bacteroidota obligate intracellular symbiont Ca. Amoebophilus asiaticus [86]
clustering with other symbionts and not with marine Bacteroidota often found in connection
to phytoplankton blooms [87]. ipaMAGs from sorts representing eukaryotic phytoplankton
were larger on average than those from their heterotrophic counterparts (4.08+1.92 Mb vs

2.85+2.76 Mb estimated genome size for medium or high-quality genomes).

Carbohydrate-Active EnZyme diversity within phycosphere-bacteria.

A category that exhibited major Carbohydrate-Active EnZymes (CAZys), diverse families of
enzymes that are generally related to the modification, synthesis, and degradation of
carbohydrates or carbohydrate-modified molecules [38]. Carbohydrates are one of the major
components of marine DOM, often exudated by phytoplankton during photosynthesis or
during cell death. Additionally, glycosyl-groups are often added to lipids or proteins as
posttranslational modifications, e.g., to protect those against degradation by other entities,
impacting pathogen survival and virulence resistance [88, 89]. Carbohydrates are utilized by
heterotrophic bacteria as a major carbon and energy source [90]. ipaMAGs from sorts
representing eukaryotic phytoplankton encoded statistically significantly more total CAZys
(Figure 7A; p < 0.0001), more distinct families of CAZys (Figure 7B; p < 0.0001) and more
CAZys when normalized via Mb (Figure 7C) or via genome completeness (Figure 7C; p <
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. Related ipaMAGs
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, sometimes up to 44copies (ipaMAG-
0027-1, 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 or non-saccharide acceptor [91]. GT2 and GT4 are
large enzyme families, including various characterized enzymes, including cellulose & chitin
synthases [38], but their members are polyspecific, with large variability in their substrates
and functions, making homology-based 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 GT4-family GTs comprise more than 50% of the
known marine GTs [92]. In line with the unspecific GTs, all lineages encode various copies
of the carbohydrate esterase (CE) families CE1 and CE4. CEL1 is among the biggest and most
diverse CE families, with a large variety of substrates, and CE4, similarly, catalyses de-

acylation of various polysaccharides, [38].
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Figure 7: CAZys in bacteria based on the associated eukaryote. Comparisons of CAZys within bacterial
SAGs recovered from assembled population and single-cell sorts, annotated based on through dbCAN3
(https://bcb.unl.edu/dbCAN /; CAZy db v.11). Bacterial assemblies were compared based on (A) the total
number of CAZYs within a SAG, (B) the number of different CAZy families, (C) the number of CAZys per Mb
of assembly, and (D) normalized by the completeness of the bacterial assembly. Significance (tested through
pairwise t-tests) is indicated by asterisks (* p < 0.01; ** p < 0.001; *** p < 0.0001).
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We also identified various families of carbohydrate-binding 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, is linked to a
range of CAZys, most commonly glycoside hydrolases (GHs) and lyases that are associated
with plant cell-wall degradation, but it’s specific binding properties remain unknown [93].
Throughout all lineages, we also observed the common CBMs CBM50, with binds 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 case [94].

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
phytoplankton-associated genomes described herein that give insights into their potentially
pathogenic lifestyle. Generally, the phycosphere surrounding marine phytoplankton, e.qg.,
diatoms, has generally been considered a place of mutualistically beneficial symbiosis with
the phytoplankton exuding excess DOM that is utilized by heterotrophic bacteria, which in
turn provide essential nutrients and cofactors for the phytoplankton [7]. However, the
extracellular proteome of diatoms also includes mucin-like proteins [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 surface [96].
This mucin proteins remain understudied in phytoplankton, but if diatom mucins prevent the
attachment of pathogenic bacteria, this group of proteins could present an important defence
mechanism for the phytoplankton cell [97].

The Verrucomicrobiota and Planctomycetota ipaMAGs, but also some Bacteroidota
(CAJQQYO01 and g__MedPE-SWsnd-G2), encode the CAZy family CE20 (Figure 8B),
putatively functioning as a sialate O-acetylesterase. 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 glycoproteins [98]. Sialic
acid residues in mucin glycans for example protect the mucin glycan structure from
degradation [99]. Bacteroidota present in the human gut also produce sialidases, which can
promote the expansion of potential pathogens like Salmonella and Escherichia coli, who do
not encode sialidases themselves [100]. Terminal sialic acid, to protect it from exosialidase
(GH33) activity, is often additionally modified with O-acetyl esters [100]. However, in turn,
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sialate O-acetylesterases (CE20) can remove these O-acetyl 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 become exposed to further
degradation through various GHs [38]. We observed both C20 and G33 within all three

lineages, but especially frequently in Planctomycetota and Verrucomicrobiota.
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numbers per family.

CEZ20 has also been implicated in the breakdown of cell wall xyloglucan by pathogens of
vascular plants [101]. This is complemented by our detection of the family GH74 herein,
which is a highly specific family of xyloglucanases [102], setting it apart from various poly-
specific GH families [38]. Both CE20 and GH74 have been implicated in a pathway
connected to the breakdown of xyloglucan in plants, where it acts as a barrier against
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pathogens, again, through high amounts of substitutions to complicate their breakdown [101].
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 ipaMAG-0028-7 and observed a proximity (spanning 12
proteins) between CE20, GH74 and GH33 in ipaMAG-0027-4. The parallels in key
enzymatic repertoire observed here compared to that of bacteria implicated in the breakdown
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 strategy of complex 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 same family could 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 modifications on a glycoprotein, making it accessible for follow-up
utilization. Given that we always observed multiple bacteria associated with a single
phytoplankton cell, the cumulative functional repertoire in their carbohydrate-utilizing
enzymes could expand across species, with multiple lineages collaborating in this breakdown

of complex cell-wall molecules.
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Figure 9: presence (black circle) and absence (white circle) of genomic systems associated with motility
and cell-attachment. All lineages with genomes of medium or high-quality 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 or type IVB
secretion system (Figure 4), characteristic to bacteria with symbiotic or pathogenic
associations with specific protists [104, 105].We did not detect any signatures of type IlI
secretion systems, which have previously been implicated in injecting effector proteins into
the eukaryotic host cell to module late host response to bacterial attachment [106].

Multiple ipaMAG-lineages from the Bacteroidota carried a type 1X secretion system
(Figure 9) (T9SS), which is exclusive to 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 mechanisms [109], leading to its
characterization as a molecular weapon against host cells. In environmental bacteria, mainly

characterized isolates from soil ecosystems, T9SS genes are essential for gliding motility and
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secretion of chitinase and cellulase [110]. This suggests a similar function for these marine
Bacteroidota lineages with a similar lifestyle, with the T9SS likely being 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 in the Rubripirellula (Figure 9). Both
lineages, and two out of three Verrucomicobiota lineages also included a type 4 pilus,
dynamic fibers with extensive functional diversity spanning virulence and protein secretion
as well as biofilm formation, aggregation, surface sensing and motility [111]. ipaMAG-0491-
2 (Rubripirellula, Planctomycetota) encoded a Tad pilus system, a subtype of the type IV
pilus (T4P) nanomachine [111, 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 them [113]. 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 diversity [112]. Tad systems are
prevalent in pathogens and commensal symbionts of mammals and plants, and Tad has been
implicated in host-pathogen interactions and pathogenesis [114, 115]. Characterized Tad
systems, among others, play an essential role in surface attachment and aggregation in
Aggregatibacter actinomycetemcomitans [116], guide surface sensing and attachment in
Caulobacter crescentus [117], allows twitching motility in Liberibacter crescens [118],
enable Bifidobacterium breve adherence to epithelia [119], and trigger contact-dependent
killing of prey cells in Myxococcus xanthus [120]. Although the wide array of functionality of
the Tad pilus does not allow a definite prediction of its exact function in ipaMAG-0491-2
(Rubripirellula), its predominant role in attachment to various surfaces suggests that it
enables Rubripirellula to 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 hosts [13].

Interestingly, we do not see various lineages of bacteria regularly associated with the
phycosphere in the literature, for example Gammaproteobacteria groups Oceanospirillales or
Altermononadaceae [67, 121]. Both lineages are usually omnipresent in the surface ocean but
it’s theoretically possible that phycosphere-associated representatives were not present and
associated with the phytoplankton cells at the time of sorting. Alternatively, and arguably
more likely, these lineages represent phycosphere-associated bacteria that do not physically

attach to the eukaryotic phytoplankton and are therefore not co-sorted 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 bacteria [67].

Cumulatively, we observed systems associated with motility, surface attachment and
sometimes virulence in eight out of 13 lineages analysed, but due to some lineages not having
complete ipaMAGs, systems could have been missed in those lineages. Generally, mobility
provides an advantage to cells that desire to find the phycosphere of a phytoplankton cell
quicker, because it greatly increases the encounter rate with such a microenvironment [67].
This encounter rate can be boosted further with the ability for chemotaxis (here observed only
in the Rubripirellula) which provides the ability to ‘sense’ gradients in DOM, allowing the
cell to use them as a “‘map’ towards the phycosphere more directly, instead of moving
uncoordinated and with no direction [67, 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 cell [123, 124], a mechanism observed in the Roseobacter group
(Alteromonadaceae) associated with the diatom Asterionellopsis glacialis [125]. However, a
flagellar machinery or chemotaxis require extensive genomic and energy resources, leading
to a trade-off between the benefits of finding and getting to the phycosphere faster vs
spending a lot of resources in doing so [67]. 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 energy-efficient way as an alternative evolutionary trajectory.

Global distribution and particle-attachment of bacteria associated with marine protists

Comparisons of 16S rRNA gene sequences from the ten high-quality ipaMAG lineages with
size-fractioned sequences showed that they are rarely observed in the free-living size fraction
(0.2-1.2pm), but all, although some are rare, were observed in the particle-attached (>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 time in the free-living 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, potentially explaining why we don’t see flagella and chemotaxis systems

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 like Prochlorococcus, as 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 bacteria. Relative abundance (95% ID cutoff to query
sequence) was only visualised for values above 0 for a total of 432 samples as in Comstock et al. [126].
Boxplots for lineage and size-fractions were only shown when the lineage was observed in at least three
samples.

To verify that the protist-associated lineages we recovered herein were not endemic to
Monterey Bay, where most of the sorting took place, we surveyed a series of in-depth
amplicon studies covering multiple ocean basins. All lineages showed global distribution
patterns spanning coastal and open ocean ecosystems (Figure 11). This indicates that these
lineages generally do not represent endemic lineages from within Monterey Bay, where most
of them were recovered, or a specific niece of marine ecosystems, but instead 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 from ten high-quality ipaMAG 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 ranging from 2009 to 2019. Presence
of ten bacterial lineages physically co-associated with protists across sites determined by detection of amplicons
within subtropical and tropical oceans. Data is shown only to taxa for which high-quality ipaMAGs were

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 heterotrophic protists and 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 abundance in 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 symbionts of heterotrophic 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 the exact role of various
players within the phycosphere and the almost complete lack of any microbiome of
heterotrophic protists, asking for more culture-independent, high-resolution work on
interactions between protists and bacteria.

Our current insights into the dynamics and interactions between the phytoplankton “host”
cell and its associated bacteria within the phycosphere are derived from culture-based studies
[7]. The concept of the phycosphere as a place of widespread mutualistic co-association is
driven by the benefits of co-culturing of phytoplankton with bacteria frequently observed in
the laboratory [127, 128]. Although certainly true to some degree, this raises the question if
this understanding of phycosphere as beneficial might be affected by a co-culture-driven 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 access to micronutrients in return for exuded DOM, this is contradicted by the
widespread competition of marine bacteria and phytoplankton for inorganic nutrients [67].
The existence of marine bacteria with algicidal activity is well established although they have
not been discussed in the context of the phycosphere historically, but more generally in their
role in terminating algal blooms [129, 130], a separation that has been overcome only
recently [130]. This poses the question if bacteria in the phycosphere solely 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 algal cell [129], potentially
damaging, or even killing it in the process? We still lack extensive insights into these bacteria
and how widespread this bacterial lifestyle is, but two Bacteroidota (Kordia algicida) [131]
and Croceibacter atlanticus [132] 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 the observation that algicidal bacteria can act beneficial members of the
phycosphere of one and pathogenic when associated with their non-native host [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 extensive biochemical
machinery that can utilize components beyond exudated DOM. This includes members of the

Bacteroidota, a group that comprises classical model systems of algicidal bacteria like Kordia
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algicida, but also Verrucomicrobiota and Planctomycetota lineages, both of which are
generally not considered classical groups of algicidal bacteria. Focusing on the CAZys
encoded by 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 lineages recovered. These lineages could also encode functions beneficial to their
associated phytoplankton, and their potential algicidal activity could be restricted to specific
hosts or environmental conditions. It 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 continuous cell-
wall repair by the phytoplankton 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 lack thereof) 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 predator-prey relationships are poorly known, although much of eukaryotic
evolution is revolves around entanglements between unicellular phagotrophs and prokaryotes.
Here, using single cell sorting in the wild, we reveal three lineages of uncultivated symbionts
associated with uncultivated predators in the ocean, and 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 alphaproteobacterial Simplirickettsiaceae and Gamibacteraceae
are found throughout low and mid-latitude oceans and reside within choanoflagellates and
MAST lineages, dominant consumers of the most abundant phytoplankton and other
microbes. The symbionts association with 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 groups of metazoan pathogens, including causative agents of disease in human, and
specialized adaptations in the host environment. All four choanoflagellate and MAST-3
associated lineages possess complete Type IV secretion systems, however their manner of
symbioses 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 to Legionella pneumonia. The Simplirickettsiaceae showed
extensive reduction to a genome size <1 MB, with a loss of key parts of metabolism,
including lysine biosynthesis, ribosomal proteins, and tRNA modification enzymes,
suggesting an obligate symbiosis with their choanoflagellate hosts. Our results 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 expose complexities 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 symbiont-host 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 observed within 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 biosphere [1]. 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 the microbial loop [2], but also include the photosynthetic cyanobacteria and
diverse symbionts of protists and multicellular organisms alike [1]. Over evolutionary time,
physical interactions between such phagotrophic protists and prokaryotes have had profound
influences on eukaryotic life as we know it, including endosymbiosis events and the
establishment of organelles. Indeed, protist-bacterial symbioses underpinned the rise of the
algal progenitor of land plants and its capacity for photosynthesis [3, 4] and a plethora of
mutualistic symbioses exist between modern day photosynthetic protists and bacteria [5, 6].

The impact of symbiotic bacteria on their eukaryotic hosts ranges from neutral to
mutualistic or pathogenic [7], oftentimes varying depending on the host encountered. In
metazoans, mutualistic symbionts of ticks provide essential nutrition to complement a blood
diet, but cause disease upon entering mammalian hosts [8]. Manifestation of tick-borne
bacterial diseases have so many similarities that they were thought to come from single type
of bacterium, until the discovery that these pathogens actually represent evolutionarily distant
lineages, specifically Alphaproteobacteria and Gammaproteobacteria [9-11]. Microbiomes of
metazoans have now been extensively characterized and encapsulate interactions of profound
consequence, leading to health or even death [12].

In contrast, while the diversity and feeding activities of key surface ocean phagotrophic
protists have long been examined, their microbiomes are unknown and difficult to
conceptualize given the small cell sizes of some taxa [13]. 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 and co-associates, as well as recalcitrance to
culturing, the elimination of particular interactions upon culturing, and the inability of most
molecular methodologies, such as metagenomics, to capture intact interactions [1]. An
aquaria-based study recently exposed symbioses between two alphaproteobacterial lineages
and marine diplonemids [14], 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 protists that are the

closest living unicellular relative of animals [3]. There are multiple other bacterial lineages,
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characterized only by environmental metagenome assembled genomes (MAGS), that are
proposed to have host-dependent lifestyles due to reduced genomes, but for which a true
connection to hosts is not known. Prominent examples are the candidate phylum
Omnitrophota, ultrasmall bacteria (~0.2 um) based on size fractioned data, that are found in
soils and aquatic environments, and the alphaproteobacterial family Gamibacteraceae [16,
17]. Both have complete central metabolism, but reduced genomes and lack a known host.
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
carbon cycle.

Symbioses open new ecological opportunities that have shaped the diversification of life
[18-20] and continue to reveal new aspects of ocean biogeochemical cycling [5]. Bridging
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 predator-prey dynamics, to other
interactions, such as the impact of viruses and co-associations with bacteria. 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 on Alphaproteobacteria and Gammaproteobacteria
individual protist-associated metagenome assembled genomes (ipaMAGS) recovered in
association with heterotrophic protists. For details on sampling, sequencing, and genome

recovery, refer to the materials &methods section in chapter 2.

Completeness and contamination refinement of high quality ipaMAG-0934
CheckM predicted two missing marker genes (PF01702, PF01259) and the duplication of two
marker genes (PF00691, PF00152) for ipaMAG-0934, leading to a completeness estimate of

99.05% and 0.71% predicted contamination. Manual follow-up analysis confirmed that one
of the duplicates of PF00152 (tRNA synthetases class I1) was a horizontal gene transfer event
of a transposase into a long contig (466 Kb), not representing contamination. PFO0691
(OmpA) represents an intra-genome duplication event of a gene also found duplicated 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 ipaMAG-0934 assembly. The absence of both
PF01702 (Queuine tRNA-ribosyltransferase) and PF01259 (SAICAR synthetase,
phosphoribosylaminoimidazole-succinocarboxamide synthase) is a feature of the novel
family represented by ipaMAG -0934 (see below, Figure 8). The absence of this marker gene
is also seen in the other members of this family discussed herein but is generally well
conserved in Rickettsiales otherwise. This confirms that 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 that ipaMAG-0934, based on marker gene analysis is a complete genome

assembly that contains no contamination.

16S rRNA gene phylogenies

Specialized reconstructions were performed for the Rickettsiales and classical 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 ipaMAG-0156 and ipaMAG-0636, two high quality ipaMAGs classified as
Gammaproteobacteria related to the Coxiellales based on GTDB, against NCBI nr.
Sequences were considered for the 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

queried 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 taxa using checkM ‘ssu-finder’ as described above. When encoding multiple
16S rRNA gene sequences, the longest sequence was considered for the alignment. Details 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 publications [17, 22]. 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 ipaMAG-0934 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 over-alignment and 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 using 1Q-TREE (v.1.5.4; [26]) with ultra-fast bootstrap (-b
1000) and optimized substitution models (Rickettsiales: GTR+F+I1+R5;
Gammaproteobacteria: GTR+F+R9) based on ModelFinder’s [27] bayesian information
criterion. Information on host-lineage 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 recovered from assemblies. Phylogenetic trees
and accessory data were visualized using ggplot2 (v3.4.2; [28]) 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 nr (E-value < 1 x 10-19). 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 ipaMAG-0636 Bax1
protein sequences as a query against NCBI nr (E-value < 1 x 10%%). Following the same
approach, aminoglycoside phosphotransferase family protein (APH_6_hur) reconstruction
was based on NF016533.0 and uridine diphosphate-N-acetylglucosamine-binding protein
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YvcK on TIGR01826.1 as well as the respective blastp hits for ipaMAG-0156 query proteins.
Sequences from NCBI protein family models were clustered at 80% sequence identity using
CD-HIT (v4.8.1; [30]) with ‘-aL 0.80 -aS 0.5’ settings before combining with protein blast
results. Sequences were aligned using MAFFT with default settings followed by trimming
using trimAl with ‘-gt 0.3”. The phylogenetic reconstruction was performed using FastTree
(v2.1.11; [31]), with ‘-lg -cat 3 -gamma’ settings based on 2452 sequences with 271 positions
(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 information (downloaded 10 Feb
2023).

