THE DIATOM HOLOBIONT
IN A CHANGING ARCTIC OCEAN

2024

JAKOB K. GIESLER



Examination Committee

Date of colloquium: 19.12.2025

1. Examiner: Prof. Dr. Kai Bischof

University of Bremen

2. Examiner; Prof. Dr. Tilmann Harder

University of Bremen

3. Examiner: Prof. Dr. Astrid Gérdes
Hochschule Bremerhaven; Alfred Wegener Institute, Helmholtz Center for Polar and Marine

Research

1. Reviewer: Dr. Sylke Wohlrab
Alfred Wegener Institute, Helmholtz Center for Polar Marine Research; Helmholtz Institute

for Functional Marine Biodiversity

2. Reviewer: Prof. Dr. Eva Sonnenschein

Swansea University

3. Reviewer: Prof. Dr. Silke Langenheder
Uppsala University



The diatom holobiont in a changing Arctic Ocean

Dissertation zur Erlangung des akademischen Grades
Doktor der Naturwissenschaften

Dr: rer. nat.

*

' ALFRED-WEGENER-INSTITUT
HELMHOLTZ-ZENTRUM FUR POLAR-
UND MEERESFORSCHUNG
Universitat
Bremen

Jakob K. Giesler
November, 2024






Table of contents

ACKNOWICAZIMENLS .....eeiiiieiiiie ettt e et e e e e s e e s ateeessaeeessbeeessseeessseeensseens 11
SUMIMATY ...ttt ettt e e et e e s bt e e st e e e ateeeasaeeenbaeesnsteesnbaeennseeenaseeennnes v
ZUSAMIMENTASSUNGZ .....eeeiviiiiiiieeciieeeieeesteeesteeessteeessteessseeesaeeassaeessseeessseeessseeessseeessseeesssesensseens VI
ADDTEVIALIONS ..ttt ettt ettt et st e bt et sat e bt et e seee bt et e ebeenbeeanenaeens IX
I TNEOAUCTION ..ttt ettt st et e et et e et e e bt e enbeeeee 1
1.1 Marine microbes and their importance for global biogeochemical cycles................. 2
1.2 Poleward-shifting habitats in a warming world .............cccccovieiiiiieiiieneee e, 5
1.3 Responding and adapting to a changing environment ............ccceeceeeeveerveeeveenveeneenes 8
1.3.1 Phytoplankton responses to single and multiple drivers..........ccccoeeveevvveerieeennnnn. 8
1.3.2 Phytoplankton adaptation across latitudinal gradients.............ccceeeeveriencnnenen. 11

1.4 Diatoms: key players of phytoplankton ...........cccceeciieeiiieeiieeeiieeee e 14
1.4.1 A brief characterization of the Thalassiosira enuS.............cceeeveecvverveecreenveennenn 15
1.4.2 Functional genomics in diatom research...........cccccccvveeiiiieciiencieece e 16

1.5 The diatom hOIODIONT .....c.eeiiiiiiiiiiieee e 18
1.5.1 The phycosphere — a marketplace for microbial interactions ............c.cccceeuveenneee. 19
1.5.2 The formation of a bacterial microbiome: assembly and attachment .................. 21
1.5.3 Important known interactions of diatoms and bacteria............cccceeevveerveeenreeennee. 22
1.5.4 Coevolution and adaptation of diatom-bacteria assemblages ...........ccoceeveeeennee. 26

1.6 Aims and outline of this thesiS ........coiiiiiiiiiiieee 28
1.7 List of publications and author contributions............cceeeeeeriierieeiiienieeieesie e 31

2 PUBBICAtION L....oiiiiii e e 33

What does it mean to be(come) Arctic? Functional and genetic traits of Arctic- and
temperate- adapted diatoms

3 PUDLICAION T ..ottt eeee e e e ea e e e aeeeaeeeeeeeaeeeeneeee 63

Microbiome and photoperiod interactively determine thermal sensitivity of polar and
temperate diatoms

A PUDLICAION LI ..ot e e e e e e e e e eaeeeeeeeeaaaaaeeeaaaaes 71

Co-expression of Arctic diatoms and their bacterial microbiomes under thermal and
photoperiodic stress

5 PUbBICation TV oo 101

A CRISPR-Cas?9 assisted analysis of single-cell microbiomes for identifying rare
bacterial taxa in phycospheres of diatoms

LI 1 11 1 TTS5 PSRRI 127
6.1 Revisiting diatom adaptive potentials and poleward range shifts...........cccccecenneee 128
6.1.1 Thermal patterns and OPPOTTUNILIES .....ccuveeeurreerieeeiieeeiieeeieeesreeesaeeesereeesereeenes 128

I



6.1.2  Adaptation to extreme polar light regimes............ccceeviieviinieeriienieeeeie e 130

6.1.3  Ecological implications of diatom thermal and photoperiodic responses.......... 132

6.2 Bacteria as facilitators or gatekeepers of Arctic adaptation ...........cccceeeeveerueeennennee. 134
6.2.1 Microbiome effects on diatom growth ...........ccceeviiiiiiiiinciiice e, 134
6.2.2 Plasticity of microbiome community COMPOSIION ........cceervveereerireeiieerireareene 136
6.2.3 The diatom microbiome as an extended ZeNOtypPe .......ccceevcvveervieercrieerreeerieeenns 140

6.3 FULUTE POISPECLIVES .. .vieniiieiiieiieeiieciie ettt ettt ettt e s ebe et e e e et e enbeessaeenseenees 142
6.3.1 Validation by follow-up eXperiments ............ccccveeeeiieeriiieeniiie e e eereeeevee s 142
6.3.2 From lab to field: Plasticity of natural diatom holobionts ............c.ccceevuvrennennne. 143
6.3.3 Functional redundancy in microbiomes as insurance for perturbations............. 145

6.4 Concluding reMArKS .........c.eeviiiiiiiiieeiiee et et eaeaes 148
RETEIEIICES ...ttt ettt et e ettt e st e e bt e et e e bt e eateenaeeens 149
Appendix PUBLICAtION L........cooiiiiiiiiiiiieiece e 169
Appendix PUbIication IL..........cccoiiiiiiiiii e 173
Appendix Publication ITL...........cccooiiiiiioiiiiiieie ettt et ssae e e ens 191
Appendix PUDIICAtion IV ........oooiiiiiii st 207
DIECIATALION ...ttt ettt b et b et st na et n e naeenee 219
(07070125 1o] 1130 s KOOSR 220

II



Acknowledgments

I dedicate this work to the many people who supported me during the last three years. Firstly, I
would like to thank my supervisors Sylke Wohlrab and Tilmann Harder for putting their trust
in me to let me work on this exciting project. I thank Sylke for her endless support, patience,
excellent scientific guidance, and countless coffee breaks with lots of laughter in her office, at
train stations, and on research vessels in stunning landscapes, which I will never forget. I thank
Tilmann for his mentoring, clear scientific vision, and for supporting me in my scientific career
in any possible way. I am deeply grateful for having had the opportunity to learn from such
inspirational humans. Furthermore, I thank the great people who review this thesis including
Eva Sonnenschein and Silke Langenheder for their willingness and time. I also thank Uwe John

for his continuous support, encouragement, and optimism.

During my studies, I had the opportunity to work with inspiring and excellent scientists. Special
thanks go to Dedmer Van de Waal, Mridul Thomas, and Florian Koch for being such amazing
co-authors. I thank my great thesis advisory committee, including Cedric Munier, Gunnar
Gerdts, and Marine Vallet for their scientific advice and for always keeping me on track.
Moreover, I thank everyone in the ‘Ecological Chemistry’ section for contributing to this
productive work environment, particularly Scarlett Trimborn and Boris Koch for keeping it all
together. I also thank my lab-mates Avril Hoyningen, Cora Horstmann, and Konstantinos
Anestis for funny times and stupid jokes in the office. Furthermore, none of this work would
have been possible without the excellent technical assistance from Nancy Kiihne, Annegret

Miiller, Jennifer Bergemann, and Stefan Neuhaus.

Working on this thesis gave me the opportunity to travel to places I never thought I would be
able to visit. I thank everyone who supported me on these adventures, most of all Thomas Juul-

Pedersen, Luka Supraha, and Charlotte Volpe.

During the last three years, I made amazing friends along the way that I hope to keep in touch
with for many, many years. Thank you, Antonia Ahme, Linda Rehder, Ruben Schulte-Hillen,
Carla Pein, Kristof Mdéller, Frederik Bussmann, Joel Bose, Marrit Jacob, and Benjamin Ahme,

for being these awesome humans you are and for always motivating me to keep going.

Finally, my deepest gratitude goes to my parents, my brother, my sister, my nephew, and most
of all Anika Happe, my partner in crime. These last three years would not have been possible

without your love, care, and unconditional support.