Phylogenomics

Phylogenomic reconstructions of Gammaproteobacteria and Rickettsiales are based on
orthologs datasets build for Legionellales (taxID: 118969) and Rickettsiales (taxID: 766) by
eggNOG (v5.0; [32]). For Rickettsiales, initial taxon sample was based on [17, 22], with
other genomes included to capture six additional families, specifically, Arcanobacteraceae,
UBA6177, 33-17, JADKJEO1, CAIJLX01 and JABSSGO1 (renamed herein
Simplirickettsiaceae fam. nov.) as well as ipaMAG-0934, ipaMAG-0047 and ipaMAG-0929
recovered herein. Gammaproteobacteria taxon sampling was based on Needham et al. 2022
[21] with the addition of representatives from each genus of Coxiellales classified by GTDB,
and all high-quality representatives of the uncultured M30B25 (named herein Protistiellales
ord. nov.), PIVX01, UBA1113, UBA9339, UBA6002, UBA12402, and CAISUEOQL1 lineages,
and ipaMAG-0156, ipaMAG-0789 and ipaMAG-0636 generated herein. Orthologs were
identified using hmmscan (E-value < 1 x

10-29) against the prebuilt eggNOG hmm database for the respective lineage to identify
proteins with single-copy orthologs (SCOs) in >94% of the protein catalogs from the two
custom genome collections, resulting in 90 gammaproteobacterial SCOs and 88 Rickettsiales
SCOs that were considered further. Highly discordant SCOs were removed by performing
single protein reconstructions using 1Q-TREE (v2.2.6; options: -B 1000 -bnni -m MFP) and
alignments generated in MAFFT E-INS-i (v7.520; --auto; [23]) that had been trimmed via
trimAl with the —gappyout option (v1.4.rev15; [25]). For each resulting tree bipartition counts
were generated using ‘tre_make_splits.pl’ using IQ-TREE bootstrapping output in scripts

obtained from ‘github.com/novigit/broCode’, followed by an all-vs-all pairwise computation
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of discordance using ‘tre_discordance two.pl’. The 10% most discordant SCOs based on
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 example Ca. Arcanobacter lacustris (GCA_000970895.1), represented by a SAG that was
41% complete and lacked 36 of the 79 markers. This left a single representative of the
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, non-homologous sites were masked for each SCO by pre-alignment of
sequences using prequal (v1.02; [33, 34]), aligned using MAFFT E-INS-i. SCO alignments
where then trimmed and ‘divvied’ using Divvier (v1.01; [34]) removing columns with more
than 60% gaps and additionally filtering with ‘-partial’. Separate SCO alignments were
concatenated using ‘catfasta2phyml.pl —concatenate’ (github.com/nylander/catfasta2phyml).
The untreated concatenated alignment was further trimmed to remove compositionally
heterogenous sites using ‘alignment_pruner.pl
--chi2_prune f0.01’, to filter out the top 1% most heterogenous sites iteratively as established
in [35] with 67 (Rickettsiales) and 65 (classical Legionellales) repetitions respectively, until
no taxa were deviating significantly in a y?-test conducted after each iteration. Maximum
likelihood phylogenies were reconstructed using 1Q-TREE with 1000 ultra-fast bootstrap
iterations under the Q.yeast+R6 (Rickettsiales) and LG+1+R7 (classical Legionellales) model
as selected by ModelFinder [27] 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 within the classical Legionellales displayed signs of genome reduction, we
investigated the lineage-specific loss of single copy marker genes 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 phylogenomic reconstruction
using checkM’s lineage workflow, as described above. This revealed 19 SCMGs missing in
all Comchoanobacterales, 13 in Protistiellales, and 11 in the Marinicoxiellaceae, which were
subsequently not considered in manually corrected estimates of genome completeness.

To investigate the effect of Ca. A. lacustris on the tree topology and statistical support of
the branch structure, we constructed an additional alignment and phylogeny including Ca. A.

lacustris with the same 79 SCO marker set, despite the large portion of missing positions
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(Figure S1). Additionally, we created an alignment and phylogenetic tree considering only
the 43 SCOs present in Ca. A. lacustris (Figure S2). To investigate potential long-branch
attraction between ipaMAG-0156 and the MAG JAJRRO1 (GCA 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 Coxiellales (Figure 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 were generated
using OrthoFinder (v2.5.5; [36]) with the ‘msa’ gene tree inference method utilizing ‘mafft’,
‘diamond’ as the sequence search program and ‘iqtree’ for tree inference. Presence-absence
patterns detected through analysis of orthogroups was confirmed against all genomes
considered in the phylogenomics through diamond blastp searches (E-value 1 x 10-%°) using

the OrthoFinder orthogroup sequences as queries.

Data availability

Raw reads for single-cell sorts and the highest quality ipaMAG of each lineage are available
via NCBI BioProject PRINA1061664. Full and trimmed alignments for phylogenetic trees of
Alphaproteobacteria and Gammaproteobacteria, as well as all recovered bins are available
through FigShare (doi.org/10.6084/m9.figshare.25751283.v1). This Whole Genome Shotgun
project has been deposited at DDBJ/ENA/GenBank under the accessions JBDOIT000000000,
JBDOIU000000000, JBDOIV000000000, JBDOIWO000000000. The versions described in

this paper are version 1.
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Results & Discussion

Discovery of globally distributed uncultivated marine bacterial lineages co-associated with

predatory protists.

To gain insights into potential cell-to-cell interactions between key open ocean predatory
protists and bacteria we captured individual cells of wild choanoflagellates and MAST-3.
Both are consumers of bacteria and phytoplankton, feeding actively on Prochlorococcus, the
most abundant photosynthetic organism in the oceans [37, 38]. Choanoflagellates belong to
the Opisthokonta ‘supergroup’ which also includes metazoans, while MAST-3 belong to the
Stramenopila. Using single-cell sorting and subsequent whole genome sequencing, we
characterized microbes that were physically co-associated with these important predatory
protists, circumventing culturing biases or disruption of in situ cell-to-cell interactions.

Four bacterial lineages emerged that were each represented by a high quality ipaMAG
(90-100% complete, 0.0-0.6% contamination), two Alphaproteobacteria and two
Gammaproteobacteria, with two additional ipaMAGs (ipaMAG-0047, ipaMAG-0789)
representing close 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 (SAGs) are usually highly incomplete [21, 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 ipaMAGs from Alphaproteobacteria and Gammaproteobacteria,
recovered from B.minor (Choanoflagellata) or MAST-3 SAGs. Clades marked (*) represent uncharacterized

lineages that have been named herein.

Phylogenetic analysis of ipaMAG 16S 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). ipaMAG-0929 and ipaMAG-0047 both branched together with marine
representatives of the Gamibacteraceae, together with additional 16S rRNA sequences from
lower-quality assemblies recovered from additional choanoflagellate single-cell sorts.
ipaMA-0934 formed a deep branch forming a sister-clade to the Rickettsiaceae. The others
fell within what has traditionally been termed the (gammaproteobacterial) Legionellales
(ipaMAG-0636, ipaMAG-0156, Figure 2). A fifth group recovered in co-association with
choanoflagellates belonged to the recently described Comchoanobacterales [21] (Figure 2)
and was not further analysed herein. We also recovered two full-length 16S rRNA gene
sequences (B. minor sort_0716 & sort_0016) related to ipaMAG-0636 (ipaMAG-0789 did
not contain a 16S rRNA), suggesting 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 for sort_0716. All four of the novel protist-associated groups had genomes
sizes <2 Mb and tended towards AT-richness (low %GC, Table 1), compositional features
typical of eukaryotic endosymbiotic bacteria [40]. IpaMAG-0934 was just 966 Kb,
comparable to well characterized Rickettsiales endosymbionts with among the smallest
bacterial genomes known, such as Wolbachia (864 Kb) [41] and Neorickettsia (859 Kb) [42].
These features pointed to possible symbiosis between the uncultivated bacterial lineages

having symbiotic relationships with the unicellular predators sorted in the wild.

Reflections of novel marine bacterial-predatory protist co-associates 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 insects (e.g.,[43]), or protistan model systems, like the ciliate
Paramecium [44]. Comparisons often center around related pathogens like Coxiella or
Legionella [45, 46], with a few notable recent exceptions [14, 17, 22, 47]. Closely related
environmental clades are typically excluded, many of which are not represented by high
quality genome assembly or lack the contextual information (such as whether they are host

associated) that is crucial for understanding co-evolution 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 Castelli [22] and Schon [17]. Additional
sequences were recovered based on blastp searches of ipaMAG 16S-rRNA gene sequences against NCBI nr and
by screening all genome of species representative in GTDB ‘o__ Rickettsiales” for complete 16S rRNA gene
sequences. ML reconstruction based on full-length (including all sequences from cell sorts) and near full-length
(minimum 1400 bp) 16S rRNA gene sequences. Trimmed alignment with 1381 positions was evaluated based
on GTR+F+1+R5 model. Node support is based on Shimodaira-Hasegawa approximate likelihood-ratio test
(SH-aLRT; [48]) and 1000 ultra-fast bootstrap (UFboot) replicates and support is indicated for clades with SH-
aLRT >80% and UFboot >95%. The tree was rooted using five Pelagibacter (SAR11) 16S rRNA gene

sequences (not displayed in visualization).
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Figure 2: Phylogeny of Coxiellales and related uncultivated and symbiotic gammaproteobacterial orders.
Taxonomic sampling is based on lineages in [21]. Additional sequences were recovered based on blastp
searches of ipaMAG 16S-rRNA gene sequences against NCBI nr and by screening all genome of species
representative in GTDB related to Legionellales and Coxiellales for complete 16S rRNA gene sequences. ML
reconstruction based on full-length and near full-length (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 sequences, including UBA9148, all from uncultivated organisms. Node
support is based -on SH-aLRT [48] and ultra-fast bootstrap replicates and support is indicated for clades with
SH-aLRT >80% and UFboot >95%. 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 characterizing deep-branching
lineages and allowing to include MAGs that often lack full-length 16S rRNA gene sequences
and can subsequently not be considered for 16S rRNA gene-based phylogenies. To infer
genome scale phylogenies of the Rickettsiales and classical Legionellales that would also
reveal the evolutionary position of the new host-associated lineages, we performed
comprehensive taxonomic sampling with two aims. First, while attempting to incorporate
taxonomic representation of all relevant lineages in GTDB [49], 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 sampling of available genomic data
was agnostic to environmental or medical importance.

Phylogenomic reconstruction of the Rickettsiales showed one choanoflagellate-associated
lineage is the sister clade to the Rickettsiaceae, based on analysis of 79 SCMGs conserved
across the Rickettsiales (Figure 3). The core Rickettsiaceae include Rickettsia rickettsia and
Rickettsia prowazekii, causative agents of Tick-borne Rocky Mountain Spotted Fever and
Louse-borne Typhus, respectively, alongside other pathogens, as well as symbionts of non-
Opisthokonta protists [50, 51]. We named the novel lineage the Simplirickettsiaceae, because
the ipaMAG-0934 genome was smaller than many symbionts and pathogens in the
Rickettsiaceae (1.4+0.3 Mb; Figure 3), apart from the divergent symbiont of marine
diplonemids, Ca. Sneabacter namystus [14]. In the phylogenomic analysis

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

freshwater, including apparent symbiosis with a freshwater opisthokont (Figure 1).
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Figure 3: Phylogenomic tree of Rickettsiales. Maximum-likelihood reconstruction of Rickettsiales based on

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

The two choanoflagellate co-associates (ipaMAG-0929 and ipaMAG-0047) have 70% pairwise amino acid

identity (AALI), higher than to other members of the Gamibacteraceae. Node support is based -on SH-aLRT [48]

and ultra-fast bootstrap replicates and support is indicated for clades with SH-aLRT >80% and UFboot > 95%.

Alphaproteobacterial ipaMAGs are highlighted in violet. Accessory data include (B) information on host-

association and environment, as well as (C) estimated genome size.
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The environmental 33-17 family holds an evolutionarily important position in this region
of the Rickettsiales tree. It comprises coastal wastewater MAGs with unknown lifestyles and
a symbiont of Stachyamoeba lipophora 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 families adjacent to the core Rickettsiaceae
and Simplirickettsiaceae was not supported, however the Arcanobacteraceae were previously
reported to be the closest sister-clade of the Rickettsiaceae [52]. Additional reconstructions
examining these instabilities confirmed the statistically supported sister relationship between
the Rickettsiaceae and Simplirickettsiaceae (Figure S1, S2). With the caveat that many
sequences in this region of the tree come from uncultivated bacteria that lack any lifestyle
information, our findings suggest symbioses with aquatic protists strongly influence and
inform on key aspects of the Rickettsiaceae ancestor. Moreover, ipaMAG-0934 established
that the Simplirickettsiaceae are host-associated, specifically symbionts of opisthokonts, like
many of the Rickettsiaceae, and the complete genome offered new possibilities for
understanding both the evolution of the choanoflagellate associated lineage but also the
Rickettsia themselves.

The second choanoflagellate-associated alphaproteobacterial lineage formed a statistically
supported branch within the recently discovered Gamibacteraceae [17]. 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 members, two ipaMAGs and two assembled from
waters collected offshore from South 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, including Wolbachia, and pathogens of animals, and
a group gathering the Gamibacteraceae, Deianiraceae (which has been implicated in long
branch attraction issues [17]), and another uncultivated marine family, the Diomedesiaceae
[22]. While the latter lack known host-associations, Ca. Deianiraea vastatrix was isolated
from a marine ciliate [53]. Our expanded taxonomic sampling, restricted to high-quality
MAGs, indicates that the “crown” Rickettsiales partitioned to two broad clades, one
harbouring the Anaplasmataceae and the above aquatic clades and the other harbouring the

Rickettsiaceae, our Simplirickettsiaceae, as well as other environmental clades like the
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Arcanobacteriacae and 33-17 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: Phylogenomic trees of classical Legionellales. (A) Maximum-likelihood 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.
Gammaproteobacterial ipaMAGs are highlighted in violet. Note that JAJRRLO1 and ipaMAG-0156 share 85%
of their protein encoding genes. Node support is based -on SH-aLRT [48] and ultra-fast bootstrap replicates and
support is indicated for clades with SH-aLRT >80% and UFboot > 95%. Accessory data include (B) information
on host-association and environment, as well as (C) assembly 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 as Legionella pneumophila and Coxiella burnetii, the former also residing in
aquatic protists (Acanthamoeba), and the latter a tick-symbiont (Figure 4). MAST-3 co-
associate ipaMAG-0156 and JAJRRLO1, an Indian Ocean deep-sea hydrothermal vent MAG,
formed a sister clade to the core Coxiella, including C. burnetii. We term these the
Marinicoxiellaceae, acknowledging that the deep branching structure between ipaMAG-0156
and JAJRRLOJ1, 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 bacterial symbiont
lacking genomic information was the closest sequence to ipaMAG-0156 (Figure 2). The
symbiont was isolated from a marine sponge [54], which like choanoflagellates and
metazoans, belongs to Opisthokonta [55]. These results indicating that closely related
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 additional
phylogenomic analyses (Figure S3) and examined AAI for the entire Legionellales lineage
(Figure S4), which supported relatedness of these two deep branching Marinicoxiellaceae.
The reconstruction placed multiple other aquatic environmental lineages, many marine and
all lacking lifestyle information, in statistically supported branching positions adjacent or
basal to the Coxiella and Marinicoxiellaceae.

The choanoflagellate-associated gammaproteobacterial ipaMAG-0636 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 choanoflagellate
(ipaMAG-0789) and the MAG M30B25 (lacking a 16S rRNA gene sequence) from a saline
lake [56], environments known to have abundant choanoflagellates [57]. The Protistiellales

grouped with the order PIWDOL1 (represented by a single marine MAG) and uncultivated
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obligate symbionts of choanoflagellates, Comchoanobacterales [21]. Protistiellales formed a
supported sister group to the latter. However, its estimated genome size (1.52+0.07 Mb),
indicates Comchoanobacterales’ extensive genome reduction (1.01 Mb) [21], represents a
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 classical Legionellales.

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 the diversity encapsulated by the
Coxiella, Marinicoxiellaceae, Protistiellales and multiple other principally aquatic lineages.
These are collectively more related to each other than they are to the ‘true’ Legionellales
(Figure 2, 4). Supported regions of our topology contrast sharply with analyses that do not
include the newly discovered Marinicoxiellaceae and Protistiellales, or 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. This would require that said ancestor also spread
to marine protistan hosts, and then re-emerged to infect terrestrial animals in multiple
independent 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 hypotheses put forward by
Duran et al. [58].

It is well known that several bacterial lineages harbouring animal pathogens have
members that are symbionts of aquatic protists, often protists with diverse microbiomes [12,
59], and all belonging to ‘supergroups’ other than the Opisthokonta. L. pneumophila itself is
found in Acanthamoeba and Paramecium, and individual members of the Rickettsiaceae have
been isolated from a Euglenozoan (diplonemid) and a stramenopile alga [14, 50]. To our
knowledge the Coxiella and the Anaplasmataceae have only been reported in association with
animals (including insects). Our finding 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 through permissive hosts from other eukaryotic supergroups. Our identification of the
Marinicoxiellaceae ipaMAG-0156 extend the host range of Coxiella-like organisms from

primarily metazoan-associations to unicellular stramenopiles (MAST-3).

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 other’s function is connected to conjugation [60]. We observed T4SS of
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. Likewise, the two Pacific Gamibacteraceae where more
similar to each other than to the best prior marine Gamibacteraceae MAG (C-132) and had
higher amino acid identities to evolutionarily closer orders (Deianiraeaceae, Anaplasmataceae
and Midichloriaceae) than to Rickettsiaceae or Simplirickettsiaceae. All four novel lineages
perform glycolysis, with variations connected to the Entner-Doudoroff glycolysis pathway,
lacking phosphofructokinase, whereas the Rickettsiaceae and Comchoanobacterales lack
glycolysis completely (Figure S5). None of the four novel predator-associated lineages are
flagellated, although generally, many common marine Alphaproteobacteria and

Gammaproteobacteria are motile [61, 62].
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depicted below the Effector Translocator T4SS.

Simplirickettsiaceae is the most distinct from the other three symbiont lineages found
herein, which share more similarities. Simplirickettsiaceae encodes an ATP/ADP translocase,
a classical sign of energy parasitism that enables uptake of ATP from the host [63]. This
translocase is also present in the Rickettsiaceae and Comchoanobacterales [21] and other
obligate intracellular symbionts [64]. Of the four lineages, only Simplirickettsiaceae lacks a
competence system, which is completely or partially present in all Rickettsiaceae, and
partially in Comchoanobacterales (ComEC). Three of the lineages can biosynthesize essential
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B-vitamins that function as co-enzymes, although none encoded B12-related pathways. The
choanoflagellate-associated Gamibacteraceae encode de novo B1 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 B1. Coxiella species are similar,
although a few synthesize B1, and the B5 pathway appears to be partial or absent [65]. The
Protistiellales also synthesizes B2, B5, and B7, and can condense the two thiamin moieties to
form TPP, the biologically active form of vitamin B1 (thiamin) [66] 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 (or animals) [67, 68]. Simplirickettsiaceae
ipaMAG-0934 has reduced B2, and completely lacks B5, B7 and B1 biosynthesis (like
Rickettsiaceae), and thus is nearly as reduced as Comchoanobacterales which lack
biosynthesis of all B-vitamins. Vitamin exchange has been implicated as a vital part of
symbiont-host mutualism in multiple systems, including provision of B-vitamins by
Wolbachia to blood-feeding (insect) hosts [69]. In this sense MAST-3 and choanoflagellates
may use symbioses to solve a shared problem — vitamin supplies.

Trajectories of symbioses with marine predatory protists — independent routes.

Convergent evolution of symbionts from different bacterial lineages in the same or similar
hosts, including Acanthamoeba [70], diplonemids [14], and ants [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 individual ‘unique’ HGT events have led to specialized
aspects of the host-symbiont interaction, that differ across the disparate lineages. Given that
three of the novel lineages were co-associated with the same hosts, and the fourth
(Marinicoxiellaceae) seems to infect opisthokonts as well, but also stramenopiles, this
appears in some way due to niche specialization or potential mechanism that evade
competition with other symbionts or well-developed host immune responses. Here, several
symbiont gains-of-function link to cell surface properties and direct interaction with hosts —
but, although largely operating in shared hosts, are functionally different.

Each of the predatory protist-affiliated lineages harboured novel approaches to host
interaction. The two Gamibacteraceae recovered in association with choanoflagellates,
encode a 5-histidylcysteine sulfoxide synthase OvoA, which catalyses formation of 5-

histidylcysteine sulfoxide, a small sulfur compound involved in signalling and oxidative
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stress responses [72]. 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 orthology-based searches in other
Gamibacteraceae or most other Rickettsiales (possibly due to incomplete MAGS) it was also
present in the Diomedesiaceae and in multiple other bacterial phyla (as well as eukaryotes,
including choanoflagellates, some Metazoa and some unicellular stramenopiles). In bacteria it
is disproportionately present in symbionts (including parasites and pathogens) of animals and
plants, where it is implicated in metabolic exchanges between ovothiol-producing bacteria
and hosts lacking this function [74].

Protistiellales ipaMAGs encode a series of proteins not found in any related lineage of
endosymbiotic pathogens from the classical Legionellales. This includes multiple proteins
associated with virulence of pathogens, such as a zinc transporter ZupT [75] as well as a Bax
inhibitor-1/YccA family protein [76, 77]. ZupT mutant work in cultures demonstrates that it
helps Clostridium difficile counteract host-imposed nutritional restriction (through
transitional metal sequestration) [78] It also has a role in success of fish pathogens from
multiple bacterial lineages, including the Gammaproteobacterium Aeromonas salmonicida
[75]. Here, phylogenetic reconstruction indicates ZupT was acquired though HGT (Figure 6).
The Protistiellales ipaMAG (but not the saline lake Protistiellales MAG M30B25) proteins
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 ultra-small (<0.2um) bacteria are found across diverse
environments, including marine ecosystems and genomic profiling suggests the majority have
a host-associated lifestyle [16]. 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 maximum-likelihood-based reconstruction of the
ZupT domain. Taxon sampling is based on blastp homologs of the Protistiellales ZupT 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 the subsection of the phylogenetic tree that contained the Protistiellales ZupT sequences.

Protistiellales encodes three OmpA proteins (the bacterial outer membrane protein A),
used by Coxiella burnetii during host cell invasion [79]. While OmpA is present throughout
the classical Legionellales, including Marinicoxiellaceae, the three Protistiellales OmpA
appear to have been acquired horizontally from other sources, contrary to the vertically
inherited OmpA present throughout the related lineages. One is most similar to OmpA in the
gammaproteobacterial Acinetobacter, a human pathogen found in soil and water
environments [80], while the other two are located adjacently in the genome and show
homology to various Alphaproteobacteria. The 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 Protistiellales also
acquired a Bax1/YccA-family protein with closest homologs being uncultured marine
Verrucomicrobiota (Figure 7). Implicated as a virulence factor for infection and triggering of
host immune response by Edwardsiella piscicida, a gammaproteobacterial fish pathogen [81,

82], here Bax1/YccA is directly upstream from inner membrane proteins of the Sec pathway
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Figure 7: YccA phylogeny. (A) Phylogenetic maximum-likelihood-based reconstruction of the ZupT domain.
Taxon sampling is based on blastp homologs of the Protistiellales Bax1 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)
represents the subsection of the phylogenetic tree that contained the Protistiellales Bax1 sequences. (C)
Organisation of the ipaMAG-0636 (Protistiellales) contig encoding Bax1. Also indicated are results using the
Protistiellales sequences 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 Comchoanobacterales, with 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 phototrophy [83-85]. While in Comchoanobacterales their
function is still unclear, possible roles include energy transfer and acidification of the host
cell [86]. Like Comchoanobacterales, homology-based searches indicate the Protistiellales is
lacking the pathway for beta-carotene biosynthesis, the pigment that is cleaved for production

of the necessary retinal chromophore [21]. This indicates the chromophore must be recovered
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from choanoflagellate prey cells — or potentially choanoflagellate giant viruses that encode
both rhodopsin and the pigment required [87]. The similary of the protein in these
gammaproteobacterial lineages indicates that the last common ancestor of the Coxiellales
(given proteorhodopsin presence in UBA9148), Comchoanobacterales and Protistiellales
encoded a proteorhodopsin that was lost in classical Coxiella as well as Marinicoxiellaceae,
and multiple other nonmarine lineages. The evolutionary origin of this horizontally 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 (Recombination-Promotion
Nuclease)-like transposase proteins [88]. The Rpn system is a toxin-antitoxin 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 in E. coli (replacing prior proposed functions as some form of transposable
element endonuclease) [89]. 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 infection of the greater population [89]. Rpn systems are present in
various bacterial taxa, including many Rickettsiales, but is not in Simplirickettsiaceae or
Gamibacteraceae and has not been reported in Coxiellales until now. Ortholog analyses show
that while not present in other Coxiella, it is present in scattered representatives in more basal
lineages, specifically a Legionellales, a Diplorickettsiales, a UBA1113 and a PIVX01 and in
GCA _018402195.1 (the saline lake MAG from the Protistiellales). However, the ipaMAG-
0156 Rpn system has more similarity to those encoded in Citrobacter species and
Escherichia coli, than more closely related Gammaproteobacteria like Legionellales,
suggesting a horizontal acquisition. Both Rpn systems detected here (RpnA and RpnB)
contain the characteristic four amino acid repeats comprising an oligomerization domain
within the C-terminal region, which encodes a separately transcribed protein (Rpns) within
the full protein (Rpn.). Interestingly, RpnBL does not encode the four amino acid repeats, but
an almost exact copy of the C-terminus of RpnBL is encoded downstream of RpnBL,
containing an insertion of 10 four amino acid repeats, suggesting that the Rpns component of
this system is encoded on a separate open reading frame. The repeats in RpnBs also deviated
in their normal composition of one hydrophobic and three charged amino acids or glycine,
seen in RpnA and all characterized E.coli systems, being composed of QQGM instead. It has
been suggested that Rpnc is involved itself in its duplication, as well as the creating of smaller

downstream copies and amino acid repeats [89], 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. One is an aminoglycoside phosphotransferase
(APH_6_hur) characterized as being involved in antibiotic resistance [90], and the other is
uridine diphosphate-N-acetylglucosamine-binding protein YvcK, involved in cell wall
integrity [91]. Each protein appears to have been acquired by the LCA of these two lineages,
but in different events, although limited taxonomic sampling of Marinicoxiellaceae (the only
two representatives being ipaMAG-0156 and JAJRRO1) prevent conclusive determination
(Figure S6). Apart from these acquisitions and the Rpn system, ipaMAG-0156 does not show
extensive acquisition through HGT or loss of genes, consistent with the suggestion that the
influences of HGT were most substantial in the Coxiella ancestor, prior to divergence the
subclades within the lineage [43, 46]. In fact, 93% of ipaMAG-0156 orthogroups also
contained Coxiella members, 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 due to loss of the competence
system in Simplirickettsiaceae. Simplirickettsiaceae has retained complete pathways for lipid
and lipopolysaccharide synthesis, synthesis of most of amino acids, and glycolysis, unlike
Comchoanobacterales which has lost all of these [21]. However, Simplirickettsiaceae has lost
various functions associated with resistance to host defence mechanisms and virulence
factors, when compared to Rickettsia (Figure 8).

Our results establish much broader host-ranges 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 hosts. While the timing of
acquisition events is difficult to ascertain, given extinction 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 microbiome, or through exposure to
DNA from bacteria that are ingested by the predatory protist as prey. Exchanges of actual
compounds between symbionts (and host) has also been clearly documented, for example in
Wolbachia [92]. Possible co-residence of Simplirickettsiaceae with other bacteria occurs in
the opisthokont Pompholyxophyrs, where Simplirickettsiaceae 16S rRNA genes have been

seen [93]. An overlap, albeit in a small percentage of cells was observed for different
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members of the Comchoanobacterales [21]. Such co-habitation could provide ongoing
avenues for HGT from other prokaryotes, even if the symbiosis with the protist is obligate,
although clearly less so for taxa that lack the competence system like Simplirickettsiaceae.
These interactions can also completely shift manifestation of the symbiosis or ‘infection’. For
example, in the Acanthamoeba microbiome plays essential roles in consequences of
infection. The host is lysed when infected by Legionella pneumophila alone, but when other
bacterial endosymbionts are also present lysis is prevented [12]. Further, Acanthamoeba has
been proposed as providing an environment where gene transfer between co-infecting
symbionts occurs, influencing the development of effective pathogens of mammals, like the
tick endosymbiont Rickettsia bellii [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 competence genes that has occurred in Buchnera [95] and some Rickettsia
species [94]. Hence, there is much to learn 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 ipaMAG-0934 provided unprecedented views into functions gained or
retained in core Rickettsiaceae but absent in their sister, the Simplirickettsiaceae. Despite its
smaller genome size ipaMAG-0934 shares many similarities with Rickettsiaceae like
Rickettsia rickettsii. However, 49 orthogroups present in the Rickettsia were absent from
Simplirickettsiaceae (with a specific focus on ipaMAG-0934) (Figure 8). Multiple cell-wall
associated proteins and transporters (e.g., HIlyC / CorC family MG?* exporter, EmrB/QacA
family transporter, efflux RND transporter permease, autotransporter OmpB) were detected
that have previously associated with intracellular pathogen invasion of hosts and resistance to
host defences mechanisms [96—99]. Several of these were more broadly distributed across the
Rickettsiales, like HIyD, and proteins with broad functions, but definitively connected to
virulence in Staphylococcus aureus (CtS41 family peptidase) [100], another animal pathogen
that proliferates in Acanthamoeba. The type 1 secretion system (T1SS) responsible for
secretion of proteins and utilized in pathogenic interactions (HlyD secretion protein), were
also present. Collectively, this set provides insight into the mechanisms acquired or retained

by Rickettsia during their evolution towards symbiotic interactions with multicellular

82



organisms. It also highlights reductions in the Simplirickettsiaceae, such as what appears to
be degradation of T1SS.

A striking example of Rickettsia differentiation from the broader Rickettsiales, and most
dramatically so for its sister clade Simplirickettsiaceae, is synthesis of Queuosine precursors
and presence of tRNA-guanine transglycosylase TGT, 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 bacteria themselves [101]. ipaMAG-0934 and one other
Simplirickettsiaceae lack all components, and the Anaplasmataceae and Midichloriaceae
(largely tick endosymbionts) encode only TGT, reflecting a salvage-based strategy. Our
results point to a differentiation in strategies across the symbiotic 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 bacteria [102], 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 modification. The third type, complete loss, is seen in
two of four Simplirickettsiaceae, including the choanoflagellate-associated symbiont, in
Sneabacter, the marine diplonemid symbiont, and complete or partial loss in uncultivated
marine member of the Deianiraceae. Complete biosynthesis (presumed retention from an
ancestral free-living state) is a trait of Rickettsia species alone, opening new avenues for
understanding Rickettsia-host 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 in ipaMAG-0934 relative 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 functional annotation (a glycosyltransferase). Both essential enzymes of lysine
metabolism are among losses that appear unique to Simplirickettsiaceae while among
ipaMAG-0934’s 78 unique proteins is a PQ-loop domain containing transporter which could
transport lysine across the cell membrane [103].

The Simplirickettsiaceae ipaMAG-0934 is additionally lacking multiple proteins encoding
core metabolic functions that are present in Rickettsia. These include TypA translational

GTPase and ribosome biogenesis GTP-binding 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 metabolism. ipaMAG-0934 is also missing ribosomal proteins S21 and
L34, which are absent from some Rickettsia but not others. Ribosomal protein S21 has been
categorized as non-ubiquitous and is frequently lost in bacteria [104]. It is however present
throughout the Rickettsiales, apart from Simplirickettsiaceae. Its dispensable nature is likely
due to being near the ribosome surface and having lower number 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 (<1 Mb, e.g., Wolbachia and Neorickettsia) [104]. Loss of L34 through
mutation does impact growth in B. subtilis, in an offset that can be partially suppressed by
magnesium [105], a cation second only to sodium in seawater. While these loss events are
independent from those in the Rickettsia, some parallel reduction in the more distant
Anaplasmataceae has been observed [41, 42]. 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 losses in Rickettsia.

Environmental importance and the optimal host

Our results thus far demonstrated that some of the smallest protistan predators in today’s
oceans have symbionts, coming from divergent bacterial lineages. The types of symbioses
represented by the four lineages living in association with these key predators with variations
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 more to their hosts, including synthesis
of various B-vitamins, which are scarce in ocean surface waters [106]. The Gamibacteraceae
have been proposed as obligate symbionts that operate either as ectosymbionts, consistent
with lifestyle of the adjacent albeit deep branching Deianiraceae [53], ectosymbionts of
Paramecium, or as intracellular symbionts [17]. A free-living or facultative symbiotic
lifestyle is suggested for the more basal Mitibacteraceae and Athabascaceae [17], likely
associated with protists, given estimated timing of the emergence of the Rickettsiales
ancestor versus metazoans. Choanoflagellates themselves purportedly arose in the late
Neoproterozoic [107], 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 bacteria and choanoflagellates have illuminated cell

84



biological transitions central to animal evolution. Indeed, bacterial chemical queues trigger
sex and the transition to and from a unicellular to multicellular state in 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 contact-based
exchanges. Our data point to the possibility of many more physical and symbiotic interaction
between bacterial symbionts and small predatory protists, which herein are prominent for
choanoflagellates.

The global distribution of all ipaMAGs from the four lineages suggests successful
establishment of a sustained niche, much like Coxiella-infections of animals globally. The
novel lineages were typically low in relative abundance (see chapter 1) compared to abundant
free-living taxa, like Prochlorococcus and 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 MAST-3 were present throughout
the photic zone and seasonal cycle (Figure 9), alongside previously reported broad
distributions in global survey data [21]. MAST-3 are the most abundant MAST clade at the
Bermuda Atlantic Timeseries Study (BATS) site and make up on average 15.01+5.86% of
the non-photosynthetic protist community in the photic zone at across all seasons
(recalculated using data from [110]). 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 discovered. Collectively, the manner of recovery through
capture of wild protist cells, characteristics of the high-quality ipaMAGs and the four
lineages they represent, as well as their distributions throughout tropical and subtropical
surface oceans, pointed to these bacteria having an important role in the ecology of dominant

marine unicellular predators.
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Figure 9: Presence of Choanoflagellates and MAST-3 at the Bermuda Atlantic Time-Series station,
Relative abundance of heterotrophic marine protist lineages at BATS based on V4 18S rRNA gene amplicon
sequencing. Lineages were assigned to trophic modes based on Wilken et al. [38] and 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 conditions and 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 also detected in a 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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cnidarian Hydra vulgaris [111], and a ciliate [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
Comchoanobacterales [21] 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 occur in deep sea sediments,
soils, freshwater and even infected root canals (in human; Figure 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 others [113]. Given
marine and other environmental subclades within both families that have little or no members
with known host-association, it is likely that the host range of both is currently
underestimated. Although there have recently been insights into the evolution within Coxiella
as pathogens of humans and other Metazoans [46], the diversity within Coxiella as well as the
larger phylogenetic position of the Coxiella clade 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 might explain the associations with different hosts when compared to
Coxiella. More generally, we observed extensive acquisition and loss of proteins associated
to cell surface, the bacterial interface for symbiont-host interactions, which could partially
explain the wide host ranges observed in the symbionts and pathogens of all the Rickettsiales
and Coxiella-like lineages described herein (Fig. 4,5) [17]. Recent work has led to the
discovery of unique members of common symbiotic lineages, such as Sneabacter namystus
associated with diplonemids [14] and Deianiraceae vastatrix, an ectosymbiont of
Paramecium [53]. Our findings add to these new lineages but are unique because they reveal
symbionts of key lineages of widespread open ocean predatory protists.

Our results reveal symbionts of multiple marine nanoflagellates. Notably, 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 other lineages of symbionts also cooccur.
Simplirickettsiaceae were not detected with another symbiont likely because the lineage is

less common than Gamibacteraceae while Marinicoxiellaceae, associated with MAST-3 was
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not detected more frequently because the dataset only comprised 9 MAST-3 cells. Symbiotic
relationships can drastically change when another symbiont is associated with the same cell,
as demonstrated in Acanthamoeba [12]. 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 medically significance. 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 understanding these 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 important implications that go beyond microbial ecology. The
true diversity of both lineages is likely far greater than currently known, with many (often
protist-associated) 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
harbour a 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 (lineage-
dependent) and flow of energy through these key components of the marine foodweb,
highlighting the importance to investigate the symbiotic associations they are engaged in in

more depth.
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Figure S1: Phylogenomic tree of Rickettsiales including Ca. Arcanobacter lacustris. Maximum-likelihood

reconstruction of Rickettsiales based on 79 concatenated single copy ortholog alignments, additionally including

the MAG for Ca. Arcanobacter lacustris, which was not included in Figure 3 because it is low quality (45.29%
estimated completeness, 1.9% contamination). Here, it is added (43 SCMG only, the rest demarked as missing
positions) due to the critical phylogenomic position of the Arcanobacteraceae in this region of the tree and near
to the newly identified Simplirickettsiaceae. Node support is based -on SH-aLRT [48] and ultra-fast bootstrap
replicates and support is indicated for clades with SH-aLRT >80% and UFboot >95%.
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Figure S2: Phylogenomic tree of Rickettsiales incorporating only SCMG present in the partial MAG for

Ca. Arcanobacter lacustris. Maximum-likelihood reconstruction of Rickettsiales (including Ca. Arcanobacter

lacustris) based on 43 of 79 SCMG that were present in the incomplete Ca. Arcanobacter lacustris MAG. Node

support is based on SH-aLRT [48] and ultra-fast bootstrap replicates and support is indicated for clades with

SH-aLRT >80% and UFboot >95%.
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Figure S3: Phylogenomic trees of traditional Legionellales to investigate potential long-branch attraction

in the Marinicoxiellaceae. Phylogenomic trees as in Figure 4 were reconstructed independent after exclusion of

(A) JAJRRO1 and (B) ipaMAG-0156, respectively, to examine impact on topology of the Coxiellales. The
member of the Marinicoxiellaceae that was kept is highlighted in red. Node support is based on SH-aLRT [48]
and ultra-fast bootstrap replicates and support is indicated for clades with SH-aLRT >80% and UFboot >95%.
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Figure S4: Average amino acid identity of traditional Legionellales reveals divergence of marine lineages.