II



Summary

Interactions between diatoms and bacteria are crucial for marine ecosystem functioning and the
global climate as they largely govern primary production in marine systems and drive global
biogeochemical cycles. Zooming in on the immediate surroundings of a diatom cell, a
microhabitat for a diverse and overall mutualistic bacterial community can be found that
enables reciprocal exchanges of metabolites benefiting both the diatom and its associated
bacteria, which together form a discrete ecological unit — the holobiont. Despite considerable
advancements in the molecular understanding of specific diatom-bacteria interactions, little is
known about how diatom holobionts adapted to the multifactorial abiotic environment they
naturally experience or how they jointly respond to environmental stress. Considering the
profound effects of the microbiome on diatom growth, the potential dependency of the
underlying mechanisms on abiotic drivers may have important implications for diatom
adaptative potential to climate change in the rapidly warming Arctic and warming-induced
distributional poleward range shifts of temperate diatoms. To address this knowledge gap, this
thesis aims to understand diatom adaptation and responses to their abiotic environment from a

holobiont perspective employed by stepwise laboratory experiments:

After a general introduction (chapter 1), chapter 2 identifies habitat-specific genetic adaptations
of two closely related Arctic (Thalassiosira gravida) and temperate (Thalassiosira rotula)
diatoms and the functional traits characterizing their responses to different levels of
temperature, photoperiod, and nitrate as single drivers. The outcome suggests that besides
habitat-specific thermal adaptations, the photoperiodic range is a previously neglected factor
relevant to diatom biogeographic adaptation. This is based on the highly conserved competitive
advantage under extremely short or long photoperiods of the Arctic diatom compared to the
temperate diatom that showed the highest growth rates under intermediate photoperiods. The
resulting competitive disadvantage for the temperate diatom under the extreme photoperiods
that are characteristic for Arctic latitudes could constrain its potential for warming-induced
poleward range shifts. Subsequently, in chapter 3, the net effect of the bacterial microbiome on
diatom growth is decoupled from the holobiont. In a comparative approach, axenic and xenic
cultures of the Arctic and temperate diatoms were exposed to specific factorial combinations of
temperature (4; 9; 13.5°C) and photoperiod (4; 16; 24h) identified as crucial for Arctic
adaptation and poleward range shifts based on the outcome of chapter 2. The results
demonstrate a positive-net effect of the bacterial microbiome on host diatom growth that is

particularly important at the margins of the respective diatom’s fundamental niches, thus
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substantially shaping their realized niches. However, the outcome of the study did not only
reveal treatment-dependent patterns of growth-supporting effects but also highlighted risks for
tipping points of diatom mutualistic microbiomes towards growth-inhibitory effects under
certain multi-stressor conditions. Building on the previously generated knowledge, chapter 4
explores how specific temperature-photoperiod combinations employed in chapter 3 affect the
diatom-associated bacterial microbiome community composition and the underlying host-
microbiome interactions on the molecular level. Therefore, xenic and axenic cultures of the
Arctic diatom 7. gravida were exposed to a selected subset of temperature (9; 13.5°C) combined
with photoperiod (16; 24h). The outcome repeatedly demonstrated a positive net effect of the
bacterial microbiome on host growth and a mostly compositionally stable microbiome
community. However, the 13.5°C/16:8h treatment differed from all other treatments in terms of
microbiome composition as well as (meta)transcriptomics of the microbiome and the diatom
host, coinciding with the loss of the Sulfitobacter clade as a key microbiome member. A
combined diatom-bacteria transcriptome cluster analysis revealed tightly linked host-
microbiome co-expression patterns that were driven by main and interactive effects of
temperature and photoperiod. Despite the general resilience in terms of diatom growth rates,
increased microbiome compositional shifts and potential bacterial cell detachment from the host
highlight the risk for microbiome dysbiosis under thermal stress. In chapter 5 a novel method
is introduced that enables the collection of urgently needed data about species-specific diatom
microbiomes in natural systems. This is achieved by an effective approach that allows studying
the diatom-associated microbiome community composition on the individual host cell level.
Additionally, the study demonstrates coordinated microbiome dynamics for individual diatom
host cells of T. gravida in response to nitrate or vitamin limitation that reproducibly result in

compositional increases of distinct bacterial microbiome members.

Overall, this thesis highlights the value of stepwise experimental designs. Narrowing down
highly resolved single drivers to relevant and carefully chosen multifactorial conditions in
combination with multi-omics techniques provided systematic insights into how diatoms and
their associated bacterial microbiomes jointly respond to their abiotic environment. Ultimately,
the outcome improves our understanding of how diatom holobionts adapted to occupy Arctic
or temperate niches and to which extent diatom-associated bacterial microbiomes help to adapt
their host under environmental conditions relevant to climate change and associated climate

change-mediated poleward range shifts.



Zusammenfassung

Die Interaktionen zwischen Diatomeen und Bakterien sind von entscheidender Bedeutung fiir
marine Okosysteme und das globale Klima, da sie die Primérproduktion in marinen Systemen
regulieren und globale biogeochemische Kreisldufe steuern. Betrachtet man die unmittelbare
Umgebung einer Diatomeenzelle, findet man ein Mikrohabitat flir eine vielfiltige und
insgesamt mutualistische Bakteriengemeinschaft, die einen wechselseitigen Austausch von
Metaboliten ermoglicht, von dem sowohl die Diatomee als auch die mit ihr assoziierten
Bakterien profitieren. Zusammen bilden sie somit eine eigenstindige 6kologische Einheit - den
Holobionten. Trotz jiingster Fortschritte im molekularen Verstindnis spezifischer Diatomeen-
Bakterien-Interaktionen ist wenig dariiber bekannt, wie sich Diatomeen-Holobionten an die
multifaktorielle abiotische Umwelt anpassen, der sie natiirlicherweise ausgesetzt sind, oder wie
sie gemeinsam auf Umweltstress reagieren. In Anbetracht der tiefgreifenden Auswirkungen des
Mikrobioms auf das Wachstum von Diatomeen, konnte die mogliche Abhédngigkeit dieser
Mechanismen von abiotischen Faktoren essenziell fiir die Anpassungsfahigkeit von Diatomeen
sein. Dies betrifft nicht nur das Anpassungspotenzial von Diatomeen an den Klimawandel in
der sich schnell erwdrmenden Arktis, sondern auch die durch die Erwdrmung bedingte
Verschiebung der Verbreitungsgebiete von temperaten Diatomeen in Richtung der Pole. Um
diese Wissensliicke zu schliefen, zielt diese Arbeit darauf ab, die Anpassung von Diatomeen
und ihre Reaktionen auf die abiotische Umwelt aus einer Holobionten-Perspektive zu

verstehen. Dies wird durch aufeinander aufbauende Laborexperimente umgesetzt:

Nach einer allgemeinen Einfiihrung (Kapitel 1) werden in Kapitel 2 die lebensraumspezifischen
genetischen Anpassungen von zwei eng verwandten Arktischen (Thalassiosira gravida) und
temperaten (Thalassiosira rotula) Diatomeen identifiziert. Zudem werden funktionelle
Merkmale, die ihre Reaktionen auf unterschiedliche Temperatur-, Photoperioden- und
Nitratwerte als separate Faktoren charakterisieren, bestimmt. Die Ergebnisse zeigen, dass neben
den lebensraumspezifischen thermischen Anpassungen die Photoperiode ein bisher
vernachldssigter Faktor ist, der fiir die biogeographische Anpassung von Diatomeen relevant
ist. Dies basiert auf dem stark konservierten kompetitiven Vorteil von Arktischen Diatomeen
unter extrem kurzen oder langen Photoperioden im Vergleich zu temperaten Diatomeen, die die
hochsten Wachstumsraten bei mittleren Photoperioden zeigten. Der daraus resultierende
kompetitive Nachteil fiir temperate Diatomeen unter den filir Arktische Breitengrade
charakteristischen extremen Photoperioden konnte ihr Potenzial fiir polwérts gerichtete