Assemblies are ordered via phylogenomic reconstruction (y) as in Figure 4 and hierarchical clustering using
Euclidian distance of AAI (x).
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Figure S6: Horizontal acquisition APH_6_hur domain and YvcA domain in Marinocoxiellaceae. Maxium-
likelihood-based phylogenies of APH_6_hur (A) and YvcA (C) based on representative sequences from NCBI
protein models NF016533.0 and TIGR01826.1, respectively, as well as blastp homologs of the
Marinocoxiellaceae query sequences. Taxonomy information is based on NCBI taxon IDs and UFboot support
values are only shown for the zoomed sections of the phylogenies containing Marinocoxiellaceae family
sequences for visualization purposes. Phylogenies were reconstructed using 5184 sequences with 255 positions
(APH_6 hur) and 3383 sequences and 307 positions (YvcA) respectively, using FastTree with model settings ‘-
Ig -cat 3 — gamma’. Node support is based on ultra-fast bootstrap replicates and support is indicated for clades

with UFboot >80%.
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Abstract

Margulisbacteria are elusive uncultivated bacteria that have illuminated potential
evolutionary transitions in the progenitor of Cyanobacteria, the latter being a critically
important phylum that underpins all known oxygenic photosynthesis. Members of the non-
photosynthetic candidate phylum Ca. Margulisbacteria were first discovered in a sulfidic
spring and since in other habitats, including freshwater environments and the deep sea.
Currently, the phylum partitions into three groups, the Riflemargulisbacteria, largely from
sediments and groundwater, the Termititenax from insect gut microbiomes, and the
Marinamargulisbacteria, from marine samples. We noted an unusual distribution of
Marinamargulisbacteria amplicons in size-fractionated seawater samples from the sunlit
euphotic zone and the deep twilight zone below. Further, our sequencing of wild marine
protist single cells rendered genomic information for three distinct marinamargulisbacterial
lineages co-associated with uncultivated, non-photosynthetic Stramenopila and Opisthokonta
protists. Phylogenomic analyses combining these data and available Metagenome-assembled
genomes (MAGS) and single amplified genomes (SAGs) from sorted bacteria revealed new
lineages within the Marinamargulisbacteria. These lineages appear to delineate by their
environment, forming clades comprising freshwater, marine pelagic, or sediments / hypoxic
taxa. The remarkable diversity of Margulisbacteria indicates a high rate of success in

colonizing various habitats, potentially in a conserved strategy involving eukaryotic hosts.
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Introduction

The Margulisbacteria were initially identified as a unique group (ZB3) through the analysis
of environmental 16S rRNA gene sequences [1]. However, it was only through phylogenomic
analysis of MAGs and SAGs that their close relationship with Cyanobacteria was realized [2,
3], alongside several other non-photosynthetic groups that are related to Cyanobacteria. The
Melainabacteria and Sericytochromatia form sister groups of the Cyanobacteria, while the
Saganbacteria (formerly WOR-1) and Margulisbacteria (formerly ZB3 or RBX1, depending
on the study) comprise two adjacent candidate phyla related to the latter trio [2—4].
Collectively, these lineages possess traits of the ancestral lineage that gave rise to
Cyanobacteria and help trace the evolution of aerobic respiration, an important step
connected to the development of oxygenic photosynthesis [3, 5]. Marine Margulisbacteria,
specifically, encode an electron transport chain that could support aerobic growth of the
lineage [3].

The Margulisbacteria remain uncultivated; thus, relatively little is known about their
niches. This is especially true where the only genomic information available comes from bulk
collection of water. In such cases many litres are filtered, and the captured biomass is
sequenced together, prohibiting assembly of genomes from micro-diverse or rare microbes

and obfuscating the detection of cell-to-cell interactions.
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Material & Methods

Single cell sorting, amplification, and sequencing

Samples were collected from the upper photic zone during multiple sampling campaigns in
Monterey Bay and the North Pacific Ocean between 2014 and 2019. Sorting was performed
using freshly collected samples that had been passed through a 30 pm nylon mesh upon
collection and subsequently concentrated by gravity over a 0.8 um Supor filter (Pall
Corporation). Single cells were sorted from environmental samples collected from the North
Pacific (Monterey Bay). An InFlux high speed sorter (BD) equipped with 488 nm and 355
nm lasers and a 70 um nozzle, operating on the high purity Single-Cell sorting mode, with
sterile nuclease-free 1x PBS as sheath fluid (ThermoFisher cat# AM9625 and AM9932), was
used in all cases. First, samples were stained for 10-20 min in the dark with LysoTracker
Green DND-26 (25 nM, final concentration). Unstained controls were run for all samples
such that positive signal from the stain was always discerned as compared to the control.
Forward Angle Light Scatter (FALS), and green fluorescence from LysoTracker (520/35 nm
bandpass) were used as selection criteria, while all other particles were selected for exclusion.
The drop delay and sort quality were regularly controlled by sorting a known number of
fluorescent bead standards and counting them by epifluorescence microscopy. Immediately
prior to sorting plates were illuminated with UV irradiation for 2 min. Negative and positive
controls (for subsequent genome amplification reactions) were performed on all plates by
leaving a subset of wells empty, and by having a column of wells receiving multiple cells
within each 384 well plate, respectively. After sorting, plates were covered with foil seals and
frozen at -80°C. Single-protist cells were subjected to Multiple Displacement Amplification
using the repliG or WGA-X enzyme, as previously described [6]. Sequencing was performed

on the lllumina platform.

Recovery of Marqgulisbacteria assemblies

Demultiplexed paired-end reads were quality controlled and trimmed using trimmomatics
(v0.39; [7]), 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; [8]) with the single cell option
“-s¢” and kmers 21, 33,55, 77, 99 and 127, considering both paired and additional unpaired
reads that passed quality-control. All assembled contigs were filtered and only those >1kb

were retained. Sequence alignment maps for filtered contigs were generated using bowtie2
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(v2.4.1; [9]), with default setting and unaligned reads removed from the alignment map.
Sequence alignment files were sorted and compressed using samtools (v1.6; [10]) ‘view -bS’,
‘sort” and ‘index’. Complete or fragments of 16S or 18S rRNA genes were identified using
checkM’s (v1.2.2; [11]) subcommand ‘ssu_finder’ with default settings. Sorted eukaryotes
were classified based on recovered 18S rRNA gene sequences and their top blastn (v2.14;
[12]) homology against SILVA (v138.1; [13]).

Prokaryotic bins were recovered using Anvi’o (v8; [14]), using ‘anvi-profile’ and >95%
nucleotide identity. Cellular single copy marker genes for interactive genome completeness
estimate were identified using ‘anvi-run-hmms’ and the default database. Preliminary
taxonomy of the recovered genes was predicted at the protein level using ‘anvi-run-scg-
taxonomy’ with default settings. Additionally, ‘anvi-run-hmms’ was run using a set of 47
HMMs for marker genes of eukaryotic giant viruses (NCVOGs; [6]). Profiles were manually
inspected for anomalies in GC% content and tetranucleotide frequency and inspected
interactively, binning potential prokaryotic genomes. Eukaryotic single cell sort assemblies
comprised multiple clusters of contigs with distinct GC-content far exceeding typical
variation observed within a single genome. Although especially genomic and organelle-
derived DNA differs in GC-content, some of these distinct GC-regions far exceeded the
genome size of organelles and were instead comprised of clusters of distinct prokaryotic
DNA. All bins of GC anomalies were subsequently screened for contaminating viral
sequences (both eukaryotic viruses from the NCLDV family and phages) using the following
approach: Proteins were queried against NCBI nr using diamond blastp (v2.14; [12]) with E-
value < 1 x 10-% and output format 6, including an additional column for subject NCBI
taxonomy ID. IDs were converted into taxonomy strings using NCBI taxid2lineage
information (obtained through: github.com/zyxue/ncbitax2lin). Up to 50 query hits per
protein were considered and hits were summed up for each contig individually when
calculating the percent of viral hits. Contigs were classified as viral and removed from the
raw bin when at least 2% of hits were viral taxa.

Taxonomy of putatively prokaryotic bins was predicted using GTDB-Tk’s (v1.0.2; [15])
‘identify’, ‘align’ and ‘classify’ consecutively, with GTDB version 214.1 as the reference
database and default settings when meeting GTDB-Tk minimum classification cutoffs. Viral
clean bins were quality-assessed using checkM’s (v1.2.2; [6]) ‘lineage wf” subcommand
with default settings. The lack of high-quality or near-complete Marinamargulisbacteria
genomes from the eukaryotic SAGs indicates that there were likely not multiple clonal

Marinamargulisbacteria cells associated with one protistan cell, something observed

111



previously for a putatively intracellular symbiont of B. minor [16]; see also chapter 3. We
were also unable to detect any prey organisms, such as Prochlorococcus, which the three
heterotrophic protists herein are known predators of [17], suggesting that predation on

Margulisbacteria is unlikely to cause the physical co-association sorted herein.

Phylogenomics

Phylogenomic reconstruction of Margulisbacteria is based on an ortholog dataset build for
Cyanobacteria (taxID: 1117) by eggNOG (v5.0; [18]), because of its evolutionary proximity
to Margulisbacteria, for which themselves no designated ortholog-dataset is available.
Margulisbacteria taxon sampling was based on all representative assemblies classified as
members of the Margulisbacteria phylum by GTDB. Assemblies GCA 003265865.1 (AG-
333-B06), GCA_003265905.1 (AG-439-L15), GCA_003265925.1 (AG-414-C22),
GCA 003265815.1 (AG-343-K17), and GCA _003265905.1 (AG-439-L.15) used in previous
reconstructions of the Margulisbacteria [3, 19] were not considered herein as they failed
GTDB quality checks. Thus, several MAGs/SAGS analyzed in prior studies were excluded
and we were able to effectively replace them with related higher quality MAGs/SAGs that are
now available. Orthologs were identified using hmmscan (E-value <1 x 10-%) against the
prebuilt eggNOG hmm database for the respective lineage to identify proteins with single-
copy orthologs (SCOs) in >86% of the protein catalog of the genome collection. SCOs were
then dereplicated to ensure that a protein of a respective assembly was only part of one SCOs,
to avoid the incorporation of the same protein into multiple later concatenated alignments.
Highly discordant SCOs were removed by performing single protein reconstructions using
IQ-TREE (v2.2.6; options: -B 1000 -bnni -m MFP) and alignments generated in MAFFT
E-INS-i (v7.520; --auto; [20]) that had been trimmed via trimAl with the —gappyout option
(v1.4.rev15; [21]). For each resulting tree bipartition counts were generated using
‘tre_make_splits.pl’ using IQ-TREE bootstrapping output in scripts obtained from
‘github.com/novigit/broCode’, followed by an all-vs-all pairwise computation of discordance
using ‘tre_discordance two.pl’. The 10% most discordant SCOs based on average
discordance against all other SCOs were removed resulting in a final set of 72 SCOs used for
subsequent phylogenomic reconstruction.

For the lineage-specific phylogenomic reconstructions based on the 72 SCOs identified
herein, non-homologous sites were masked for each SCO by pre-alignment of sequences
using prequal (v1.02; [22, 23]), aligned using MAFFT E-INS-i as described above. SCO
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alignments where then trimmed and ‘divvied’ using Divvier (v1.01; [23]) removing columns
with more than 60% gaps and additionally filtering with ‘-partial’. Separate SCO alignments
were concatenated using ‘catfasta2phyml.pl —concatenate’
(github.com/113ayesian/catfasta2phyml). The untreated concatenated alignment was further
trimmed to remove compositionally heterogenous sites using ‘alignment pruner.pl
—chi2_prune 10.01°, to filter out the top 1% most heterogenous sites iteratively as established
in [24] with 100 repetitions respectively. After iterative site removal, no taxa deviating
significantly in a y?-test. Maximum likelihood phylogenies were reconstructed with 9872
positions using 1Q-TREE with 1000 ultra-fast bootstrap iterations and SH-aLRT (-alrt 1000)
[25] under the Q.yeast+I+R7 model as selected by ModelFinder [26] within IQ-TREE.
Accessions and metadata on assemblies included in the phylogenomic tree are available on

figshare (see data availability statement).

16S rRNA gene phylogeny

Taxon sampling of Margulisbacteria was based on blastn searches of 16S rRNA gene
sequences recovered herein against NCBI nr, incorporating all (near) full-length 16S rRNA
gene hits up until we identified Riflemargulisbacteria sequences. The 16S rRNA gene
sequence collection was updated by recovering 16S rRNA gene sequences from
Margulisbacteria assemblies in GTDB using ‘checkM ssu_finder’ as described above. When
encoding multiple 16S rRNA gene sequences, the longest sequence was considered for the
alignment. Details on sequences included in the phylogeny as well as metadata and
corresponding references are available on figshare (see data availability statement). Selected
16S rRNA gene sequences were aligned using the MAFFT (v7.310; [20]) L-INS-i algorithm
to avoid over-alignment [27] and subsequently trimmed using trimAl (v1.4.1; [21]). The
trimmed alignment was further manually inspected for anomalies and curated, removing
chimeric and incomplete sequences. Phylogenetic trees for both lineages were reconstructed
using IQ-TREE (v.1.5.4; [28]) with ultra-fast bootstrap (-bb 1000) and SH-aLRT (-alrt 1000)
with an optimized substitution model (TVMe+I+R4) based on ModelFinder’s [26] Bayesian
information criterion. Phylogenetic trees and accessory data were visualized using ggplot2
(v3.4.2; [29]) with the ggtree extension (v3.6.1; [30]).
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V4 16S rRNA gene amplicon analysis

We analyzed a total of 195 size-fractioned filters generated in-situ from two cruises carried
out in the summer and autumn of 2021 at the Bermuda Atlantic Timeseries Study (BATS)
site. Amplicon sequence variants (ASVs) were generated using DADAZ2 [31] with default
settings. Taxonomy was predicted using the ‘qiime feature-classifier classify-sklearn’
function in giime2 (v2020.11) and SILVA (v138) with default settings. Size-fractioned
samples were classified into upper euphotic (samples above the DCM layer), the DCM layer,
and the twilight zone (<0.1% incident light level to 1000 m; herein the deepest sample was
500 m).

Data Availability

Raw reads for single-cell sorts are available via NCBI BioProject PRINA1061664, SRA
accessions SRR27444404, SRR27444869, SRR27444848, SRR27444839, SRR27444953,
and SRR27445056. Amplicon data is deposited in NCBI under BioProject PRINA1066814.

Full and trimmed alignments for phylogenetic and phylogenomic trees of Margulisbacteria,

as well as all recovered bins and their predicted proteins are available through FigShare
(doi.org/10.6084/m9.figshare.c.7324622). Accessions of assemblies and nucleotide sequences

used for phylogenies are available through supplementary tables S1 and S2 in FigShare.
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Results & Discussion

We examined the distribution of Marinamargulisbacteria in V4 16S rRNA gene amplicons
from the Sargasso Sea collected in the summer (July) and autumn (November) of 2021.
Specifically, we searched sequencing data from size-fractionated samples from the Bermuda
Atlantic Time-series Study (BATS) site to gain insights into cell size and potential co-
association of bacteria with larger particles. Our analyses showed that the
Marinamargulisbacteria were present from the photic zone through 500 m at low relative
abundances, but similar frequencies, in size fractions ranging from 0.2 — 1.2 um, where free-
living bacteria like SAR11 and Prochlorococcus dominate, to 1.2 — 5 um, 5 — 20 um and >20
pm where particles and living protistan cells are also captured (Figure 1A). The discovery of
Marinamargulisbacteria throughout the four size fractions sampled suggests they have a free-
living life stage, consistent with recovery of Marinamargulisbacteria SAGs from sorted
bacterial cells in Atlantic waters [3], and a particle/cell associated stage, or facultatively
occupy both niches.

Two studies have pointed to a host-associated lifestyle for some Margulisbacteria. The
first discovered the Termititenax class (Figure 1B), which exhibit complex microbiome
interactions in termite guts [4]. These tiny Margulisbacteria are physically attached to
ectosymbiotic (spirochete) bacteria that resided on heterotrophic Excavata protists that live
within the guts of these insects [4]. The second study examined intracellular symbionts living
in the placozoan Trichoplax, a simple marine animal, uncovering an uncultivated
Marinamargulisbacterium (Ruthmannia eludens) that localizes to Trichoplax epithelial cells
[19]. More recently, Margulisbacteria have been reported to reside in gill tissues of oysters
[32]. Our results indicating a possible co-association of Marinamargulisbacteria not only with
multicellular animals, but with protists, consistent with these earlier studies that point to co-
associations with eukaryotes, even if some are from outside the marinamargulisbacterial
class. These protists would be captured in the larger size-fractions sampled at BATS. Thus,
we hypothesized that relationships based on physical co-association occur between members

of Marinamargulisbacteria and unicellular eukaryotes in the pelagic ocean.
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Figure 1: Diversity and evolutionary relationships of new Margulisbacteria lineages. (A) Relative
abundance of marine Margulisbacteria sequences in size-fractionated V4 16S rRNA gene amplicons at BATS.
Twelve, eight, and 31 seawater samples from the photic zone (100-0.1% of incident light level or surface
photosynthetic active radiation, here partitioned to upper euphotic zone (UE), deep chlorophyll maximum
(DCM)), and twilight zone (<0.1% incident light level to 1000 m) respectively, were sequentially filtered in situ
in expeditions during summer and autumn of 2021. This resulted in collection of biomass on 195 filters that
were extracted and sequenced (a few mesopelagic fractions were not sequenced). Here, “n” represents the
number of samples in which marinamargulisbacterial amplicons were detected. (B) Maximum-likelihood
reconstruction of Margulisbacteria from our data and MAGs and SAGs recruited from publicly available data.
The reconstruction is based on 72 concatenated single copy ortholog alignments (9,872 positions) evaluated
under the Q.yeast+I+R7 model. Node support is based on SH-aLRT and ultra-fast bootstrap replicates and
indicated where >80% and >95%, respectively. Marinamargulisbacteria clades are colored based on order-level
taxonomy using GTDB naming. Metagenomic bins of Marinamargulisbacteria recovered herein from protist
sorts are highlighted in violet and pink. Hexagon color indicates taxonomy of the heterotrophic protist from
which the bacterial bin was recovered. Note that although not found in association with the sorted protists, we
show that UBAB595, previously represented by a single MAG (GCA_002433595.1) from near South Africa [3],
is present in the Caspian Sea, the Atlantic and Pacific (in our tree GCA_002713045.1 is the effective
representative of GCA_002433595.1; see also Figure 2).
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To examine our hypothesis, we employed fluorescence activated cell sorting (FACS) that
targeted individual cells of non-photosynthetic protists in the ocean photic zone. Distinct
margulisbacterial assemblies were recovered from multiple single cell sorts of heterotrophic
protists and used to examine evolutionary relationships within the phylum, alongside MAGs
and SAGs recruited from publicly available data (Figure 1B). Overall, the topology of our
phylogenomic reconstruction supports prior work that established Saganbacteria and
Margulisbacteria as separate phyla [2, 3], in contrast to some other studies. Further, our
analyses placed the Termititenax from insect gut microbiomes in a sister relationship with the
sediment associated fermentative Riflemargulisbacteria, adjacent to the putatively aerobic
Marinamargulisbacteria.

Our phylogenomic analyses resolved distinct Marinamargulisbacteria lineages affiliated
with the FACS-sorted protists (Figure 1B). Sort-0276 was a stramenopile belonging to the
widespread marine MAST-4D protists [17, 33]. The co-associated Margulisbacterium was
placed within a statistically supported clade that included pelagic MAGs or SAGs from
several oceans, with a coastal Atlantic SAG (AG-343-D04) branching as its sister (Figure
1B). Partitioned in an adjacent position was an unsupported clade that included AAAO71-
K20 and AG-410-N11. The latter two MAGs formed one of the marine groups resolved by
Matheus-Carnevali and colleagues [3], and purportedly branch within and basal to R. eludans
[19] (the relationship with R. eludans was not examined because the genomic sequence is not
available in public databases). Prior work also suggested that UBA6595 and UBA817 form
individual clades [3], which our reconstruction agrees with, although we didn’t observe
statistical support for this node.

The other Marinamargulisbacteria captured in the protist sorts belonged to distinct groups.
One branched deep within UBA817 (sort-0173, Figure 1B), a group that contains MAGs and
SAGs from marine and estuarine water samples. It was co-associated with MAST-1C,
another widespread lineage of heterotrophic stramenopile protists [17, 33]. Bost MAST-1 and
MAST-4 are single-cell heterotrophic MArine STramenopiles, but evolutionarily positioned
in two different stramenopiles subgroups, the Sagenista (MAST-4) and Pseudofungi (MAST-
1) [34]. Size-fractioned data suggests that MAST-4 are picoplanktonic protists (0.8-3um),
while MAST-1 cells are larger components, found within the nanoplancton (3-20um) [35].
Both MAST-1 and MAST-4 are among the most abundant marine stramenopile lineages
known, with widespread global distributions in pelagic ecosystems, with the exception that

MAST-4 is absent in polar systems, likely due to a limit in temperature tolerance [34, 36].
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Figure 2: Phylogenetic reconstruction of Margulisbacteria 16S rRNA gene sequences. Maximum-
likelihood reconstruction based on near full-length (including the sequences from single-cell sorts) and near full-
length 16S rRNA gene sequences. The trimmed alignment with 1567 positions was evaluated based on the
optimal selected model TVMe+I+R4. Node support is based on Shimodaira-Hasegawa approximate likelihood-
ratio test (SH-aLRT) and 1000 ultra-fast bootstrap (UFboot) replicates and is indicated for clades with SH-aLRT
> 80% and UFboot >95%. The tree was rooted using diverse Cyanobacteria as an outgroup, with the outgroup
being omitted in visualization. Select Marinamargulisbacteria clades are colored based on order-level taxonomy
using GTDB naming when 16S rRNA gene sequences stemmed from genome assemblies. Hexagon color
indicates taxonomy of the heterotrophic protist SAG the 16S rRNA gene sequence was recovered from. The
connection of UBA6595 identified in the phylogenomic analysis with 16S sequences was determined using a
737 nt fragment of the 16S rRNA gene recovered from Caspian Sea MAG JAQCBCO01.1 (GCA _027621615.1)
from 15 m depth [37]. V4 18S sampling at the same site confirmed the presence of both MAST clades and
choanoflagellates at BATS [38].
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The sort-0173 taxon was closest to a MAG from the BATS photic zone
(GCA _902558105.1, Figure 1B), where MAST-1C as well as MAST-4D are ubiquitous [38].
The third group was co-associated with choanoflagellates, Opisthokonts that are the closest
living unicellular relatives of animals [17]. This group formed a deep-branching lineage
distinct from previously reported marinimargulisbacterial clades. In addition to resolving
these protist-associated marine groups, our analyses revealed several as-of-yet unrecognized
non-marine clades within the ‘Marinamargulisbacteria’, including freshwater lineages
(CAMDBAO01, SXXA01, SXXA01_A), and two from hypoxic seawater samples (JABIPAOL,
JABGVJ01) (Figure 1B).

To date, only four high-quality MAGs (average 91.5% complete) have been recovered
from the Marinamargulisbacteria, as determined through counts of universally conserved
proteins. Two of these are from freshwater clade SXXAO01 and two deep branching UBA817
members (Table S2). However, some so-called universal proteins are known to be
systematically absent from characterized symbionts [16]. The lack of completion for most
marinamargulisbacterial MAGs and SAGs could therefore reflect some level of gene loss that
should be characterized in future studies. Our assemblies did not reach completion levels that
support reliable assessment of gene loss. Finally, using the 16S rRNA gene sequences
recovered in our MAGs and near full-length cloned environmental 16S rRNA gene
sequences, we could further establish that the three protist-associated lineages identified
herein are present in the Pacific and Atlantic Oceans, as well as the China Sea (Figure 2).
Further, we show that UBA6595, previously represented by just a single MAG from near
South Africa in prior phylogenomic work [3], is present in the Caspian Sea, the Atlantic and
Pacific (Figure 1B, Figure 2).

Conclusions

Our results indicate that members of three (Marina-0691, Marina-0276, UBA817) of five
marine Margulisbacteria clades are likely to have a lifestyle associated with protists. This
suggests they are facultative ecto- or endosymbionts of eukaryotes. While little is known
about the lifestyle of any of the non-photosynthetic sibling lineages of the Cyanobacteria, our
findings combined with those from Margulisbacteria characterized in the multicellular
Opisthokonts Placozoa, Oyster, and Insecta, underscore a predilection for association with
eukaryotes. We postulate that the Margulisbacteria expose traits of the ancestral lineage that

ultimately gave rise to Cyanobacteria as symbionts, and ultimately organelles, of eukaryotes.
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Finally, co-association of three distinct lineages of marine Marinamargulisbacteria with
pelagic heterotrophic protists, and continuous presence over sunlit and dark regions of the

water column, provide first insights into their interconnected roles in ocean ecosystems.
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Abstract

Long-term timeseries studies are essential for understanding changes in environmental
conditions and microbial communities that occur as a consequence of natural and
anthropogenic forcing. The Bermuda Atlantic Time-series Study (BATS) site where the
BIOS-SCOPE project focuses on monthly sampling of physical, chemical, and biological
parameters over depth profiles, has a molecular record sampled since 1991. We analyzed
microbial taxa at BATS over the past 30 years using a newly sequenced 16S rRNA gene
amplicon sequencing record, focusing on the V1V2 region, stretching from the surface to the
mesopelagic ocean. Our analyses Capture cyanobacteria and plastids from eukaryotic
phytoplankton, alongside non-photosynthetic bacteria, and thereby enables a comprehensive
overview of the phytoplankton community and its interactions with bacteria over three
decades. This revealed changes in the phytoplankton community in association with
environmental parameters observed at BATS, including a phase of rapid warming between
2010 and 2020, and a subsequent decline in nutrient inventories in surface waters, from
increased thermal stratification. Focusing on the summer surface, we observed a significant
decrease in species richness of the total community and within the phytoplankton community
specifically. This coincided decrease in cyanobacteria and eukaryotic phytoplankton relative
abundance over time. Prochlorococcus, the major cyanobacterium during the stratified
months, showed a decline in all of its major strains over time, with the emergence of a new,
abundant strain during the period of accelerated warming not negating this overall decline.
Within eukaryotic phytoplankton, putatively mixotrophic chrysophytes increased
significantly since the onset of faster warming around 2010, with an increase especially
within the uncultured marine clades A, B, D and E. This suggests that chrysophytes,
alongside some mixotrophic members of the dictyochophytes and prymnesiophytes might be
able to capitalize on the change in conditions by counteracting a decline in available nutrients
through phagocytosis, while purely autotrophic lineages struggle. Using a co-occurrence
network, we reveal interactions between phytoplankton and heterotrophic bacteria, with a
general trend towards positive interactions between cyanobacteria and heterotrophs and
negative interactions between eukaryotic phytoplankton and heterotrophs. Bacteria that were
specific in their interactions with phytoplankton showed a significant change over time
corresponding to the phytoplankton’s trend, suggesting that the changes in the phytoplankton
observed at BATS, coinciding with increased warming, have a downstream impact on the

heterotrophic community.
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Introduction

Climate change, driven increasingly by greenhouse gas emission through anthropogenic
activity, primarily the combustion of fossil fuels, has caused substantial warming of global
surface temperatures averaging 1.1°C in 2011-2020, compared to the reference timeframe
between 1850 and 1900 [1]. Biogeochemical and ocean ecosystem models predict a cascade
of secondary effects due to warming of the surface ocean as a consequence of climate change
[2, 3]. How these changes impact phytoplankton, forming the base of the marine foodweb,
has become a major concern in the last decade [3-5]. Global observations indicate a decline
in phytoplankton (based on chlorophyll measurements) co-occurring with an increase in
surface ocean temperature [6, 7]. Warming impacts phytoplankton directly, depending on
their temperature tolerance, and indirectly by increasing stratification of the water-column,
which reduces the vertical input of nutrients through mixing [8], causing a decrease in
nutrient inventory in the sunlit ocean [4]. These conditions generally decrease primary
productivity with a more heterotrophic food web centred around recycling instead of export
of organic matter [9]. This has major implications for the entire foodweb and cascading
effects, for example impacting carbon potential fisheries yields globally [1].

Long-term timeseries studies are essential for understanding changes in environmental
conditions and microbial communities that occur as a consequence of natural and
anthropogenic forcing. They are key in both providing underlying data enabling large-scale
modeling efforts and in verifying predictions made through these models on effects of
climate change. The BIOS-SCOPE project focuses on bi-monthly sampling of physical,
chemical, and biological parameters over depth profiles at the Bermuda Atlantic Time-Series
Study (BATS) site. BATS is located at 31°40°N 64°10°W in the Sargasso Sea within the
North Atlantic Ocean, providing an important timeseries for an open ocean ecosystem not
influenced by larger landmasses. BATS, experiences seasonality throughout the year,
including a deep mixing period each winter and a stratified water column during the summer
months, with transition periods between, leading to considerable fluctuations in the microbial
community throughout the year [10, 11]. This presents a contrast compared to the second
long-term open ocean timeseries located in the Pacific Ocean. The Hawaii Ocean Timeseries
Study (HOTYS) site is located further south in the subtropical gyre, with only little seasonality
[12]. HOTS is not subjected to the same annual deep mixing as observed at BATS, with more
continuous stratification throughout the year and subsequently more oligotrophic conditions
than at BATS. BATS shows dynamic seasonality with yearly fluctuations in the microbial

community, including the composition of phytoplankton [10, 11]. During winter deep
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mixing, the phytoplankton community is dominated by Class Il prasinophytes, overtaken by
dominant cyanobacteria, primarily Prochlorococcus and various relatively less abundant
eukaryotic groups during the stratified summer season [11]. Nutrient concentrations reach
their lowest concentrations in the surface ocean during the summer, but dissolved organic
carbon accumulates at the same time, with extensive recycling of organic matter by the
heterotrophic community [10]. With the onset of the autumn transition period, phytoplankton
species that have persisted at low abundances in the deep chlorophyll maximum (DCM) over
the summer seed the winter phytoplankton community benefiting of increase nutrient
concentrations introduced vertically through deep mixing [10, 11].

This chapters focuses on characterising the surface microbial community at BATS over
the past 30 years and its potential response to changes in abiotic factors, primarily
temperature and secondary effects arising from it. The analysis will center around changes in
phytoplankton including both cyanobacteria and eukaryotic phytoplankton lineages, as well
as the heterotrophic community that interacts with photosynthetic lineages.

I will explore potential explanations for and consequences of the observed changes,
specifically focusing on the importance of the photosynthetic community, primarily the
surface during the stratified season for which the longest sampling-record exists. |
hypothesize that phytoplankton lineages respond differently to changes in temperature,
depending on their taxonomy, lifestyle and ability to compensate reduced availability of

nutrients as a consequence of increase stratification.
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Material & Methods

Oceanographic sampling

Samples were collected during research cruises abroad the R/V Weatherbird | & 1l and R/V
Atlantic Explorer as part of the BATS timeseries project lead by the Bermuda Institute of
Ocean Sciences (BIOS) and BIOS-SCOPE project. Conductivity-temperature-depth (CTD)
profiling took place between Oct. 1991 and Aug. 2020 (Figure S1). Initially, DNA was
collected at two depths (surface and 200m) until Aug. 2005, using McLane in-situ pumps and
142mm 0.2um filters. From Nov. 2008 onwards, sampling was expanded to eight depth and
twelve depths from Oct. 2016 onwards, using Niskin bottles mounted to a CTD rosette.
During Niskin-bottle sampling, 4 L of water were filters through 0.22 um Sterivex™

(Millipore) filters and frozen at -80°C until processing.

Physical framework

Physical and biogeochemical data and CTD profiles were obtained from BATS (via
https://bats.bios.asu.edu/bats-data/) and processed in R using tidyverse tools [13]. Structuring
the water column into vertical zones, the surface mixed layer (ML) refers to depth from the
surface to the base of the surface mixed layer where the density reached the surface density +
0.125 kg m™3. The deep chlorophyll maximum layer (DCM) comprises the part of the water
column where the in-situ fluorescence reached at least 35% of the peak chlorophyll
fluorescence, with the layer between the bottom of the ML and the top of the DCM being
referred to as the upper stratified euphotic zone (USEZ). Below the DCM, the winter mode
water layer (WMW) comprised layer between the base of the DCM and the density of the
local deep winter mixed layer, 26.32 kg m3. Seasonality was assigned to each cast within the
timeseries based on CTD profiles, according to the following definitions: (1) Deep mixing
begins when the mixed layer depth (MLD) goes deeper than the DCM layer depth and ends
when the MLD abruptly shoals to around 100 m, resulting in the beginning of the (2) spring
transition. The spring transition ends when the MLD shoals above the DCM for the
remainder of the summer, initiating the (3) stratified season, which ends when the MLD gets
deeper than the DCM. The (4) fall transition is defined as the period between the first
entrainment of the DCM into the mixed layer until the last appearance of the DCM layer
itself.
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DNA extraction and sequencing

DNA samples were extracted using a phenol chloroform-based protocol [14]. DNA was
amplified using V1V2 16S rRNA gene primers 27F (AGAGTTTGATCNTGGCTCAG) and
338RPL (GCWGCCWCCCGTAGGWGT) with ‘general’ Illumina adapters. Samples were
pooled to equimolar concentrations and sequences on the Illumina MiSeq (MiSeq Reagent
Kit v2) platform. Raw sequencing reads were processed, trimmed (--p-trun-len-f 180 —p-
trun-len-r 150) and amplicon sequence variants (ASVs) generated using the DADA2 R
package (v1.14.0; [15]).

Phylogenetic classification of amplicons

Quality controlled, representative V1-V2 16S rRNA gene ASVs were phylogenetically
classified using a Python3 version (available through github: github.com/BIOS-
SCOPE/PhyloAssigner_python_UCSB) of PhyloAssigner [16], as published in [11], using a
series of maximum-likelihood reference trees and alignments. To separate plastid &
cyanobacterial ASVs from other bacterial ASVs, sequences were initially placed on a global
16S rRNA gene reference tree [16]. Cyanobacterial and plastid sequences were separated
through a better-resolved tree composed of plastid and cyanobacterial 16S rRNA gene
sequences [17]. Eukaryotic phytoplankton was then classified using a series of reference trees
specific for chrysophytes, Viridiplantae (prasinophytes) [11], stramenopiles (and specifically
for subsets within stramenopiles: dictyochophytes, pelagophytes) [17]. Cyanobacteria and
specifically Prochlorococcus ecotypes were further classified through two consecutive
reference databases [14, 18]. For chrysophytes, a new reference phylogeny was constructed,
based on 41 chrysophyte 16S rRNA plastid sequences covering the V1V2 amplicon region,
using two eustigmatophyte plastid sequences (FJ612231.1, HM127019.1) as an outgroup.
Sequences were aligned using MAFFT (v7.310; [19]) and trimmed using trimAl (v1.4.1;
[20]). A maximum-likelihood reference phylogeny was inferred using RAXML (v7.0.4; [21])
under the GTR model with 1000 bootstrap replicates based on 328 positions.

For chrysophytes and dictyochophytes, phylogenetically placed sequences were grafted on
reference trees using gappa (v0.8.4; [22]) with the subcommand ‘examine graft’ and the best
placement results, not resolving branches consisting of only placed sequences. The tree was
further refined in R, removing all grafted ASVs not detected in at least 10 samples throughout
the visualised data using the ‘drop.tip’ function of the ‘treeio’ R package (v1.23.0; [23]). All

phylogenetic trees were visualised and amended with accessory data through R using the
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‘ggtree’ (v3.6.1; [24]) and ‘ggtreeExtra’ (v3.19; [25]) packages. Genus-level taxonomy for
prymnesiophytes is based on the best homology to a known reference species as determined

by blasting all prymnesiophytes ASVs against NCBI’s nr database using blastn (v2.15.0
[26]).

Diversity metrices

For surface water diversity calculations, 275 samples were rarefied to 25,000 reads per
sample. Five samples were removed from the surface sub-dataset as they didn’t reach the
required sequencing depth. All rarefaction curves of samples retained reached saturation,
with a final rarefaction curve slope at 25,000 reads of 0.01 or below. Using the rarefied
surface dataset, alpha diversity was calculated in R using the ‘diversity’ function in vegan
(v2.6-2; [27]), computing both the Simpson, Inverse-Simpson, and Shannon-Wiener index.

Species exchange rate (SER) was calculated as defined in Hillebrand et al. [28]).
Simm + Sext
Stot

where Simm is the number of ASVs newly detected in the later sample, Sext is the number of

SER =

ASVs missing in the later sample and St is the number of ASVs found in either one or both
of the samples. A smaller SER indicates more species persisting, with a higher number
indicating a higher turnover of species. Principle-coordinate analysis (PCoA) was conducted
using a bray-curtis distance matrix computed through vegan’s ‘vegdist’ function and
ordinated using the ‘cmdscale’ function. All diversity data and ordinations were visualised
using ggplot2 (v3.5.1; [29]). Statistical significance for influence of environmental variables
on ordinations were computed using non-parametric multivariate analysis of variance through
‘adonis’ (v2; [30]). General additive models and statistical comparisons between groups

therein were computed using the ‘mgcv’ package (v1.8-40; [31]).