Verschiebungen ihres Verbreitungsgebiets einschrianken. AnschlieBend wird in Kapitel 3 der
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Nettoeffekt des bakteriellen Mikrobioms auf das Diatomeenwachstum vom Holobionten
entkoppelt. In einem vergleichenden Ansatz wurden axenische und xenische Kulturen der
Arktischen und temperaten Diatomeen ausgewihlten Faktorenkombinationen von Temperatur
(4; 9; 13,5°C) und Photoperiode (4; 16; 24h) ausgesetzt, die auf der Grundlage der Ergebnisse
in Kapitel 2 als entscheidend fiir ihre Anpassung an die Arktis und die polwérts gerichtete
Verschiebung von Verbreitungsgebieten identifiziert wurden. Die Ergebnisse zeigen einen meist
positiven Nettoeffekt des bakteriellen Mikrobioms auf das Wachstum der Wirtsdiatomee, der
vor allem an den Réndern der fundamentalen Nischen der jeweiligen Diatomeen von Bedeutung
ist und somit wesentlich ihre realisierten Nischen priagt. Die Ergebnisse der Studie zeigen
jedoch nicht nur wachstumsférdernde Eftekte, sondern weisen auch auf die Gefahr hin, dass
sich das Mikrobiom von Diatomeen unter bestimmten Multi-Stressor-Bedingungen auch
negativ auf das Diatomeenwachstum auswirken kann. Aufbauend auf den zuvor gewonnenen
Erkenntnissen wird in Kapitel 4 untersucht, wie sich spezifische Temperatur-Photoperioden-
Kombinationen aus Kapitel 3 auf die Zusammensetzung von Diatomeen-assoziierten
Mikrobiomgemeinschaften sowie auf die zugrunde liegenden molekularen Wirt-Mikrobiom-
Interaktionen auswirken. Dazu wurden xenische und axenische Kulturen der Arktischen
Diatomee 7. gravida ausgewdhlten Kombinationen von Temperatur (9; 13,5°C) und
Photoperiode (16; 24h) ausgesetzt. Die Ergebnisse bestétigten einen positiven Nettoeffekt des
bakteriellen Mikrobioms auf das Wachstum des Wirts und eine in ihrer Zusammensetzung
groBtenteils stabile Mikrobiomgemeinschaft. Die 13,5°C/16:8h-Bedingung unterschied sich
jedoch von allen anderen getesteten Bedingungen in Bezug auf die Zusammensetzung des
Mikrobioms sowie die Mikrobiom- und Wirts- (Meta-)Transkriptomik, was mit dem Verlust der
Sulfitobacter-Gruppe als bakterielles Schliisselmitglied des Mikrobioms zusammenfiel. Eine
kombinierte Transkriptom-Cluster-Analyse von Diatomeen und Bakterien ergab eng verkniipfte
Koexpressionsmuster zwischen Wirt und Mikrobiom, die durch Haupt- und Interaktionseftekte
von Temperatur und Photoperiode bestimmt wurden. Trotz der durch das Mikrobiom gegebenen
allgemeinen Widerstandsfdahigkeit in Bezug auf die Wachstumsraten der Diatomeen
verdeutlichen Verschiebungen in der Mikrobiomzusammensetzung sowie die potenzielle
Ablosung von Bakterienzellen von der Wirtsdiatomee das Risiko einer Mikrobiom-Dysbiose
unter Temperaturstress. In Kapitel 5 wird ein eigens entwickelter methodischer Ansatz
vorgestellt, der es ermdglicht, die dringend bendétigten Informationen iiber artspezifische
Diatomeen-Mikrobiome in natiirlichen Systemen zu erheben. Dies wird ermdglicht durch eine
effektive Methode zur Untersuchung der Zusammensetzung der Diatomeen-assoziierten

Mikrobiom-Gemeinschaft auf der Ebene von einzelnen Wirtsindividuen. Dariiber hinaus zeigt

VII



die Studie koordinierte Mikrobiom-Dynamiken fiir einzelne Wirtszellen, welche als Reaktion
auf Nitrat- oder Vitamin-Limitierung reproduzierbar zu einer Zunahme bestimmter bakterieller

Gruppen des Mikrobiom fiihrten.

Insgesamt unterstreicht diese Arbeit den Wert einer schrittweisen experimentellen Umsetzung.
Die Eingrenzung hoch aufgeloster einzelner abiotischer Einflussfaktoren auf relevante und
sorgféltig ausgewdhlte multifaktorielle Bedingungen in Kombination mit Multi-Omics-
Techniken ermdglichte systematische FEinblicke, wie Diatomeen und ihre bakteriellen
Mikrobiome gemeinsam auf ihre abiotische Umwelt reagieren. Die gewonnenen Erkenntnisse
verbessern unser Verstdndnis dariiber, wie sich Diatomeen-Holobionten an die Besiedlung
Arktischer oder temperater Nischen angepasst haben und inwieweit Diatomeen-Mikrobiome
ithre Wirte an Umweltbedingungen anpassen, die fiir den Klimawandel und die damit

verbundene polwirts gerichtete Verschiebungen ihrer Verbreitungsgebiete relevant sind.
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1 INTRODUCTION

1.1  Marine microbes and their importance for global biogeochemical cycles

The vast majority of life in the oceans is invisible to the human eye. Yet, marine microorganisms
which comprise of prokaryotes and unicellular eukaryotes make up ~70% of the total marine
biomass (Bar-On et al., 2018). Their intricate functions and interactions have driven
evolutionary innovations, nutrient cycling, and ecosystem stability, fundamentally shaping the
planet's biosphere and enabling diverse life forms to thrive in various environments (Falkowski,
1994, Field et al., 1998, Azam and Malfatti, 2007, Jiao et al., 2024). After the emergence of
prokaryotes almost 4 billion years ago in an alkaline hydrothermal vent (Lane et al., 2010), the
endosymbiosis of two prokaryotes gave rise to ancient eukaryotic life approximately 1.8 billion
years ago (Sagan, 1967, Parfrey et al., 2011). The subsequent eukaryotic evolution has not only
enabled human life but also led to a large taxonomic diversity of unicellular eukaryotes, also
called protists, that still dominate the eukaryotic tree of life today (Worden et al., 2015). Among
marine protists, particularly phytoplankton are crucial for sustaining the marine food web and
contribute as much as 50% to global primary productivity (Field et al., 1998) by transforming

inorganic carbon into biomass using solar light energy and a few macro- and micronutrients.

The different evolutionary pathways of eukaryotes were shaped by hard and soft selection
pressures, adapting them to their abiotic environment but also to one another. Despite their
different evolutionary trajectories, eukaryotes never became fully independent from
prokaryotes and, for some essential processes, still rely on their genetic functions (e.g.,
biosynthesis of certain vitamins and nitrogen fixation). Therefore, the solitary eukaryote does
not exist. Consequently, this applies also to phytoplankton whose interactions with other marine
microbes are of particular importance due to their key role in shaping aquatic ecosystems and

the global climate.

Since the introduction of the term ‘plankton’ (Greek for wanderers) in 1889 by Prof. Victor
Hensen, who led the first expedition to study these suspended (i.e., drifting) aquatic organisms,
the understanding of their importance for global biogeochemical cycles has continuously
grown. This includes the vital role of these organisms for the Earth’s climate, chemistry and
ecosystem dynamics by cycling of essential elements including carbon, nitrogen, sulfur and

oxygen (Falkowski, 1994, Falkowski et al., 2008).

One way how phytoplankton drives global biogeochemical cycles is their key role in the global
carbon cycle as they fuel the biological carbon pump (Fig. 1.1, Field et al., 1998, Nowicki et
al., 2022). Besides the physical carbon pump, which draws dissolved carbon dioxide to deeper

2



1 INTRODUCTION

layers by deep water formation (Macdonald and Wunsch, 1996), the biological carbon pump
refers to the biological sequestration of carbon from the atmosphere to the deep ocean
sediments, where it is stored for geologically relevant time scales (Nowicki et al., 2022).
Generally, the processes that are comprised in the biological carbon pump start with the uptake
of dissolved carbon dioxide by phytoplankton, transferring the inorganic carbon into organic
biomass by photosynthesis. As phytoplankton cells decay or are consumed by higher trophic
levels (e.g., zooplankton), their remains sink to deeper layers of the ocean, along with the fecal
pellets of their consumers, effectively transporting carbon away from the atmosphere
(Chisholm, 2000). However, as during this process, the sinking particulate organic carbon
(POC) 1s degraded by heterotrophic bacteria, it is estimated that only ~1% of the original
amount of carbon reaches long-term storage in deep-sea sediments (DeVries, 2022,

Friedlingstein et al., 2022).

Besides phytoplankton, also bacteria, archaea, and viruses play complex but important roles in
global carbon cycling and sequestration (Jiao et al., 2010, Jiao et al., 2024). Bacteria and archaea
utilize labile dissolved organic matter (DOC) released by phytoplankton and zooplankton fecal
pellets and are subsequently grazed by microzooplankton. Thereby, the contained carbon is
returned back into the food chain in a particulate form — a process that was already introduced
as the microbial loop in 1983 (Azam et al.). At the same time, these marine microbes convert
labile, bioavailable DOC into much more complex, less bioavailable forms of carbon called
recalcitrant DOC (RDOC). This conversion is mediated either by direct exudation, degradation
of POC, or by cell lysis and subsequent release of microbial cell surface macromolecules (Jiao
et al., 2010). RDOC can persist for millennia and therefore also represents a large reservoir of
carbon in the ocean comparable to the atmospheric CO:z reservoir (Jiao et al., 2024). This
mechanism has been termed ‘microbial carbon pump’ and is fueled further by viruses that
provide fresh labile DOC to the system by lysing other marine microbes — the so called “viral
shunt’ (Wilhelm and Suttle, 1999, Jiao et al., 2010). However, the viral lysis of phytoplankton
also results in the sedimentation of their cellular debris (“viral shuttle’), thus further supporting

the downward carbon flux of the biological carbon pump (Kolundzija et al., 2022).
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CO

2

diffusion

Fig. 1.1: Key biological processes in global ocean carbon cycling. Important marine planktonic and microbial
groups (phytoplankton, zooplankton, prokaryotes, and viruses) are labeled black and the processes that
mediate carbon cycling and export between these organisms are labeled grey. The scheme includes processes
related to the biological carbon pump (i.e., phytoplankton primary production, zooplankton grazing and
respective POC export in terms of sedimentation of cellular debris and zooplankton fecal pellets. Microbial
carbon pump (production of RDOC by bacteria and viruses), the microbial loop, and import viral processes
(viral shunt and viral shuttle).