Co-occurrence network analysis

Co-occurrence networks were based on concepts as published by Faust et al. [32], with
modifications specific to marine datasets as described in Lima-Mendez et al. [33]. The
amplicon feature table was filtered to only include surface samples (<5m depth), the only
photic-zone layer sampled since the onset of the timeseries, resulting in 271 samples
considered for network construction in total. Next, we separated the photosynthetic (both
cyanobacteria and eukaryotic phytoplankton) and heterotrophic community into two separate

abundance metrices, allowing targeted analysis of interactions between ASVs of different
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lifestyles. The initial matrix of all phytoplankton ASVs comprised 5,443 ASVs, with the
matrix of heterotrophic bacteria including 95,547 ASVs. ASVs were removed from the
abundance matrix when they were not present in a minimum of 20% of samples, resulting in
a total of 79 (phytoplankton) and 879 (heterotrophic bacteria) ASVs. Relative abundances
were calculated afterwards, normalized to the total ASV read counts per sample in the
respective matrix. For network computation, we opted against reconstruction time-delayed
responses in biotic interactions, because we consider the duration of two weeks to 1 month
between sampling timepoints too large to reliably resolve biotic responses, as argued in
Deutschmann et al. [34]. Furthermore, years without sampling and uneven sampling intervals
due to cruise schedules and weather influence would have required the extrapolation and
simulation of large amounts of data, something we do not consider accurate in reflecting
species interactions and community composition. Interactions between two ASVs were
detected using Spearman’s rank correlation. Significance was determined using
permutation/renormalization followed by bootstrapping with 1000 iterations each. Taxon
abundances were reordered and re-normalized to one after permutation. This generated null
distributions and normalized abundances avoiding the detection of correlations solely based
on the compositional structure of the input relative abundance data. Bootstrapping was used
to detect ‘real’ significant correlations based on confidence intervals. p-values were corrected
to adjust for false positive discovery rates using pooled-variance Z-test and interactions were
considered significant with an adjusted p-value <0.05. Interactions detected between two
ASVs can be driven by both species responding in the same or similar way to a change in an
environmental condition, resulting in so-called environmental triplicates (2 ASVs and 1
environmental factor). To remove these artefacts and identify only true biotic interactions
between ASVs, we constructed a matrix for environmental factors, including nitrate NOs',
phosphate PO4*, length of day (h of sunshine), salinity and temperature. Both matrices were
compared against the environmental matrix in the same way as the comparison between
phytoplankton and heterotrophic bacteria, and the 27,224 ASV-to-ASV interactions were
subsequently filtered to remove all interactions in which both ASVs also correlated with the
same environmental factor. This resulted in the removal of 24,863 interactions (91.3%)
initially detected between two ASVs. It is likely that this also led to the removal of some
interactions that are driven by a combination of overlapping environmental factors and biotic
interactions that could not be resolved with the approach applied herein. Similarly,

environmental triplicates can involve an environmental variable not considered in the

132



environmental matrix, leading to false positives (see discussion). All matrix-to-matrix
comparisons were computed in R using ccrepe (v1.30.0; [35]) and final networks were

visualised using igraph (v1.3.5; [36, 37]).
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Results & Discussion

Our analysis centred around the phytoplankton community and the bacteria that interact with

it at BATS, and our analysis uses only samples from the surface ocean, which is the only

sunlit depth-layer for which a molecular record exists since 1991 (Figure S1). BATS shows

an increase in temperature at the surface waters (Figure 1A), with an acceleration in warming

after 2010, a distinct change in the environmental conditions that has previously been noted

[4]. This overall change in temperature and secondary effects over time could impact the

microbial community through various mechanisms, with important implication for

biogeochemical pathways impacted by microbial activity, including nutrient recycling, and

carbon fixation, remineralization, and export.
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Figure 1: Change in temperature and species richness over time in the surface waters at BATS. (A)
change in temperature in analyzed surface samples (0-5m) at BATS. (B) Species richness of only eukaryotic
phytoplankton and (C) the total community captured by V1V2 16 rRNA gene amplicon sequencing

(heterotrophic bacteria, cyanobacteria, and eukaryotic phytoplankton). Dashed lines indicate the mean across all

samples (dots) shown.

134



Focusing on the surface community for which we have the longest molecular record
(starting in Oct. 1991), we initially investigated commonly applied general diversity metrices
for alpha diversity (the diversity observed within a sample). We did not observe a significant
change in any commonly applied diversity metrics (Shannon-Wiener-index [38], Simpson-
index [39] or inverse Simpson index) over time when considering either the total or only the
eukaryotic phytoplankton community. However, we did observe a significant decline in
species richness (i.e., the number of species observed within a sample) over time in both
eukaryotic phytoplankton (p<0.001) and the total microbial community (p<0.001) (Figure
1B, 1C). The Simpson diversity index is influenced disproportionally more by changes in
evenness of common species than by diversity of rare species [28], suggesting that a decline
in rare species is driving the decline in species richness (which essentially represents the
number of observed species in a sample), explaining why we don’t see a significant decline in
any of the indices, but in species richness. The trend in species richness itself is likely biased,
with species richness generally not capturing a decline over time because newly introduces
species are detected earlier than species that are going extinct [40]. This suggests that the
decline in species richness is likely an underestimation of the actual decline in richness taking
place. Species richness itself also misses neutral species turnover, essentially the replacement
of one species by another over time, which would not affect the number of total species
observed at any given time. While we do observe a decline in species richness at the surface
over time, however, this could be congruent with the disappearance of more species than
detected and more change in community composition, i.e., neutral turnover, than detected by

species richness.

Species turnover and change in community composition over time

We next attempted to explore turnover through species exchange rate (SER) [28] over time
but did not observe a significant trend (Figure S2A). The SER is very susceptible to uneven
sequencing depth, which we addressed through rarefying (randomized subsampling of
samples with higher sequencing depth), but especially rare species are often not detected or
lost through this process, inflating the SER [28]. Seasonality induces additional variability,
with the SER lower during months within the stratification period versus more dynamic
transition periods (Figure S2B). The molecular timeseries at BATS is not sampled at a strict
frequency, with sampling intervals varying between 10 and 50 days throughout, due to

weather and logistical constraints. Subsequently, with an increase in the gap between two
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points considered to compute SER, we observed a significant (p<0.01) increase in SER
between those timepoints (Figure S2C), skewing potential results ins SER observations.
Variability in sampling gap, seasonality at BATS and detection-limits for rare species bias
and increase the variability of SER, blurring any true change in species exchange rates
potentially present in the microbial community.

BATS, although located at a relatively low latitude (31°40°N 64°10°W), experiences
substantial changes through seasonality, with deep mixing occurring during the winter
months and strong stratification during the summer, with shorter spring and autumn transition
periods in between [10]. This seasonality leads to major systematic change in the microbial
community composition throughout each year (Figure 2), significantly driven by the
fluctuations in temperature occurring simultaneously. The impact of seasonality, however,
blurs potential trends occurring over longer time periods, with yearly variability being a

significant factor driving differences in the community composition.
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Figure 2: Differences in surface community composition throughout seasons. Principal coordinate analysis
(PCoA) of 270 rarefied surface samples (25,000 reads) collected between 1991 and 2020 between 0 and 5 m.
Exact sampling depth and the exact time of sampling were not significant in permutation testing of PCoA
positions. The impact of nutrient concentrations was not tested due to concentrations below the detection limit
for surface samples, especially during the stratified (summer) season.
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To focus our investigation on possible change over time, we separated the timeseries
dataset by season, mainly relying on the stratified summer season, for which the most
consistent sampling recorder exists, including designated process cruises throughout recent
years. Principle coordinate analysis (PCoA) of surface samples recovered during the stratified
period, the longest seasons at BATS, stretching generally from the middle of April until the
end of October (up to 195 days) revealed significant changes in community composition
during the season (Figure 3A). Throughout the stratified season, the surface water warms up
continuously. This increase in temperature is a significant driver of changes observed in the
community composition throughout the season. We observed significant variability on a year-
to-year basis, with some indications that the community varies in how it changes throughout
the season from year to year, while the initial community at the beginning of the season is
more similar than at the end. Although physically a stability period, this does not seem to
translate to the microbial community which seems to stay dynamic throughout the summer.
Inorganic nutrient availability (NOs? , PO4* , FEs*) is likely another driver for this change,
but concentrations are generally below detection limit so this could not be tested statistically.
It is to be expected that the nutrient inventory in the surface continuous to decline from
already low starting levels at the beginning of the stratified season, further driving
competition for these scarce resources, which likely impacts the microbial community.
Notably, the temperature during the stratified season was significantly higher in 2008-2013
and more so, the most recent sampling period (2016-2020), compared to temperatures

measured in the initial sampling period 1991-1994 (Figure 3B).
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Figure 3: surface community changes during the stratified stability period. (A) Principal Coordinate
Analysis of all samples collected during the stratified period between 1991 and 2020. Samples were grouped
into sampling periods and are colored based on temperature at sampling and sized based on when sampling
occurred relative to the start of the stratified period. Significance was tested using a permutation test [30]. Exact
sampling depth and time of sampling were not significant factors. Nutrient concentrations were not tested
because they did generally not reach detection limit during the summer season. (B) Relationship between
temperature in the sampled water and the time since the start of the stratified period. Curves were fitted using a
general additive model (GAM), distinguishing between the four sampling periods. Statistical significance was
tested using a permutation test on the fitted lines, determining that the period 2008-2013 (p < 0.05) and the latest
sampling period 2016-2020 (p < 0.001) have a statistically significantly different parametric coefficient from the
first sampling period (1991-1994).

The analysis here on out will focus on the phytoplankton community specifically,
predicted to be particularly heavily affected by climate change [3, 5]. We aimed to investigate
what effects the changes in biogeochemical parameters, particularly the increased warming
during summer and connected secondary effects observed at BATS have on the
phytoplankton community that forms the base of the microbial foodweb. The second part of
the following analysis will center around the interactions of phytoplankton with heterotrophic
bacteria, to investigate potential downstream effects on the community composition driven by

changes in phytoplankton.

Relative decline in surface phytoplankton

The open ocean phytoplankton community in lower latitudes is generally dominated by tiny

cyanobacteria, particularly Prochlorococcus lineages (so-called ecotypes) [41], reaching their

138



highest abundances during the summer stratified periods. Although Prochlorococcus is most
abundant in absolute cell numbers between 50m and 100m BATS, depending on the ecotype
[42], it contributes a similarly relative portion of phytoplankton in the stratified season at the
surface (Figure S3A), where it is well-adapted to challenging environmental conditions,
compared to (larger) eukaryotic phytoplankton. During the stratified period, nutrient
concentrations are depleted below detection limit while there is no upwelling or other vertical
transport of nutrient rich water from below, with Prochlorococcus outcompeting other marine
cyanobacteria like Synechococcus and eukaryotic phytoplankton, due to their large surface-
to-volume ratio (i.e., small cell size, ~0.8um) [43]. The surface Prochlorococcus population
itself is dominated by members of the ecotype high-light Il (HLII) (Figure S3B), which is
best adapted to the challenging environmental conditions, including extremely low nutrient
conditions, high temperatures and high light intensity and UV radiation [44-46]. At 40m and
80m, HLI is another high-light adapted ecotype increasing in relative abundance relative to
the surface. At 80m and increasing below that, multiple low-light adapted ecotypes, including
LLI, LLI and especially LLVII (primarily subclade A), are the main ecotypes, with high-
light ecotypes still present, but making up only 10-20% of the Prochlorococcus population at
160m. Cells of low-light Prochlorococcus ecotypes are optimized for growth at low-light
intensities, far below the ideal light levels of high-light ecotypes. Their cells are generally
larger and contain more chlorophyll pigments for optimized light-harvesting [47].

Between 1991 and 2020, we observed a decline in the relative abundance of
phytoplankton (cyanobacteria and eukaryotic phytoplankton) compared to heterotrophic
bacteria at the surface (Figure 4), coinciding with the warming of surface waters observed
(Figure 1A). Both, a decline in cyanobacteria (almost exclusively Prochlorococcus) and a
decline in eukaryotic phytoplankton contribute to this overall decline. We observed the
lowest relative abundances in phytoplankton in the last decade, coinciding with an
acceleration in warming observed at BATS since 2010 [4]. We did not observe a shift
towards cyanobacteria relative to eukaryotic phytoplankton previously described for the
integrated water column [4], but rather a shift towards to a more heterotrophic community in
the surface overall, with all groups of phytoplankton seemingly struggling with the change in
environmental conditions, in line with general concepts in how marine ecosystems will

respond to warming [9].
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Figure 4: Long-term changes in relative phytoplankton abundance at BATS surface during the stratified
season. Relative abundance of total phytoplankton (cyanobacteria and eukaryotic phytoplankton combined), and
cyanobacteria and eukaryotic phytoplankton separately, out of all V1V2 16S rRNA over time. p-values are
based on linear correlations. Shaded areas indicate 95% confidence intervals. Points indicate relative
abundances for each day sampled during the stratified season. When multiple samples were taken on the same
day, e.g., during process cruises at BATS between 2016 and 2020 as part of BIOS-SCOPE, values were
averaged.

We next focused on a more in-depth taxonomic breakdown of both the cyanobacteria and
eukaryotic phytoplankton lineages present. The Prochlorococcus population at BATS consist
of multiple distinct ecotypes, and similarly, the eukaryotic phytoplankton is composed of
various taxonomic groups with different lifestyles, environmental niches, and optimal
environmental conditions, suggesting that the change observed over time likely did not affect
all strains of phytoplankton the same. Similarly, some lineages could even be benefiting of
the reduction or even disappearance of competing strains and therefore increase in relative
abundance.

Changes in Prochlorococcus ecotype composition

During summer and at the surface, all abundant strains within the Prochlorococcus
population belong to the ecotype HLII. One strain (i.e., one ASV) was particularly abundant

(vlv2seqg?), but multiple other ASVs were major contributors to the overall Prochlorococcus
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population. The overall decline in relative abundance of Prochlorococcus in the summer
surface waters we observed seems to be driven by a decline major Prochlorococcus ASVs
(significant decline p < 0.001 for viv2seg2 and v1lv2seql5), and not by a decrease in
v1v2seq2 alone (Figure 5). ASV v1v2seql750 is a noteworthy exception to this trend, not
present in the dataset before 2011 at any depth, but then appearing and becoming the third
most abundant surface Prochlorococcus (within HLII and generally) ASV by the end of the
timeseries in 2020. Although increasing in abundance over time, the occurrence of this new
strain did not negate the decline in all other strains, still resulting in a net decline in
Prochlorococcus. v1v2seql1750 is not a rare species (approaching a mean relative abundance
of 1% total V1V2 rRNA in the summer of 2020), so it’s presence only in the later part of the
timeseries cannot be explained by issues in detection of rare species, suggesting that this is a
true new abundant strain previously not present at BATS. Theoretically, the strain could have
been present the whole time or at least for some period before increasing significantly in
abundance but remained at extremely low (below detection limit) concentrations for decades,
until it became an important strain. More likely, this represents the evolution or introduction
of a new strain into the Prochlorococcus population, perhaps due to a change in
environmental conditions favoring this strain vs strains that are unable to adapt to the
warmer, more stratified conditions at BATS.

The occurrence of new sub-species variants could be explained by evolution, or horizontal
introduction of the variant from other environments, e.g., through the movement of water
masses through currents or eddies, which transport a distinct water mass in its center and can
introduce new species this way [48]. This theory is particularly appealing for eddies
originating south of BATS and transporting a community of microbes adapted to warmer
conditions north. BATS is frequently impacted by eddies and horizontal movement of water,
making this a plausible vector of introduction [49], but would require the strain to be
established in another environment to be exported from. In an attempt to establish if
v1v2seql750 has been observed in environmental surveys before, we queried extensive
V1V2 16S rRNA reference datasets from the North Atlantic, the Caribbean Sea [50], the
North Pacific [51], Indian Ocean [18] and Mediterranean [52] but were unable to confirm the
presence of the ASV in any of them. We also didn’t obtain any exact match to reference
sequences in the NCBI nr database. Although it cannot be considered a proof, this opens the
possibility that this sequence might reflect an evolutionary response to the changing
environmental conditions. New, including some abundant Prochlorococcus strains are still

being discovered, leaving this question open for more comprehensive analysis in the future.
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Figure 5: Changes in Prochlorococcus ASVs over time. Relative abundance of the top ten Prochlorococcus
ASVs between 1991 and 2020. Ecotype classifications are based on PhyloAssigner [11]. viv2seq2 and
v1v2seql5 significantly declined over time (p<0.001).

Changes in eukaryotic surface phytoplankton - the rise of the chrysophytes

Even though eukaryotic phytoplankton is less abundant relative to cyanobacteria at the
surface during the they are still an important component of surface phytoplankton.
Furthermore, eukaryotic phytoplankton cells are larger than cyanobacteria, subsequently
making up disproportionally more organic material. As a consequence of their size, they also
generate a larger phycosphere than smaller cells [53], opening more opportunities for
interaction with other microbes, i.e., having a bigger microbiome. We observed changes
within the eukaryotic phytoplankton community composition over time. Although the relative
abundance of the eukaryotic phytoplankton decreases over time overall, this revealed some
eukaryotic lineages that seem to be able to capitalize on the changing environmental
conditions observed at BATS, subsequently rising in relative abundance over time (relative to
the total photosynthetic community).

We observed a relative increase in chrysophytes in the surface eukaryotic community

(Figure 6A, 6B). Chrysophytes are a class (Chrysophyceae) within the stramenopiles division
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[54] mostly characterized as ‘golden algae’ in freshwater and brackish environments, but it
also includes marine representatives that are relevant members of plankton community in
ocean environments across all latitudes [54-56]. Marine chrysophyte diversity is poorly
resolved, especially when relying on the 16S (plastid) rRNA gene as a marker. To enable
high-level taxonomic resolution, we reconstructed a phylogenetic reference tree, relying
mostly on environmental sequences of uncultured chrysophytes, followed by phylogenetic
placement of putative chrysophyte ASVs from BATS using a rewritten and customized
version of the PhyloAssigner tool [16], allowing (sub)-species variant resolution of detected
chrysophytes (Figure 6C).