Although the biological carbon pump is equivalent to about 10.2 gigatons of stored carbon per
year and has thereby significantly shaped global climate over geological timescales (Nowicki
et al., 2022), anthropogenic carbon dioxide emissions far exceed its capacity, as it takes the
biological carbon pump approximately one million years to store the anthropogenic carbon

emissions of a single year (Falkowski, 2015).



1 INTRODUCTION

1.2 Poleward-shifting habitats in a warming world

Due to human activity, the Earth’s climate is warming at a rate unprecedented for millennia
(IPCC, 2023). Following industrialization, the emission of greenhouse gases led to an average
global temperature increase of 1.1°C at a mean warming rate of 0.06°C per decade since 1850
(IPCC, 2023). Atmospheric carbon dioxide concentrations rose to 422 ppm (= parts per million,
August 2024), thus far exceeding pre-industrial values of 280 ppm and prior maximum
concentrations of the past 800.000 years (NOAA, 2024). Impacts of climate warming on the
biosphere have been documented on every continent and every ocean basin (Rosenzweig et al.,
2008). However, the magnitude of climate warming is not equally distributed across the globe
(Fig. 1.2). This concerns particularly the Arctic, which is warming multiple times faster than
the global average (Maturilli et al., 2013, Rantanen et al., 2022). At the Arctic Svalbard
archipelago, a time series of air temperature measurements even recorded an average warming
rate of 1.35°C per decade (Maturilli et al., 2013). This phenomenon, also known as ‘Arctic
amplification’, is largely driven by the ice-albedo effect, which describes the feedback
mechanism of how ice and snow reflect sunlight, but as they melt, darker surfaces absorb more
heat, thereby accelerating the feedback by further warming and ice loss (Bintanja and Krikken,
2016). Furthermore, the observed shifts in isotherms are significantly larger in the marine realm

compared to terrestrial environments (Burrows et al., 2011).

-0 -15 -10 -05 0.0 o5 10 15 2.0
Surface Air Temperature Anomaly (K)

Fig. 1.2: Global surface air temperature anomaly in kelvin (K) for the 1991-2020 time period, relative to the 1951-
1980 baseline period. Taken from Lenssen et al. (2019).

As most marine organisms are ectotherms, they respond very sensitively to these thermal

changes. Although there have already been warmer episodes in the Earth's history (Huber et al.,
5
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2018, Hearing et al., 2018, Retallack, 2013), the unnaturally rapid temperature increase
particularly challenges marine organisms’ potential for adaptation to keep track with these
changes (Munday et al., 2013). As a consequence (among many others), climate warming alters
species distributional ranges, i.e., the geographical area in which a species occurs during the
entirety of its lifetime (Poloczanska et al., 2013, Hodapp et al., 2023). In general, the limits of
these distributional ranges are defined where emigration and death exceed the rates of
immigration and birth (Gaston, 1990). Already in 1958, it was noticed that these boundaries of
a species’ distributional range are set by the respective abiotic factor for which it has the
smallest tolerance (Bartholomew, 1958). Nowadays, however, it is increasingly accepted that
to comprehensively define a species’ geographic range, also complex biotic interactions and
interacting environmental drivers have to be taken into account (Lynch et al., 2014, Eckhart et

al., 2011).

With progressing global warming, species’ distributional ranges will shift poleward as they
track suitable thermal conditions (Poloczanska et al., 2013, Burrows et al., 2014). It is assumed
that tropical habitats will become increasingly inhospitable and temperate regions will
experience tropicalization, leading to a global reorganization of species (Hodapp et al., 2023).
Following the spatial patterns of global climate warming, species distributional range shifts are
projected to happen four times faster in marine systems compared to the terrestrial environment
(Sorte et al., 2010, Burrows et al., 2011, Poloczanska et al., 2013). This is not only due to lower
dispersal constraints in marine environments but also due to smaller thermal safety margins of
marine organisms (i.e., the difference between organismal temperature and critical lethal
temperature) compared to terrestrial organisms (Pinsky et al., 2019). For this reason, marine

organisms track temperature changes more closely (Antao et al., 2020).

Habitat suitability models attempt to project these range shifts by considering forecasted
temperature increases in concert with as many other environmental factors as possible that
define species’ fundamental niches. Yet, the accuracy of these models depends to a large extent
on the underlying knowledge of these niches, which is often very limited and does also not
account for the complex biotic interactions that ultimately define the actual realized niche of a
species (Wisz et al., 2013). A habitat suitability model by Hodapp et al (2023) estimated that
half of all marine species will eventually lose 50% of their core habitat under the IPCC high
emission scenario RCP 8.5 (Fig. 1.3). In addition to the migration towards higher latitudes,
contiguous habitats are expected to become more fragmented, thus decreasing effective

population sizes (Hodapp et al., 2023).
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Fig. 1.3: Global map of modeled turnover in marine species composition (containing 33,500 marine species) from
the beginning to ending of the 21 century under the RCP 8.5 (i.e., high-emission) scenario. Turnover values of 0
refer to no compositional changes while a value of 1 refers to the complete loss or replacement of all species. The
plot panel on the right shows the projected median number of species that is gained (blue) or lost (red) across
latitudes and the respective 50% quantiles (shaded error margins). Modified after Hodapp et al (2023).

Consequences of poleward range shifts affect the marine ecosystem at many levels, not only by
altering physiological processes directly but also by changing biological interactions. This
involves the introduction of new predators (Hodapp et al., 2023) but has also consequences for
the very base of the food web in terms of changing planktonic abundances, diversity, and
community composition (Benedetti et al., 2021). In the North Atlantic, it has been shown that
climate change-mediated range shifts of zooplankton significantly lowered the effectivity of the
biological carbon pump over the last 55 years (Brun et al., 2019). However, particularly range
shifts of phototrophic phytoplankton are of concern due to their crucial role in the marine
ecosystem (Field et al., 1998). Despite large differences in the estimated speed of phytoplankton
poleward migration ranging from 35 km per decade (Benedetti et al., 2021) up to hundreds of
km per decade (Li et al., 2017) both empirical evidence of historical phytoplankton distribution
patterns as well as species distribution models agree on the existence of this major restructuring
of phytoplankton communities. However, it is important to consider that climate-mediated
range shifts may be highly variable among species, thus further complicating their predictions

(Chivers et al., 2017).

Despite Arctic amplification and the resulting fast environmental changes at high latitudes
which therefore increasingly become thermally inhabitable for temperate species,
phytoplankton range shifts towards Arctic habitats are critically understudied. Thus, knowledge
about how Arctic-characteristic conditions such as the extreme polar light regime may constrain

fundamental niches of temperate phytoplankton interactively with other environmental drivers
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and biotic interactions is urgently needed. This mechanistic understanding is crucial for
predictions about how phytoplankton will respond and potentially adapt to changing or novel

environmental conditions imposed by climate change and associated range shifts.

1.3 Responding and adapting to a changing environment

On the physiological level, phytoplankton growth is driven by environmental conditions such
as temperature and essential resources including light, macronutrients (i.e., phosphorous,
nitrogen, silicate), and micronutrients such as vitamins and various trace metals (Guillard, 1975,
Behrenfeld et al., 2008). If only one of these resources is not available in a sufficient ratio to
the other resources, phytoplankton growth is limited (Liebig’s law of the minimum, Liebig,
1840). Under constant conditions, a single winner species would outcompete all other species
based on the respective lowest demand for a given critical resource (Tilman, 1977). However,
as these conditions and resources are highly variable in natural systems, constantly responding
to a variety of abiotic and biotic drivers shapes interspecific competition of phytoplankton,
fostering a diverse community (‘paradox of the plankton’, Hutchinson, 1961, Sommer, 1996,
Descamps-Julien and Gonzalez, 2005). Within a given range for each driver (i.e., an organism’s
plasticity), phytoplankton can respond rapidly to changes in their environment, allowing them
to adjust their traits and growth rates on short timescales of hours to days (Weisse et al., 2016,
Schaum et al., 2022, Ferreira et al., 2020, Lutz et al., 2001). These responses are steered by
changes in gene expression and biochemical processes on the individual level rather than
genetic changes in the population (Shilova et al., 2020, Hong et al., 2023). In its very essence,
adaptation refers to evolutionary changes in phytoplankton populations that occur over longer
timescales of months to years, driven by natural selection pressures acting on genetic variation
(Padfield et al., 2016, Irwin et al., 2015, Filatov and Kirkpatrick, 2024). Through adaptation,
phytoplankton populations can evolve traits that suit their changing environment, thus
increasing their fitness and allowing them to thrive under these new conditions. Therefore,

adaptation results in the alteration of an organism’s plasticity.