An overall increase in relative abundance over time occurred for most ASVs compared to
previous sampling periods but was significant for representatives of chrysophyte clade B
(vlv2seq532), clade E (v1v2seq995, viv2seq2317), clade D (v1v2seq686), clade A
(vlv2seq644) (Figure 6D). None of those clades comprise plastid sequences of cultured or
otherwise known chrysophytes and gaining insights on their lifestyle is therefore challenging.
Generally, Chrysophytes have larger cell size (genus Ochromonas: 2-30 pum [57]), compared
to lineages like Prochlorococcus (~0.8um) [43] and they would subsequently at a
disadvantage when competing for the extremely limited inorganic nutrients available in the
stratified surface layer. In the context of increased warming and subsequently stronger
stratification through reduced vertical mixing of water, which resulted in the depletion of the
nutrient inventory at BATS [4], a decrease in chrysophytes, as in other phytoplankton, would
be a logical consequence. The increase in abundance observed herein contradicts these
predictions, with a mixotrophic lifestyle being one possible explanation for the trends

observed.
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Figure 6: Chrysophytes become more important in the stratified summer surface ocean over time.
Relative abundance of all chrysophytes out of V1V2 16S rRNA plastid reads (eukaryotic phytoplankton) (A)
and all V1V2 16S rRNA reads (B). (C) Maximum-likelihood phylogenetic reconstruction of chrysophytes based
on 16S rRNA gene sequences. The phylogeny was reconstructed under the GTR model with 328 positions
covering the V1V2 region. Sequences of marine origin are labelled in blue. ASVs recovered herein and grafted
onto the phylogeny based on best node phylogenetic placement are highlighted in bold text and purple. (D)
Heatmap showing the relative abundance (out of eukaryotic phytoplankton) for each separate ASV per sample.
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period were subsampled to reduce the number of samples. Only one sample per cruise was considered.
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Although the study of marine chrysophytes is difficult because of the lack of characterized
isolates, some members have been identified as predatory mixotrophs [58, 59]. Mixotrophy is
herein constraint to predatory mixotrophy, i.e., the ability of a protist to conduct
photosynthesis through a plastid and phagocytise bacterioplankton (predation) [60, 61]. This
enables larger cells to harvest light-energy by simultaneously acquiring inorganic nutrients
(and potentially some essential organic nutrients like vitamins) through predation of
bacterioplankton [62]. Field-based experiments confirmed that almost all (96%) of detected
chrysophytes were able to feed on Prochlorococcus in the Pacific Ocean [55] and
chrysophytes have been implied as actively feeding mixotrophs in both the Atlantic and
Pacific subtropical oligotrophic gyres [58, 62]. Some chrysophytes have lost their ability to
conduct photosynthesis [63], but our classification method, relying on 16S rRNA plastid
sequences implies that the chrysophytes discussed here retained their plastids (while we do
not detect potential heterotrophic chrysophytes here). While our data does not provide
evidence for their potentially mixotrophic lifestyle, a previously characterized marine
chrysophyte was found to be an obligate mixotroph, adapted to resource efficient growth in
oligotrophic ocean environments [64]. The unknown environmental clades detected herein,
especially clades B, D and E which have increase in relative abundance over time, probably
utilize predatory mixotrophy, feeding on Prochlorococcus or other bacterioplankton to offset
the competitive disadvantage because of their smaller surface-to-volume ratio.

A rise in putatively mixotrophic lineages like chrysophytes at BATS has implications for
dynamics across the food chain, the transfer of carbon through the microbial foodweb, and
subsequently marine carbon cycling in general. Mixotrophs as important contributors of
bacterivory, and in the oligotrophic gyre in the North Atlantic, they are more important in
controlling bacterivory than their aplastic counterparts because they are numerically more
abundant [62]. An increase in the abundance of some mixotrophic lineages could indicate
more predation on bacterioplankton like Prochlorococcus. Mixotrophs are capable of
balancing loss of carbon during respiration of prey through photosynthesis and
simultaneously supplement photosynthesis-limiting nutrients through grazing [65]. This leads
to a higher carbon transfer efficiency through the food-chain, which, combined with the, on
average, larger cell size of mixotrophs results in an increase in carbon export in model
estimates [66]. Theoretically, this could counteract the reduced carbon export resulting from
more organic matter recycling and less primary productivity expected for these conditions
[9]. This could be an explanation for observations at BATS where there is no significant
change in carbon export between 1991 and 2020 [4]. This hypothesis would require a depth-
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integrated investigation of a potential increase in mixotrophs and a better understanding of
actual cell sizes of lineages present. Cell-sizes within the chrysophyte genus Ochromonas
range from 2-30 pum [57], and those of environmental clades A — E and | present at BATS
(Figure 6) are unknown because they only consist of uncultured lineages, making this a

source of considerable variability that needs to be considered.

Dynamics in other putatively mixotrophic lineages

Chrysophytes are not the only putatively mixotrophic lineage present at BATS. An increase
in mixotrophic chrysophytes would not automatically result in an increase in bacterivory if it
comes at the cost of another mixotrophic lineage. To examine if mixotrophic lineage
generally increased or decreased in relative abundance during the summer stratified season
independent of their taxonomy, or if chrysophytes demonstrate an exemption, we investigated
changes in other lineages that contain putative mixotrophs. Predatory mixotrophs have been
described in various lineages, and in oligotrophic marine ecosystems mostly originate from
the Bolidophyceae, Chrysophyceae, Dictyochophyceae, Prymnesiophyceae [58].

Additionally, Rhizaria and dinoflagellates are major lineages including mixotrophs present
at BATS [67], but their abundances are challenging to assess through molecular approaches
as used herein. Both lineages utilise diverse strategies to acquire plastids, and extremely poor
reference data exists, making identification of 16S V1V2 plastid reads from either lineage
challenging. E.g., plastids are frequently ‘stolen’ from other photosynthetic lineages, through
a process called kleptoplasty [68]. Alternatively, 18S rRNA amplicon sequencing could be
used to identify Rhizaria or dinoflagellates, but both generally encode extremely variable
copies of the 18S rRNA gene (sometimes more than 1000 copies per genome [69]), making
18S rRNA as a quantitative tool essentially useless, and a comparison of their abundance vs
lineages detected and relatively quantified herein not possible.

We were able to detect bolidophytes throughout the timeseries, but all representatives are
rare species not continuously present throughout the timeseries, with an average relative
abundance of 0.70+0.82% V1V2 plastid 16S rRNA for all Bolidophyceae ASVs in the
surface. They were not investigated further herein because derived trends would be heavily
influenced by biases induced by detection limits. Prymnesiophytes and dictyochophytes are
the major eukaryotic groups present in the surface layer at BATS, apart from chrysophytes,
with average relative abundances of 20.17+8.74% and 26.93+16.01%, respectively. On a

cumulative level, neither dictyochophytes nor prymnesiophytes clades displayed a decline or
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increase over time (Figure S4A, Figure S5A). Prymnesiophytes comprise multiple clades,
including coccolithophores such as the model species Emiliania huxleyi, which are strictly
autotrophic, and the Phaeocystis and Chrysochromulina clades which include mixotrophic
members, the latter being one particularly diverse at BATS (Figure S4B) [70, 71].
Interestingly, we observed an increase in the relative abundance of all Phaeocystis ASVs we
detected, while coccolithophores (Emiliania huxleyi) decreased (Figure S4C). Within
Chrysochromulina, we observed more variability, with about half of the ASV, including the
most abundant Chrysochromulina ASV (v1v2seq223) increasing significantly, while the rest
declined in relative abundance. Generally, all clades without mixotrophic characteristics
seemed to decline, while mixotrophic lineages either increased (Phaeocystis) or showed more
diverse internal trends (Chrysochromulina). Within the dictyochophytes, we observed a
decline in all clades but DEC Il and Rhizochromulina (Figure S5B, S5C). DEC
(Dictyochophyceae Environmental Clade) 11 represent one of the many dictyochophyte
clades consisting only of environmental sequences and no isolates with known lifestyles,
while Rhizochromulina are mixotrophs [58]. DEC Il comprises the two main dictyochophytes
(vlv2seq261, vlv2seq948) present in the summer surface at BATS, which, together with
their increase in abundance could indicate a mixotrophic lifestyle. We observed the most
significant decline in vlv2seq2894, part of one of two clades (Novel BATS clade | & II) that
have no isolates or environmental reference sequences, suggesting that these might indicate
novel, previously unknown clades.

Overall, observed trends for three lineages with known mixotrophic lineages
(dictyochophytes, prymnesiophytes and, most notably, chrysophytes) do raise questions about
the potential increase in mixotrophic protists during the summer in the BATS surface layer.
Trends observed within dictyochophytes and prymnesiophytes, however, do show that we do
not see an increase in all mixotrophic lineages across taxonomic groups, e.g.,
Chrysochromulina. While results herein suggest an overall increase, not all mixotrophic
lineages seem to benefit similarly from the changes at BATS over the past decades,
potentially reaching the limit of their temperature tolerance. The lack of known isolates for
most of these clades of important mixotrophs makes predictions about the reason for and
impact of changes in mixotrophic taxa challenging, highlighting the need for a deeper

investigation and characterization of more, so far, purely environmental, clades.

147



Co-occurrence networks reveal interactions between surface phytoplankton and bacteria

Next, we aimed to explore how surface phytoplankton at BATS interactions with
heterotrophic bacteria and explore potential downstream effects of changes in abundance of
some phytoplankton lineages. We reconstructed a co-occurrence network for interactions
between heterotrophic bacteria and the photosynthetic community (cyanobacteria and
eukaryotic phytoplankton) (Figure 7). Overall, this resulted in the detection of significant
interactions between 72 phytoplankton ASVs and 567 heterotrophic bacterial ASVs,
revealing both positive (Figure 7A) and negative (Figure 7B) associations, although negative
interactions clearly dominated overall (Figure 7C). Interactions between two entities in co-
occurrence networks can represent physical associations, such as the attachment of one cell to
another, but are not restricted to those. The detection of more diverse interactions represents
an advantage of co-occurrence networks as supposed to other approaches, such as single-cell
genomics (see chapters 2, 3 and 4). Positive interactions in co-occurrence networks can
comprise beneficial interactions between heterotrophic bacteria and phytoplankton, such as
mutualistic symbiosis. Negative interactions can represent more diverse interactions, most
prominently predation, although herein, focusing on phytoplankton, this would require a
mixotrophic lifestyle for the phytoplankton organism involved in the interactions.
Heterotrophic bacteria can drive negative interactions through pathogenicity and parasitism,
which in the context of their interactions with phytoplankton, encompasses algicidal bacteria,
potentially associated with the phycosphere of the phytoplankton cell. Competition for other
limiting resources can be another driver of negative interactions, especially when the limiting
resource, e.g., iron, are not considered in the filtration step to detect ‘environmental
triplicates’. Interestingly, positive interactions were dominated by interactions with
cyanobacteria (58.8%), and negative interactions comprised interactions between
heterotrophic bacteria and cyanobacteria, but also a more diverse pool of various lineages of
eukaryotic phytoplankton, including mainly chrysophytes, pelagophytes, prymnesiophytes,
prasinophytes and eustigmatophytes (Figure 7D). The ASV with the most interactions total,
v1lv2seq57, was classified as Pelagomonas (Pelagophyceae), a presumed autotroph. This
lineage is generally found at deeper depth during the summer and only becomes abundant in
the deep mixing at the surface when deep ventilation introduces nutrients into the surface
layer [17]. Because this analysis was focused on the main phytoplankton groups observed
during the stratified summer season with very limited nutrient supply, it was not investigated

further.
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Figure 7: interactions between phytoplankton and bacteria in the surface ocean at BATS. (A) Positive and
(B) negative interactions detected between ASVs of heterotrophic bacteria and photosynthetic lineages
(cyanobacteria and eukaryotic phytoplankton), not considering interactions paralleled by environmental co-
correlation of the interacting species. Nodes are scaled based on the number of interactions. (C) proportion of
negative and positive interactions observed. Taxonomic breakdown of the positive and negative interactions

from the (D) phototrophic, or (E) heterotrophic side.

A taxonomic breakdown of negative and positive interactions revealed that across all
bacterial taxa frequently detected within interactions, all lineages were generally involved in
more negative than positive interactions (Figure 7E). SAR11, involved by far in the most
positive and negative interactions is the most abundant and most diverse clade of
heterotrophic bacteria observed at BATS, in line with its global dominance of the open ocean
[72]. In combination with the requirement for organic material derived from phytoplankton,
similar to other heterotrophs, this could explain the large number of interactions observed
between SAR11 and phytoplankton ASVs. Furthermore, biogeography [73] and some work
based on cultures of Prochlorococcus and SAR11 suggests that SAR11 relies on thiamin pre-
cursors produces by Prochlorococcus [74] and that there might be exchange of various
molecules and co-evolution between them [75], which could explain the plethora of
interactions observed between these two groups specifically. However, future exploration of

interactions between Prochlorococcus and SAR11 is challenged by the complexity of
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developing a co-culturing system [73]. A taxonomic breakdown of both positive and negative
interactions by phytoplankton group enabled some insights into the various potential
underlying reasons behind these interactions for different groups (Figure 7). Flavobacteriia
(part of the Bacteroidota group) were almost exclusively involved in negative interactions
across all phytoplankton lineages they were associated with. Bacteroidota are considered
members of the phycosphere, living in close proximity with the phytoplankton cell,
benefiting both the phytoplankton and bacterium in laboratory experiments [76]. Some
members of the Bacteroidota are known algicidal bacteria (able to kill phytoplankton, and
subsequently often found to benefit from and terminate algal blooms [77, 78]) suggesting
that, even though the phycosphere is generally considered a microenvironment beneficial for
the phytoplankton, some bacteria residing in the phycosphere could be preying on the
phytoplankton cell, leading to a negative impact on phytoplankton abundance. Similar to
Bacteroidota, Deltaproteobacteria were primarily involved in negative interactions across all
taxa. Deltaproteobacteria have only been observed in association with the phycosphere in rare
occasions and with generally low abundances, and no lineages have been isolated or
investigated in depth [79]. Negative effects on phytoplankton have been reported before, but
without any insights into the potential mechanism [80]. Planctomycetes from the
Phycisphaerae lineage) show a different pattern, only being associated with eustigmatophytes
in a positive interaction. Planctomycetes are often prevalent in algal blooms and are generally
found in association with phytoplankton and algae surfaces [81, 82]. The Phycisphaerae
specifically include multiple cultured representatives, isolated from the surface of marine
macroalgae [83, 84]. Their positive association observed here suggest a beneficial impact on
the phytoplankter, suggesting a specific association of the Phycisphaerae at BATS with the
phycosphere of eustigmatophytes.

Gammaproteobacteria and Rickettsiales, as well as Rhodospirillales were found to
frequently interact with phytoplankton, both negatively and positively, reflecting potentially
diverse lifestyles within these taxa. Rickettsiales are known to vary in their host interaction
greatly depending on host-type and their lineage within Rickettsiales [85]. While symbionts
of the Rickettsiales lineage can live in mutualistic symbiosis with some hosts, very closely
related lineages can have a pathogenic lifestyle within their host. This is further complexified
by larger host ranges, with some species residing in a mutualistically beneficial symbiosis
with their preferred host, while simultaneously switching to a pathogenic lifestyle when
infecting another (see chapter 3). Less is known about Rhodospirillales, but they are known

to be associated with phytoplankton and changes in phytoplankton DOM composition [86],
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meaning that they are likely associated with the phycosphere. Our findings suggest that some
members might have algicidal activities, potentially dependent on what phytoplankton they
associate with.

Both the OCS116 clade and Acidimicrobiia seemed to have either positive or negative
effects on phytoplankton based on the phytoplankton lineage. OCS116 is a clade of
uncultured Alphaproteobacteria with an unknown lifestyle [87]. They are generally found in
oligotrophic environments and tend to bloom during spring but are present throughout the
whole year [88, 89]. Their rise in abundance during the spring indicates a response to the
annual bloom in phytoplankton observed at BATS during the spring transition. Their positive
association with prasinophytes, which are highest in abundance in spring as key elements of
the short phytoplankton bloom observed annually [11], confirms their potential co-
association. Acidimicrobiia had positive interactions with both prasinophytes and
pelagophytes, while negatively impacting eustigmatophytes, dictyochophytes and
Cyanobacteria.
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Figure 8: Relative taxonomic composition of the interactions between phytoplankton and heterotrophic
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Changes in the abundance of highly interactive eukaryotic phytoplankton over time causes

changes in heterotrophic community

Notably, eight distinct chrysophytes demonstrated various interactions with heterotrophic
bacteria, especially vlv2seq644 which interacted with 130 bacterial ASVs alone (Figure 7A,
7B), including 116 negative interactions. All chrysophytes with significant interactions
showed increasing relative abundances at BATS over time. To investigate a possible effect
that this rise in chrysophytes might have on the heterotrophic community in the surface at
BATS, we investigated possible dynamics in the abundance of the bacterial ASVs interacting
positively or negatively with chrysophytes. The network analysis and chrysophyte abundance
changes over would suggest that bacteria negatively interacting with chrysophytes would
decrease in relative abundance while those positively interacting would increase over time.

Indeed, over time, heterotrophic bacteria positively associated with chrysophytes
increased in the stratified surface, just as their interacting phytoplankton did (Figure S6A).
We did however not observe the opposite trend for ASVs negatively interacting with
chrysophytes, with no significant changes observed over time (Figure S6B). We observed the
same pattern for the most abundant dictyochophyte (v1v2seq261) and prymnesiophytes
(vlv2seq223), both of which significantly increase in the stratified surface over time.
v1lv2seq261 had no positive interactions in our network, but the six ASVs it negatively
interacted with showed no temporal trend in the summer season. vlv2seq223 had one
positive interaction (with v1v2seq987), which showed a significant increase in the summer
over time, while the 43 ASVs it interacted negatively with showed no temporal trend. Both
dictyochophytes and prymnesiophytes also include strains that decrease over time
significantly, but they did not occur in enough samples throughout the timeseries to be
included in the network, and we therefore were unable to test if we would observe the
opposite trends for decreasing taxa.

The positive trends we observed for eukaryotic phytoplankton lineages and the
heterotrophic bacteria they positively interact with suggests that there is a beneficial
relationship between the interacting taxa resulting in an increase of both over time. For
example, some of the bacteria increasing over time could be beneficial symbionts associated
with the phycosphere, and as the phytoplankton increases in relative abundance at the surface
during the stratified season, those associated bacteria benefit and subsequently increase in
relative abundance as well. There are likely other interactions occurring as well, as we see an
increase in the relative abundance of positively associated SAR11 strains, a lineage of small

free-living bacteria unlikely to attach to phytoplankton due to its well-established free-living
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lifestyle [72]. Higher specificity in positive interactions could explain why we do not observe
a negative trend over time for heterotrophic bacteria with negative interactions. Heterotrophic
bacteria with positive associations to phytoplankton are often only associated with one ASV
(1.39+1.13 interactions per heterotrophic bacteria ASV), while heterotrophic bacteria with
negative associations are often negatively associated to multiple different phytoplankton
ASVs (2.99+3.40 interactions). This significant difference (p < 0.0001) potentially blurs
signals in long-term trends for negative associations, while positive interactions, restricted to
often only single phytoplankton ASVs result in a clear long-term trend observed herein
(Figure S6).

General limitations of network analysis

One key limitation of this type of co-occurrence analysis lays in the detection of interactions
involving rare lineages. The network analysis conducted herein, and comparable approaches
generally require a minimum detection limit, meaning that ASVs not present in at least 20%
of samples analysed are removed before computation of the network. As demonstrated in
chapters 2 and 3, while globally present, symbionts of eukaryotes in general are often very
rare, and can remain undetected during sequencing in a lot of samples. It is therefore likely
that the frequency cut-off applied led to the loss of a lot of potential symbionts. This
highlights the undetectability of symbiosis involving rare bacterial lineages as a major
limitation of co-occurrence networks. We were unable to detect any of the symbioses
discussed in previous chapters herein, despite the detection of both host and symbiont
lineages at BATS, highlighting this limitation particularly for rare, yet diverse and
widespread, symbionts of protists.