1.3.1 Phytoplankton responses to single and multiple drivers

Studying an organism’s response to an abiotic factor or a given resource’s availability is the
prerequisite to predict its response in, €.g., habitat suitability models. To determine the plasticity

for a specific factor, reaction norm experiments can be conducted, which describe a pattern of
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phenotypic expression of a single genotype across an environmental gradient (Oomen and
Hutchings, 2022). In the context of phytoplankton responses, typically a fitness-related
parameter (e.g., growth rate, nutrient uptake, photosynthetic rate) is measured across a gradient
of the environmental parameter of interest (Eppley and Thomas, 1969, Boyd et al., 2013,
Thomas et al., 2017, Fig. 1.4a, b). Due to their known profound effect on phytoplankton
physiology, a lot of studies investigated phytoplankton reaction norms for temperature, light

intensity, and nutrient availability, with each of these reaction norms following distinct shapes:

Temperature reaction norms (also known as thermal performance curves) are described by
unimodal, left-skewed functions, i.e., the performance gradually increases until a thermal
optimum (Topt) 1s reached, followed by a sharp decline in performance (Eppley, 1972). The
reaction norm for light intensity starts with a steep incline until an optimum irradiance (Iopt)
(Litchman and Klausmeier, 2008). Thereafter, detrimental effects of high light intensity
(photoinhibition) can have damaging effects and thus increasingly impair the performance
(Ryther, 1956). Reaction norms of nutrient availability typically follow a saturating function.
The half-saturation constant (Ki2) describes the nutrient concentration at which 50% of the
maximum growth rate or maximum nutrient uptake rate is achieved (Eppley and Thomas,

1969).

Despite the general applicability of these reaction norm functions for phytoplankton, the range
of the resulting response curves as well as the exact position on the parameter scale may vary
not only between different species, or differently adapted genotypes of the same species, but
even for the same genotype depending on pre-experimental acclimation to the respective

conditions (Thomas et al., 2012, Boyd et al., 2013).

Compared to the number of studies devoted to phytoplankton responses for temperature,
nutrient availability or light intensity, other factors such as the effect of photoperiod on
phytoplankton growth, have been barely studied (Theus et al., 2022). Despite the recognized
importance of photoperiod on the cellular level by steering phytoplankton circadian rhythms
(Annunziata et al., 2019) as well as driving phytoplankton community turnover (Longobardi et
al., 2022), there is currently no generally applicable mathematical model that describes the
relationship between photoperiod and growth. To some extent, this might be owed to the fact
that studying the effect of photoperiod on phytoplankton growth is complicated in terms of
experimental design. Either the amounts of photons per day differ between different

photoperiodic levels if the light intensity is kept the same, or if this is compensated for by
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adjusting the light intensity between the levels, interactive effects of photoperiod and light
intensity are introduced (Theus et al., 2022).

As an environmental driver is never acting in isolation but is always part of a multifactorial
environment, it is important to consider interactive effects between different drivers (Thomas
et al., 2017, Edwards et al., 2016, Heinrichs et al., 2024). More precisely, the response of a
phytoplankton cell to a respective abiotic factor may be affected by the given level of another
abiotic factor in a non-linear manner and may even be reversed in some cases. Multifactorial
experiments that test the response of an organism towards multiple factors simultaneously by
employing different combinations of the respective factors can identify these interactions and
display them as a response surface (e.g., Thomas et al., 2017, Theus et al., 2022, Heinrichs et
al., 2024).

For phytoplankton growth, multiple of these interaction effects have been identified in
laboratory experiments. For instance, an interactive effect of light intensity and temperature on
phytoplankton growth was demonstrated by Edwards et al. (2016), resulting in a decrease in
Topt of ~5°C under light limitation. A similar interaction effect on phytoplankton growth has
been identified for temperature and nitrate availability. Precisely, Topt is a saturating function of
nitrate concentration, leading to a decrease in Topt 0f ~4°C under nitrate limitation (Thomas et
al., 2017, Fig. 1.4c). Also, interactive effects of nutrient availability and light intensity were
found and are based on the interdependency and consequential co-limitation of these resources
(Cloern, 1999, Dickman et al., 2006). On the cellular level, the reasons for these interactions
are complex but may include links of physiological processes (e.g., nitrate uptake and reduction
to NHa is coupled to photosynthetic pigment biosynthesis) (Kanda et al., 1989) as well as energy
reallocation between different cellular pathways (Thomas et al., 2017). Also, combinations of
these interactions with more than two factors are possible and contribute to more realistic
predictions of phytoplankton population growth (Spilling et al., 2015, Brennan and Collins,
2015, Boyd et al., 2016). Overall, the responses of phytoplankton to their naturally
multifactorial environment are an important piece of the puzzle to understanding their realized

niche and thus their global biogeography.
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Fig. 1.4: Population growth response to temperature and nitrogen as single drivers and their combined effects in a
multiple-driver context. (A) illustrates the population growth response to a thermal gradient (i.e., its thermal
reaction norm), highlighting the respective thermal minimum (Tmin), optimum (Top), and maximum (Tax). (B)
demonstrates population growth across a gradient of nutrient concentrations (the curve also applies to nutrient
uptake instead of growth as a dependent variable). The half-saturation constant (K.) is labeled. (C) depicts the
interactive effect of temperature and nutrients on the population growth rate, highlighting that T,y (white line) is
a saturating function of nutrient concentration. The black line ranging from Tpin to Tmax Shows the zero net growth
isocline. Modified after Thomas et al. (2017).

1.3.2 Phytoplankton adaptation across latitudinal gradients

While some abiotic factors that drive phytoplankton growth appear to be rather unstructured
globally and act on smaller spatial scales (e.g., salinity, nutrients) (Richon and Tagliabue, 2021),
other factors that are driven by solar radiation such as surface temperature or annual
photoperiodic ranges generally follow a latitudinal gradient. Consequently, understanding the
role of these factors and their potential interactions with other abiotic factors in shaping
phytoplankton eco-evolutionary adaptation at a given latitude is crucial to improve predictions

about climate change-mediated poleward range shifts.

Thermal adaptation of phytoplankton has been extensively studied and the existing global
patterns are comparably well defined. Although the temperature optima, maxima and minima
of phytoplankton species across different latitudes clearly reflect a decreasing pattern towards
the poles (Fig. 1.5, Thomas et al., 2012, Chen, 2015), the thermal optima are usually several
degrees higher than the average environmental temperature they experience (Thomas et al.,
2012). This is likely owed to the fact that living below Topt is a ‘safer’ ecological strategy, as
even small temperature fluctuations beyond Topt can have detrimental effects on ectothermic

organisms due to the sharp decline of temperature reaction norms beyond Topt (Martin and Huey,
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2008). A clear imprint of latitudinal differences in annual environmental temperature
amplitudes is also reflected in the finding that the Topt of phytoplankton species in tropical
regions is much closer to their mean environmental temperature compared to that of temperate
and polar phytoplankton (Thomas et al., 2012). Regarding the breadth of an organism’s thermal
niche, for terrestrial organisms, it generally increases with latitude based on the poleward
increasing climate variability (‘Janzen’s hypothesis', Janzen, 1967). For phytoplankton,
however, this trend is weaker (Chen, 2015, Thomas et al., 2016). This could potentially be
explained by the discrepancy in global patterns of climate variability between aquatic and
terrestrial systems. In aquatic systems, thermal variability is largest in temperate regions due to
constrained minimum temperatures in polar waters that are around the freezing point of

seawater.
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Fig. 1.5: Global patterns of phytoplankton thermal adaptation. Left: Thermal optima of 194 marine and estuarine
phytoplankton species across a latitudinal gradient of their isolation origin (black points). A regression line (black
line) is displayed along 95% confidence bands (grey shaded area). Right: Thermal optima across the respective
mean environmental temperatures at the isolation origin of the respective phytoplankton species (black points),
along with a regression line (black curved line) and the respective 95% confidence bands (grey-shaded area). The
straight black line illustrates a 1:1 relationship as a comparison. Thermal optima were derived from temperature
reaction norm experiments. Modified after Thomas et al. (2012).

In contrast to the numerous studies about the thermal adaptation of phytoplankton, comparably
little is known about their adaptation to different photoperiodic ranges across latitudinal
gradients and how this affects phytoplankton biogeography (Theus et al., 2022). This applies
particularly to extreme photoperiods that are imposed by polar night and polar day at high
latitudes (Fig. 1.6). While in tropical regions, phytoplankton experience only small differences
in photoperiods over the year, the annual photoperiodic range increases towards the poles. At
the extremes, the transition phase from complete darkness to continuous light takes less than 4
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weeks (e.g., beyond 85°N). Consequently, in high-latitude ecosystems, phytoplankton species
not only need to tolerate these extreme ranges but also need to be able to adapt their
physiological processes quickly enough to cope with the rate of changes in photon flux. On the
cellular level, as a consequence of this extreme polar light regime in terms of photoperiods but
also light intensity and spectrum, polar phytoplankton evolved a highly adaptive photosynthetic
machinery (Croteau et al., 2021, Svenning et al., 2024). With regard to potential interactive
effects of photoperiod with other drivers, the few existing studies point towards interactive
effects of irradiance and temperature on phytoplankton growth (Theus et al., 2022). However,
the existing studies mostly did not cover the full range of possible photoperiods and/or did not
compare species or genotypes from different latitudes. Moreover, interactions with biotic
factors, e.g., symbiotic relationships that potentially affect species realized niches are currently
unknown. Consequently, the lack of knowledge about the response of phytoplankton towards
these extreme light regimes represents considerable uncertainty in the projection of poleward

range shifts (Tougeron, 2021).
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Fig. 1.6: Contour plot for hours of daylight (illustrated as colored areas as a function of latitude and time (day of
the year). Edges between differentially colored areas represent iso-lines of equal daylengths that are labeled with
photoperiods as hours (light:dark). Based on Jahren (2007).
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1.4 Diatoms: key players of phytoplankton

Among phytoplankton, diatoms are one of the most diverse and abundant groups consisting of
approximately 200,000 species (Armbrust, 2009, Kooistra and Medlin, 2007). As part of the
supergroup of Stramenopiles, diatoms are related to brown algae such as the giant kelp. After
their emergence about 250 million years ago, they evolved into various shapes and occur as
solitary single cells or chain-like colonies (Fig. 1.7), spanning a size range of three orders of
magnitude from 2um to 2000pm (Mann, 1999, Mann and Vanormelingen, 2013). Today,
diatoms occupy a diverse range of ecological niches and occur in almost every aquatic
environment from freshwater to marine habitats across all latitudes (Malviya et al., 2016).
However, their comparably high demand for inorganic nutrients particularly facilitates their
abundance in nutrient-rich waters such as temperate to polar regions as well as coastal regions
and upwelling areas (Cermefio et al., 2008, Malviya et al., 2016). Therein, diatoms build up
massive spring blooms each year when light limitation is alleviated and the mixing of water

masses in winter has replenished nutrients until mainly silica limitation terminates this

phenomenon (Krause et al., 2019).

Fig. 1.7: Morphological diversity of various diatoms including Guinardia sp. (A), Odontella sp. (B), Chaetoceros
sp. (C), Cylindrotheca sp. (D), Eucampia sp. (E), Plagiogrammopsis sp. (F), Thalassionema nitschioides (G),
Thalassiosira sp. (H), Coscinodiscus sp. (I-J). Micrographs by J. Giesler.

The probably most characteristic feature of diatoms is their ornamented silica shell comprised
of two box-like frustules. Prior to the rise of molecular methods, the ornament patterns on these
frustules were primarily used to identify different diatom species. Despite offering protection
against grazers (Hamm et al., 2003), the silica frustules also have implications for the diatom

cell size which decreases over generations. This is due to the fact that with each mitotic cell
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division cycle, as the two valves of the mother-cell detach, a new smaller valve is formed in
each valve of the two mother-cell valves, leading to a gradual decrease in cell size (Medlin et
al., 1993). When a critical minimum cell size is reached, which is estimated to happen after two
to forty years (Mann, 1988, Jewson, 1992, von Dassow and Montresor, 2011, Holtermann et
al., 2010), mitotic cell division is stopped and switched to sexual reproduction. Via the
formation of auxospores, large diatom cells are formed again and the cycle renews (Medlin et
al., 1993). As diatom sexual reproduction is relatively rare to observe, comparably little is
known about this complex process. Besides environmental conditions (Poulickové and Mann,
2019, Mouget et al., 2009), it has been recognized, that sexual reproduction appears to be
facilitated in presence of bacteria, although the exact mechanisms remain elusive (Windler et
al., 2014). At the end of their bloom period, diatoms particularly often form heavily silicified
resting spores that sink to the sediment and may emerge after years and even decades, when
environmental conditions are more favorable (Smetacek, 1985). Thereby, diatoms create their
own seed banks, storing genetic variability that may be valuable at a later stage when a specific
gene variant could provide the answer to an environmental challenge for the population
(Ellegaard and Ribeiro, 2018). Moreover, the silica frustules make diatoms denser than their
surrounding water column, thus increasing their sinking speed. Particularly upon bloom
termination (e.g., by viral lysis), diatom cellular debris can form fast-sinking aggregates and
thereby significantly contribute to the biological carbon pump (Jin et al., 2006). In total, diatoms
account for as much as 40% of marine primary production corresponding to 20% of global
primary productivity (Field et al., 1998). Thereby, diatoms alone even exceed the Amazon
rainforest in carbon fixation and are the major source of organic carbon in the ocean (Benoiston

etal., 2017, Field et al., 1998).

1.4.1 A brief characterization of the Thalassiosira genus

Within the taxonomic world of diatoms, the Thalassiosira genus is particularly species-rich
(Liu et al., 2024). After its first mentioning in 1873 (Cleve, 1873), today 179 species have been
accepted and described in detail (Liu et al., 2024). Thalassiosira species occupy freshwater and
marine habitats and have been widely recognized as key primary producers, particularly in
temperate and polar waters, where they contribute significantly to the recurring spring blooms

(Chappell et al., 2013, Liu et al., 2024).

While some members of the Thalassiosira genus can be easily identified microscopically by

their unique morphology, other more closely related Thalassiosira species only differ by a
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single-digit percentage in specific genomic regions, challenging the biological species concept
(Whittaker et al., 2012). For instance, this applies to Thalassiosira gravida and Thalassiosira
rotula, which have long been considered conspecific (Sar et al., 2011) until the assessed
genomic difference in their internal transcribed spacer (ITS) region led to their general
acceptance as distinct species (Whittaker et al., 2012) although they are not distinguishable
through common V4-18s barcodes (Supraha et al., 2022). Unlike intensively studied model
diatoms such as Thalassiosira pseudonana, this close phylogenetic proximity in combination
with the different distributional ranges of 7. rotula (predominantly temperate regions) and 7.
gravida (predominantly polar regions) (Semina, 2004, Sar et al., 2011) offers exiting
opportunities to study their biogeographic adaptation on the molecular level. This is because
genomic differences due to speciation are comparatively small (Whittaker et al., 2012), and it
is reasonable to assume that much of the existing differences can be attributed to the contrasting

habitats that have left their marks on the genomes of these two Thalassiosira species.

1.4.2 Functional genomics in diatom research

Functional genomics is a relatively young field in diatom research, with its roots in the first
diatom genome sequenced approximately 20 years ago (Armbrust et al., 2004). Since then,
increasing knowledge and methodological advancements have rapidly expanded our
understanding of diatom evolutionary success so that today, diatom ecology and evolution are

inseparable from the genomic perspective (Falciatore et al., 2020).

Shortly after the genome of the first centric diatom Thalassiosira pseudonana became available
(Armbrust et al., 2004), it was complemented by the genome of the pennate diatom
Phaeodactylum tricornutum (Bowler et al., 2008), and soon these two diatom species became
two of the most studied model organisms in algae research (Falciatore et al., 2020). Starting
with fundamental insights into their evolutionary origin, ecology, physiology, and metabolic
diversity by comparative genomic approaches (Nisbet et al., 2004, Montsant et al., 2005,
Montsant et al., 2007, Veluchamy et al., 2014, Levitan et al., 2015, Rastogi et al., 2020), further
genomic studies gave important insights into their carbon assimilation processes (Kroth et al.,
2008), the formation of their silica shells (Mock et al., 2008, Shrestha et al., 2012), lipid
biosynthesis (Sayanova et al., 2017), and horizontal gene transfer from bacteria and even other

eukaryotes (Bowler et al., 2008, Vancaester et al., 2020, Dorrell et al., 2021).

In line, the rise of transcriptomic analysis techniques, revealed how diatoms regulate their gene
expression in response to abiotic drivers and further enabled the discovery of physiological
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marker genes for certain macro- and micronutrient limitations (e.g., Dyhrman et al., 2012,
Marchetti et al., 2012, Bender et al., 2014, Caputi et al., 2019). With the expanding knowledge
of diatom functional diversity based on the intensively studied model organisms, the discoveries
of novel gene variants and environmental responses of natural diatom communities were
enabled by amplicon sequencing and metatranscriptomic approaches, respectively (Pearson et

al., 2015, Alexander et al., 2016)

Despite these milestone achievements, focusing on only a few model organisms has also been
criticized as it might miss important questions, such as the biogeographic adaptation of
ecological key diatom species (Falciatore et al., 2020). To address this, an increasing effort is
undertaken to make more diatom genomes available and understand their genetic functions
(Lommer et al., 2012, Traller et al., 2016, Ogura et al., 2018, Mock et al., 2017). Yet reducing
the proportion of non-annotatable genes of diatoms will remain a task of the scientific

community for the next decades.