Bacteroidota lineages shown and discussed in chapter 2 as physically co-associated with
various lineages of eukaryotic phytoplankton were shown to be the most abundant symbiont
at BATS among lineages recovered from single cell sorts. In line with this, we did detect
frequent interactions between Bacteroidota and various phytoplankton lineages at BATS,
while fewer interactions were observed for less abundant Verrucomicrobiota and
Planctomycetota. We were unable to detect significant interactions for the planctomycete
lineages Mariniblastus or Rubripirellula, although we have identified them in physical co-
association with phytoplankton (see chapter 2), and only identified a member of the
Phycisphaerae interacting with Eustigmatophyceae. This could be partially explained by the

exclusion of large fractions of the latter due to the frequency of occurrence cut-off required.
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Conclusions

Our analysis of dynamics in the surface at BATS suggest significant changes in the
composition of the microbial community since 1991. We do observe a significant decline in
species richness both in the total community and in eukaryotic phytoplankton, coinciding
with major changes in temperature, nutrient concentrations, and nutrient inventory. Focusing
on the stratified summer season, we identified a decline in both cyanobacteria and in
eukaryotic phytoplankton abundance, relative to heterotrophic bacteria. Coinciding with a
decline in eukaryotic phytoplankton is a relative increase in Chrysophytes, as well as a shift
in prymnesiophytes towards mixotrophic lineages. This likely represents a response to a
decline in nutrient inventory which mixotrophs compensate through predation. Bacteria that
are specific in their interactions with phytoplankton respond by following the same temporal
trends as the phytoplankton lineages they interact with, highlighting downstream effects of
changes in the primary producers. Acceleration in warming observed at BATS will likely
intensify a reduction in species richness and changes in community composition already
taking place currently. Further analysis is required to investigate the downstream effects these

changes will have on the microbial loop and carbon export.
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Figure S1: Overview of molecular timeseries sampling at BATS between 1991 and 2020. (A) sampling

timepoints and depth-resolution of non-size-fractioned DNA collection. Sampling intensified with expansion of

the general sampling-effort at BATS over time. The dataset comprises a total of 1702 amplicon samples. (B)

Number of samples collected over the duration of the timeseries separated by depth. Initial sampling of the

photic zone was initially restricted to the surface and expanded to multiple depth in 2008. Gaps in data are

caused by the absence of any microbial timeseries sampling efforts.
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Figure S2: Species exchange rate displays high variability. (A) Change in SER over time throughout the
BATS timeseries. (B) Relationship between SER and time between two sampling points. (C) SER depending on
the time of sampling of the second sample used to compute the SER.
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Figure S3: Changes in Prochlorococcus abundance and ecotype composition over depth during the
stratified season. (A) Relative abundance of Prochlorococcus (all ecotypes) out of total phytoplankton
(cyanobacteria and eukaryotic phytoplankton), averaged per depth. Error bars indicate standard deviations.
(B) Relative contribution of the five most abundant ecotypes out of total Prochlorococcus across depth. All

phytoplankton taxonomy and Prochlorococcus ecotype classifications are based on PhyloAssigner [11].
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Figure S4: Prymnesiophytes dynamics in the stratified season. (A) Relative abundance of all
prymnesiophytes out of V1V2 16S rRNA plastid reads (eukaryotic phytoplankton). (B) Prymnesiophyte
taxonomy based on best homology to related sequences in NCBI. (C) Heatmap showing the relative abundance
(out of eukaryotic phytoplankton) for each separate ASV per sample. (D) Correlation coefficient for correlation
between the relative plastid abundance of each ASV with the date of sampling. Significant correlations are
marked with via asterisks (* p < 0.05; ** p < 0.005; *** p < 0.0005). Years that included designated processing
cruises during the summer stratified period were subsampled to reduce the number of samples. Only one

randomly selected sample per cruise was considered.
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Figure S5: Environmental dictyochophyte clades respond to changing conditions differently. (A) Relative
abundance of all dictyochophytes out of V1V2 16S rRNA plastid reads (eukaryotic phytoplankton). (B)

Maximume-likelihood phylogenetic reconstruction of dictyochophytes based on 16S rRNA gene sequences as
published in [17]. The phylogeny was reconstructed under the GTR model with 1516 positions covering the
V1V2 region. ASVs recovered herein and grafted onto the phylogeny based on best node phylogenetic
placement are highlighted in purple. (C) Heatmap showing the relative abundance (out of eukaryotic
phytoplankton) for each separate ASV per sample. (D) Correlation coefficient for correlation between the
relative abundance out of plastid 16S rRNA and the date. Significant correlations are marked with via asterisks
(* p £0.05; ** p < 0.005; *** p < 0.0005). Years that included designated processing cruises during the summer

stratified period were subsampled to reduce the number of samples. Only one sample per cruise was considered.
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Figure S6: Change in abundance of heterotrophic bacteria associated with chrysophytes. Cumulative
relative abundance (out of total V1V2 16S rRNA reads) of ASVs positively (A) or negatively (B) associated
with chrysophyte ASVs in the BATS surface layer. Positive bacterial interactions with phytoplankton were more
specific (1.3941.13 interactions per heterotrophic bacteria ASV) than negative interactions (2.99+3.40

interactions).

168



Chapter 6

Synthesis and Future Perspectives

Fabian Wittmers
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In summary, in this thesis | utilize two main methods to investigate microbial interactions,
focused on associations between the biological domains of single-cell eukaryotes (protists)
and heterotrophic bacteria. First, single cell-sorting and sequencing of photosynthetic and
heterotrophic protists revealed clearly distinct microbial communities associated with
eukaryotes of different lifestyles. We recovered a series of heterotrophic bacteria from the
phycosphere of diverse eukaryotic phytoplankton, encoding a diverse repertoire of
carbohydrate-active enzymes. Notably, this included pathways specialized in the breakdown
of intact cell walls, including mechanisms to break protective bonds on the outside of
phytoplankton cells, which suggests that some of these bacteria might not only utilize
exudated carbon released into the phycosphere, but might also attack the eukaryotic cell wall
itself. Heterotrophic protists had associated bacteria from three different phyla: the
Margulisbacteria, previously not known to be associated with any protists, and the
Rickettsiales and Coxiellales, both primarily known for their role as pathogens in animals,
including humans. Through extensive phylogenetic reconstruction, we could establish the
relationships of these marine relatives of human pathogens at phylogenetically important
positions in the evolution of human pathogens. In the context of marine ecology, focusing on
individually sorted cells revealed a variety of symbionts for uncultured lineages of
heterotrophic protists, most of which had no known associated bacteria before (e.g., all
MAST lineages discussed in chapters 3 and 4), suggesting that they might have a microbiome
in some ways similar to that of their photosynthetic counterparts.

The single-cell component was expanded through the second approach, a long-term
timeseries dataset from the Bermuda Atlantic Timeseries Study (BATYS) site, utilized to
create a co-occurrence network. Highlighting some of the long-term changes observed in the
surface phytoplankton community at BATS over the last 30 years, the network analysis also
revealed that a change in phytoplankton taxa does result in a corresponding response in their
associated bacteria, when these bacteria are involved in lineage-specific interactions. In total,
this work provides new insights into the interconnected microbes of the ocean, with

implications in various niches that should be pursued further.

Broad importance of newly discovered marine protist-associated symbiont lineages
Herein, we describe multiple novel lineages of symbionts associated with marine
heterotrophic protists that are closely related with two lineages of widespread pathogens of

animals, incl. livestock and humans, Coxiellales and Rickettsiales. This highlights the
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economic and medical importance of these results. Our findings significantly expand the host
range of the Coxiellales, previously only found in association with ticks and humans. The
importance of reconstructing the evolution of these lineages and their host association has
been acknowledged [1], but its marine origin highlighted herein (chapter 3) is often
overlocked entirely. Part of the medical literature, by ignoring many of the basal marine
lineages (partially because hosts are often unknown or no isolates exist), overlooks the
transitions in lifestyle from free-living to host-associated to multiple independent transitions
to multicellular hosts in both lineages. The fact that the Marinicoxiellaceae, closely related to
the human pathogen Coxiella burnetii, associate with marine heterotrophic from the
stramenopile MAST-3 lineage raises questions about which components of the genomes
enable this vast diversity in host-range of close evolutionary relatives, highlighting the
importance of further investigation. Although Coxiellales and Rickettsiales share many
similarities in their lifestyle, they could be considered fundamentally different in their host-
range, with Rickettsiales presenting a much more diverse range of host organisms spanning
many eukaryotic supergroups, versus Coxiellales, only associated to animals as their primary
host. Our findings indicate that this is to some degree and artefact of sampling-bias. We have
a much better understanding of symbionts of ticks and other animals than their single-cell
counterparts, and our findings, demonstrating a Coxiellales association with the stramenopile
from the MAST-3 clade, and 16S rRNA surveys indicate that there is vast uncharacterized
pool of symbionts related to these well-known animal symbionts in the marine environment.
Exploration of this yet unknown marine diversity will be a key to the reconstruction of the
evolution of these important symbionts and might help in our understanding on how these

pathogens interact with their hosts.

Challenges in eukaryotic single-cell genomics

The field of single-cell genomics, especially eukaryotic single-cell genomics, still faces a
variety of significant challenges. First and foremost, generating eukaryotic genomes of
sufficient quality for down-stream analysis of these genomes is currently very limited.
Eukaryotic genomes are generally much larger than their prokaryotic counterparts, and often
contain multiple copies of chromosomes, and often large regions will short sequence repeats
or multiple copies of the same gene with an identical or near-identical sequence [2]. These
factors complicate the assembly of eukaryotic genomes using currently applied assembly

algorithms, with all of the commonly used ones relying on De Bruijn graphs as their
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underlying fundamental concept [3, 4], which is known to struggle to decipher short multi-
repeat regions or highly similar sequence fragments, resulting in low assembly qualities with
short average sequence lengths. Although a large part of this thesis relies on eukaryotic
single-cell sorts and subsequence sequencing of the sorted DNA, we were unable to utilize
the eukaryotic DNA that was sequenced, but barely assembled into longer sequences, instead
leading us to focusing on co-sorted prokaryotic organisms and their genomes. These genomes
were generally much smaller, with fewer repeats and of better genome quality and
completeness, enabling an in-depth annotation and analysis of their potential functionality, as
well as genome-based reconstructions of their evolutionary position (see chapters 2-4). We
were able to make predictions about potential pathways and other functions and had to rely
on comparisons to related organisms with characterized isolates and assembled genomes.
This limited absolute confirmation of specific interactions with their host, e.g., resistance to
nutritional immunity through zinc sequestration by acquisition of transporters with zinc
affinity (ZupT) in Protistiellales (see chapter 3). To be able to reconstruct not only the
functions encoded by bacteria associated with protists, but their actual interactions on a
genomic scale (complementing pathways for vitamin biosynthesis, etc.), will require
advances in reconstructing the eukaryotic side of genome reconstruction from environmental
data.

A considerable effort has been underway for decades, trying to improve the sequencing
quality of environmental DNA, with the biggest breakthroughs and most promising advances
being made through long-read sequencing [5, 6]. Traditional metagenomics sequencing relies
on ‘shotgun’ sequencing, where DNA is split into small pieces, sequences, and then re-
assembled. Long-read sequencing technologies can utilize higher quality DNA with longer,
more intact genomic sections, sequencing these ‘long reads’ without prior splitting and are
therefore much less susceptible to issues in reassembling regions containing extensive short
repeats. These technologies are very promising for the field of eukaryotic genomics but are
currently have two shortcomings. First, long-read sequencing requires much more DNA than
short read sequencing [5, 6], a crucial limitation, especially in the context of single-cell
genomics, where DNA concentrations are much lower than in conventional metagenomes.
Second, long-read sequencing suffers from high error rates, which reduces sequencing data
quality and induces accidental stop-codons through wrong base-calling. This can be
compensated by conducting both short- and long-read sequencing on the same DNA, but this
further increases the first problem mentioned above because this requires even more DNA.

Currently, single-cell genomics and long-read sequencing are methods that are not
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compatible, but long-read sequencing is continuously improving at rapid speed, requiring less
and less DNA and with decreasing cost, are promising for potential future combination of

these techniques.

Co-cultivation of protists is a necessary complement to culture-independent approaches
This thesis relied entirely on culture-independent approaches, enabling the discovery of
various symbionts of eukaryotic lineages that have no cultured representatives, allowing the
description of the first symbionts of the MAST-3, MAST-4 and MAST-1 stramenopile
lineages and an uncultured choanofagellate (Bicosta minor). This, however, also revealed
some of the limits of culture-independent approaches such as single-cell sorting and
sequencing, partially due to the inability to observe the actual interaction and relying almost
completely on genomic sequences. Deciphering of mechanisms and their genomic basis in
microbiology relies heavily on the ability to manipulate organisms, often by mutating genes,
which is impossible with approaches applied herein. Especially considering the problems
currently faced in the assembly of eukaryotic genomes, this has limitations in investigating
symbiont-host relationships of these lineages in more depth. A lot of conclusions drawn about
the functionality of the symbionts characterized gnomically herein are drawn based on
homology to symbionts that have been studied in interaction with their hosts in culture. This
highlights the necessity of efforts in culturing more representatives of currently large groups
of uncultured eukaryotic organisms, ideally together with their natural symbionts. Cultures
are often maintained in axenic conditions, meaning, without bacteria, likely causing many
symbionts to go unnoticed or being selected against during the isolation-process when using
antibiotics to kill bacteria. Recently, groups have been able to culture increasingly more
enigmatic groups of bacteria [7] and bacterial viruses [8], suggesting that more and more
refined culturing techniques can contribute to culturing more representatives of uncultured or
underrepresented protists, potentially with their natural microbiome intact. This would allow
valuable insights into the nature of more of these interactions observed on a genomic scale

herein.

Scales — implications of single-cell interactions for global pathways and the marketplace
of chemical currencies
Conceptually, in chemical oceanography, microbial activity creates and consumes a plethora

of molecules, which drives an exchange of these products similar to a marketplace of
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metabolites impacting global biogeochemical cycles [9, 10]. The field currently faces the
challenge of measuring this exchange, that is, the production and release (through cell lysis,
exudation, leakage, etc.) and uptake of these by all biological organisms, primarily microbes
because it happens on extremely small timescales making these rates challenging to measure.
Our findings herein highlight the spatial component that needs to be considered in these
concepts. Microbes ‘see a sea of gradients’ [11], with highly localized environments
surrounding their cells and a variety of concentration gradients existing on very small scales.
For example, the phycosphere of phytoplankton (chapter 2) attracts a large variety of
organisms, all of which utilize this microenvironment enriched in various dissolved carbon
molecules. Some of these provide benefits for the phytoplankton in return, while others seem
to have algicidal pathways encoded in their genomes and might attack the living
phytoplankton cell. This creates a highly localized microenvironment booming with
microbial activity and results in the rapid exchange of molecules between cells. The activity
in this microenvironment is very different from the surrounding background not enriched by
the phytoplankton, an example for metabolic heterogeneity on small scales. Similarly,
heterotrophic protists seem to often be associated with bacteria (see chapters 3 & 4), both
extracellularly and intracellularly, essentially harbouring their own microbiome, similar to
phytoplankton organisms. This similarity to the phycosphere, although including fewer
entities, creates a microenvironment in which symbiont and host likely exchange a plethora
of molecules. As we understand these microenvironments better, the impact they have on the
rates of production and uptake and subsequently the cycling fn molecules on a larger scale

crystallises as a question of ever increasingly complexity to investigate in the future.

Cell - to - cell interactions in co-occurrence network models

Network analysis of phytoplankton and heterotrophic bacteria (chapter 5) showed extensive
interactions, both positive and negative between the two groups. A comparison of these
findings with phytoplankton-associated bacteria shows an overlap in some groups, especially
those that are well established at BATS at relatively high abundances (e.g., Bacteroidota).
Although not investigated, similar interactions likely exist within phytoplankton itself,
especially considering the importance of putative mixotrophic protists observed in the surface
ocean at BATS. Co-occurrence networks, as opposed to the cell-sorting approaches used
herein also detect more variable interactions, e.g., predatory-prey interactions or those not

involving physical attachment, while cell-sorting seems to only reveal actual physical
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associations between co-sorted cells. But networks utilized herein (chapter 5), and their
requirements reveal some of the major limitations that highlight the need for alternative
approaches in the analysis of microbial interactions. The biggest shortcoming of co-
occurrence networks lays in their occurrence cut-offs. For network models to be able to
accurately assess the interaction between two entities, those need to be represented in a
minimum number of samples investigated, typically ranging between 15 and 20%, depending
on the exact model applied and, to some degree, personal preferences [12-14]. The work
conducted herein using single-cell genomics revealed that most symbionts, although globally
distributed, are very rare, almost never being detected at the frequency required for potential
consideration in networks, limited by the sequencing depth of the amplicon samples. The new
symbiotic lineages, as well as other known symbionts, are often rare when investigating a
single variant, but are evolutionarily extremely diverse, and likely cumulatively abundant and
important factors in shaping the microbial community and its impact on global
biogeochemical cycles. Regardless of that, they are not being considered in current networks
due to minimum occurrence cut-offs. Similar issues arise for interactions and species that, in
the scenario of a timeseries underlying the interaction model, disappeared early on or
appeared late within the timeseries, as well as highly seasonal and fluctuating components of
the community. Accumulating for relative abundances of symbionts on higher taxonomic
levels to be able to include them in network models is not an option due to their extreme
variability in putative functionality and specialization on different host organisms. This
highlights the necessity to employ different approaches from co-occurrence networks to
explore microbial interactions, including, but not restricted to, single-cell sorting and co-

cultivation efforts.

Long-term timeseries

Timeseries studies have become increasingly popular with the decrease in sequencing costs
for large datasets. Bust most molecular timeseries are collected in coastal settings, often off
piers at research institutions (e.g., San Pedro Ocean Time-series location SPOT [15, 16]), due
to challenging logistics of conducting high-resolution sampling in open ocean settings.
Hawaii Ocean Timeseries Study (HOT) and Bermuda Atlantic Timeseries Study (BATS) in
the subtropical Pacific and western North Atlantic open ocean being are the two major
exceptions to this, officially established in 1988 [17, 18]. Long-term molecular timeseries

studies provide unique insights and observations into the effects of climate change and
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anthropogenic actions, especially when running for long time periods. The dataset analysed
herein is unique in that its molecular record starts in 1991, earlier than any other open ocean
timeseries, providing an important baseline for exploration of future change. Maintaining
these long-term sampling efforts is of essential importance to monitor future changes in the
microbial community, especially considering the acceleration in warming observed at BATS
since 2010. However, it is important to note that, e.g., BATS, started in 1991, does not reflect
a baseline of the microbial community not affected by anthropogenic climate change. The
concept of ‘shifting baselines’, developed in fisheries science to describe how each
generation of scientists accepts the state of the ecosystem at the beginning of their career as
the natural baseline [19]. does apply to this situation as well. Maintaining the longest running
timeseries, with as little interruption as possible, counteracts this ‘shifting baseline syndrome’
and should be prioritized in the future, to avoid a continuous drift in what we consider the
‘normal’ state of the microbial community, a state that, in reality, reflects a community

altered by extensive anthropogenic forcing for decades already.
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