17



1 INTRODUCTION
1.5 The diatom holobiont

Like all life on earth, diatoms do not live in isolation. This was recognized already in 1901
when the first empiric evidence of diatom associations with diazotrophic bacteria was
discovered (Fig. 1.8, Ostenfeld, 1901). About 35 years later, it was recognized that the dissolved
organic matter that is exuded by diatoms is utilized by heterotrophic bacteria (Waksman, 1936).
In the following decades, knowledge about diatom-bacteria interactions continuously increased,
including the discovery of symbiotic relationships in terms of bacterial provision of essential
micronutrients (Haines and Guillard, 1974) as well as parasitic interactions and their respective
effects on diatom ecology (Mayali and Azam, 2004). The close associations and co-evolution
of diatoms and bacteria for millions of years shaped specific diatom-associated bacterial
communities that are also known as diatom microbiomes. Like other host-microbiome systems
such as plants or corals, diatom hosts and their associated bacterial microbiomes, can be

considered a discrete ecological unit — the holobiont (Margulis and Fester, 1991).
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Fig. 1.8: A historical timeline of milestone-discoveries related to diatom holobiont research including (1) Ostenfeld
and Schmidt (1901); (2) Waksman and Renn (1936); (3) Moskovits (1961); (4) Mitchell (1971); (5) Bell and
Mitchell (1972); (6) Haines and Guillard (1974); (7) Azam et al. (1983); (8) Margulis (1991) (9) Smith et al.
(1995); (10) Armbrust et al. (2004); (11) Wigglesworth-Cooksey and Cooksey (2005); (12) Bruckner et al. (2008);
(13) Amin et al. (2015); (14) Shibl et al. (2020); (15) Monnich et al. (2020); (16) Isaac et al. (2024). (own
micrograph, color-graded image taken with a confocal microscope displaying a 7. gravida cell in girdle view and

its associated microbiome bacteria stained with DAPI). Based on Helliwell et al. (2022).

1.5.1 The phycosphere — a marketplace for microbial interactions

As an aquatic equivalent to the rhizosphere of plants, the phycosphere is defined as a diffusive
boundary layer immediately surrounding the algal cell, where metabolites are most rapidly
exchanged (Seymour et al, 2017, Helliwell et al., 2022). Within this microhabitat,
phytoplankton cells can drastically modify the chemical environment in terms of pH levels and
oxygen concentrations (Azam and Malfatti, 2007). With increasing distance from the host cell,

the distinct chemical microenvironment made up of algae-derived exudates around the host cell
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is gradually diluted due to diffusion and turbulence (Amin et al., 2012). Despite only
representing a minimal fraction of the water column, this micro-environment is the main
meeting place, marketplace, and sometimes also battleground for interkingdom interactions of
algae and bacteria in the oceans, which ultimately drive ecosystem productivity and global
biogeochemical cycles (Cole, 1982, Seymour et al., 2017). The size of a phytoplankton cell’s
phycosphere is hard to define, but estimates of organic compound gradients suggest a range of
several hundred micrometers up to several millimeters, depending mainly on cell size,

exudation rate and concentration (Grosser et al., 2012, Smriga et al., 2016).

The nature of these algal-exuded compounds is not only species-specific but is also determined
by the host cells viability (i.e., age and health). In an early growth phase, mainly highly labile
low-molecular-weight (LMW) compounds including carbohydrates and amino acids are exuded
into the phycosphere to actively mediate chemotaxis (Bjornsen, 1988, Buchan et al., 2014). In
later growth phases, more high-molecular-weight (HMW) molecules such as proteins,
polysaccharides, lipids, and nucleic acids can be expected due to exudation or cell lysis
(Biddanda and Benner, 1997, Fukao et al., 2010, Buchan et al., 2014). Within the phycosphere,
the transport mechanism of the respective molecules is largely driven by molecular diffusivity
rather than turbulence of the surrounding water column. Therefore, after excretion by either
active transport or passive diffusion, LMW and/or hydrophilic compounds with consequentially
fast diffusion rates are dispersed away much faster from the phytoplankton cell than HMW
and/or hydrophobic compounds (Seymour et al., 2017).

As the exudation of dissolved organic matter is also continued under darkness, it is unlikely
that the exudates are only excess photosynthates (Smith and Wiebe, 1976, Seymour et al.,
2017). Consequently, the excreted dissolved organic matter (DOM) represents considerable
‘costs’ in terms of energy and carbon for a phytoplankton cell which have to be outweighed by
the benefits they gain from the interactions with attracted bacteria. Among the LMW
compounds, many act as potent chemoattractants for diverse bacteria due to their labile nature
(Miller et al., 2004, Seymour et al., 2010). However, the HMW compounds act as important
sorting tools that shape host-specific bacterial communities as they require specific bacterial
enzymatic capabilities for their utilization (Miihlenbruch et al., 2018). Moreover, it has been
recognized that the host algal cell actively modulates its DOM composition in terms of the
release of specific metabolites that attract certain bacteria that complement its current metabolic

need (Shibl et al., 2020).
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1.5.2 The formation of a bacterial microbiome: assembly and attachment

The process and underlying mechanism of how diatom-associated bacterial microbiome are
established has been intensively studied by steadily growing research community over the
recent decades (Helliwell et al., 2022, and references therein). While previously articulated
concepts assumed a stochastic assembly process also known as ‘lottery assembly’ based on
random encounters of host phytoplankton cells and functionally suitable bacteria (Burke et al.,
2011), increasing evidence has led to the rejection of this hypothesis in favor of a more selective
species-specific assembly mechanism (Ménnich et al., 2020, Ahern et al., 2021). One reason
for this is that random encounters of diatoms and bacteria are scarce in the marine environment
which is comparably dilute compared to the organismal density of terrestrial systems (Amin et
al., 2012). Considering average oceanic phytoplankton and bacterial densities, a bacterium may
encounter a phytoplankton cell only 0.0035 times per day (Seymour et al., 2017). This low
encounter rate is boosted to 9 potential encounters per day if a bacterium is motile and increases
even further if the bacterium is attracted to the diatom’s phycosphere by chemotaxis, i.e., a
directed bacterial movement following a chemical gradient (Sonnenschein et al., 2012,
Seymour et al., 2017). The unique DOM fingerprint of different diatoms and their bacteria-
specific chemotaxis leads to highly species-specific and even genotype-specific diatom
microbiomes (Helliwell et al., 2022, Ahern et al., 2021). Furthermore, despite possible
modulation of specific microbiome members (Shibl et al., 2020), generally, the major fraction
of bacterial microbiome composition is strongly conserved and characteristic of its host
(Seymour et al., 2017, Behringer et al., 2018). Laboratory experiments provided evidence that
even when the bacterial microbiome is completely removed from a diatom culture and the
diatom host is subsequently exposed to a diverse bacterial consortium, the outcome of the

assembly process is reproducible (Monnich et al., 2020).

Once in the phycosphere, bacteria may either switch from a free-living to a particle-attached
lifestyle (Sonnenschein et al., 2012) or continuously track the phycosphere via chemotaxis,
however at higher energetic costs (Helliwell et al., 2022). In case of attachment, bacteria can
attach directly to the diatom’s surface or to transparent exopolymeric particles (TEP), a gel-like
substance that works as a sticking agent and can be used as a growth substrate by bacteria (Fig.
1.9, Seymour et al., 2017). Different bacterial attachment mechanisms exist resulting in
different attachment strengths including reversible attachment, enabling bacterial disassociation
from the diatom phycosphere under non-favorable conditions or host cell senescence (Helliwell

et al., 2022). Furthermore, it has been shown that attached microbiome bacteria have a profound
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impact on the physical microhabitat as they stimulate diatom TEP production and enhance their
aggregation (Gérdes et al., 2011, Sonnenschein et al., 2012). This, in turn, affects the sinking

speed of the resulting diatom aggregates and thereby has important implications for the

biological carbon pump.

Fig. 1.9: Conceptual figure about diatom microbiome assembly and maintenance. The host diatom cell(s) release
DOM (blue arrows) which attracts chemotactic bacteria (including beneficial, commensal, and antagonistic
bacteria). Incoming beneficial bacteria colonize diatom-exuded TEP and stimulate its further production by the
diatom host. Diatoms excrete secondary metabolites (red arrows) into the phycosphere which work as defense
molecules against antagonistic bacteria but also include infochemicals that favor their symbionts. (Top right):
Under stress, diatom-associated microbiomes may become out of balance and opportunistic and antagonistic
bacteria can lyse diatom cells. Taken from Helliwell et al. (2022), Image credit: Glynn Gorick.

1.5.3 Important known interactions of diatoms and bacteria

As noted above, diatoms exude a diverse range of organic substances that are utilized by
specific bacterial groups (Helliwell et al., 2022). This enables the diatom host to structure its
own bacterial community and engage in interkingdom signaling to interact with distinct
microbiome members that are capable of fulfilling specific functions. Multiple of these
mechanisms have been elucidated, showing how diatom-associated bacteria provide a fitness
advantage to their host or alleviate certain macro- and micronutrient limitations. Other bacteria

evolved antagonistic strategies to cover their own metabolic needs (Fig. 1.10).

Among the synergistic interactions, the bacterial provision of macronutrients such as nitrogen

has important ecological implications for diatoms, particularly when inorganic nitrogen sources
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in the environment are limited (Helliwell et al., 2022). While some diatoms associate with
diazotrophic bacteria which can fix atmospheric N2 and provide it to their host as they convert
it to ammonia (Cole, 1982, Zehr, 2015), other bacteria were shown to remineralize ubiquitous
organic nitrogen compounds such as methylamines. Laboratory experiments demonstrated that
bacterial monomethylamine remineralization into ammonia has the potential to fully cover
nitrogen growth demands of a marine diatom, underlining the importance of this function in

diatom phycospheres (Suleiman et al., 2016).

One of the most intensively studied examples for synergistic diatom-bacteria interactions is the
bacterial provision of vitamins to their host (Haines and Guillard, 1974, Croft et al., 2005, Grant
et al., 2014, Durham et al., 2015). Among the three vitamins required by diatoms as enzymatic
cofactors (B1, B7, and B12), Bi2 auxotrophy is the most widespread with approximately 60% of
investigated diatom species requiring an exogenous source for vitamin Bi2 (Croft et al., 2005)
as they lack methionine-independent cobalamin synthase (MetE). Laboratory studies and field
metatranscriptomic studies demonstrated that certain bacteria are able to synthesize vitamin
Bi2, some of which share this essential micronutrient with their diatom hosts (Sultana et al.,
2023). For instance, Durham et al (2015) demonstrated that Thalassiosira pseudonana
specifically stimulated the growth of the microbiome bacterium Ruegeria pomeroyi as a
response to Bi2 limitation by the release of an organic sulfur metabolite, 2,3-dihydroxypropane-
1-sulfonate (DHPS), after which the bacterium alleviated the diatom’s Bi2 deficiency. The
demand for this micronutrient has shown to be environmentally relevant as diatom bloom
termination correlate with limiting environmental vitamin concentrations (Bertrand et al.,

2015).

Another crucial micronutrient that frequently constrains diatom growth is iron. Due to the low
solubility of Fe(IIl) and its complex bounds to organic ligands (Gledhill and Buck, 2012), iron
bioavailability to marine microbes is low, resulting in natural competition for this scarce
resource (Hassler et al., 2011, Toulza et al., 2012). One strategy evolved by marine bacteria for
iron acquisition is the release of siderophores which bind to Fe(IIl) and facilitate its uptake in
the cell’s proximity by active transport mechanisms (Chen et al., 2019). Interestingly, despite
competing for the same resource with their diatom hosts, some common microbiome bacteria
of the Marinobacter genus produce an unusual, highly photo-labile siderophore known as
vibrioferrin which oxidizes the bound Fe(III) to Fe(II) upon light exposure (Amin et al., 2009).
Thereby, the solubility increases and the iron becomes bioavailable, potentially enhancing iron

assimilation for the host-diatom, likely in exchange for DOM (Amin et al., 2009).
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Further growth-supporting mechanisms of phycosphere-inhabiting bacteria include the
provision of growth-stimulating phytohormones such as auxins (Amin et al., 2015). For
example, it has been shown that a Sulfitobacter species enhances diatom growth by releasing
indole-3-acetic acid which it produces by utilizing diatom-secreted tryptophan (Amin et al.,
2015). Moreover, some microbiome bacteria may indirectly support host growth, e.g., by
suppressing potential pathogenic bacteria (Koedooder et al., 2019) or by detoxifying the
phycosphere from reactive oxygen species (Hiinken et al., 2008).

Another often neglected nature of diatom-bacteria interactions is the transfer of genetic material
from bacteria to diatoms which is also known as horizontal gene transfer (HGT). For instance,
it is estimated that 7.4% of the Phaeodactylum genome consists of genes that were originally
obtained from prokaryotes, corresponding to a much higher proportion compared to other
phytoplankton groups (Bowler et al., 2008). It is noteworthy that the corresponding 784
predicted genes in the Phaeodactylum genome were not assigned to a single prokaryote, but
likely originate from various different bacteria and archaea which emphasizes the increased
frequency of HGT to diatoms. It was speculated that the cause for this high level of HGT could
be found in the bacterial groups to which the respective genes were assigned as those have
demonstrated particularly close associations with diatoms (i.e., heterotrophic bacteria and
cyanobacteria, especially diazotrophs and planctomycete bacteria) (Bowler et al., 2008). This
genetic material has the potential to provide novel metabolic functions to diatoms (e.g., a
functioning urea cycle) (Bowler et al., 2008), that may be of considerable advantage for the

diatom holobiont.

Some bacteria also evolved antagonistic strategies, exploiting diatoms by causing stress or cell
lysis and therefore, along with viruses and parasitic fungi, importantly drive bloom termination
of diatoms (Mayali and Azam, 2004). An example of such an algicidal capability was
demonstrated in the bacterial genus of Saprospira. After the bacterium enters the phycosphere
of the diatom, it induces cell aggregation and degrades the diatom cell wall with the aid of fibril-
like proteins. Subsequently, the bacteria invade into the diatom cell causing its lysis (Yoshikawa

et al., 2008, Furusawa et al., 2003).

Other antagonistic bacterial strategies involve the release of algicidal proteases which e.g., in
the case of the bacterium Kordia algicida showed to act highly species-specific and involve a
quorum sensing mediated strategy: Precisely, upon reaching a specific bacterial density in the
diatoms phycosphere, the bacterial production of algicides is started collectively by means of

concentration-dependent intraspecific chemical communication through N-acyl-Homoserine
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Lactones (AHLs) to kill the diatom host (Paul and Pohnert, 2011). Further, context-dependent
or bi-phasic interactions between algae and bacteria have been demonstrated (particularly in the
Phaeobacter genus) that involve a switch in the bacterial interaction partner from a mutualistic
to a pathogenic lifestyle (Seyedsayamdost et al., 2011, Wang et al., 2022). For instance, the
bacterium Phaeobacter gallaeciensis provides a phytohormone to the coccolithophore
Emiliania huxleyi, stimulating its growth. Upon host cell senescence which is detected by algae-
excreted p-coumaric acid, P. gallaeciensis switches to the production of roseobacticides leading

to cell lysis (Seyedsayamdost et al., 2011).

Mutualism Antagonism

Kordig

;

Vibrioferrin

\ /’F‘é

Fe-vibrioferrin

Fig. 1.10: A subset of so far identified mutualistic and antagonistic algae-bacteria interactions. The grey circle
depicts a generic algal cell. Bacteria are colored by different genera, unclear/unknown bacterial genera are colored
in black. Mutualistic interactions are depicted in the blue-shaded circle, antagonistic interactions in the red-shaded
circle. Ruegeria provides vit B> and receives 2,3-dihydroxypropane- 1-sulfonate (DHPS) in return. Sulfitobacter
obtains tryptophan (Trp) and taurine as a carbon source in exchange for ammonium (NHs.) and the phytohormone
indole-3-acetic acid (IAA). Marinobacter recieves DOM and produces the siderophore vibrioferrin which binds
to iron (Fe-vibrioferrin) and makes it bioavailable for the algae (Fe) upon light exposure. Furthermore, bacteria
were shown to secrete antioxidants that cleave hydrogen peroxide. Antagonistic interactions include algae cell
lysis by Cordia-excreted protease, as well as by uncharacterized microtubule-like structures of Saprospira. Based
on Seymour et al. (2017).
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Although the knowledge of these diatom-bacteria interactions has considerably improved our
understanding of diatom holobionts and the underlying molecular mechanisms, it is likely that
the interactions identified so far only represent the tip of the iceberg (Helliwell et al., 2022). On
top of that, little is known about how these interactions between diatoms and their associated
bacteria change in a dynamic environment or how coevolution of bacteria and diatoms adapt

the holobiont to a certain niche space and thereby contribute to its biogeographic adaptation.

1.5.4 Coevolution and adaptation of diatom-bacteria assemblages

As bacteria have evolved mechanisms to communicate with each other and thereby synchronize
their behavior (quorum sensing), diatoms have also developed strategies for communication
with their bacterial microbiome members (Amin et al., 2015, Stock et al., 2020, Shibl et al.,
2020). This interkingdom signaling is mediated through target-specific infochemicals or
defense molecules to attract beneficial bacteria and repel pathogens (Shibl et al., 2020). The
coordinated and reciprocal nature of many of these finely-tuned interkingdom interactions
suggests that, despite living in a fluid and turbulent environment, the host organisms and their
microbiomes must maintain spatial proximity over substantial temporal scales to enable this
kind of coevolution (Stocker, 2015, Seymour et al., 2017). Laboratory studies have confirmed
the long-term stability (Mdnnich et al., 2020, Barreto et al., 2021) of diatom-associated

microbiomes, that are prerequisites for developing these coevolutive mechanisms.

Considered from a biogeographic perspective, it has been demonstrated in a pole-to-pole survey
that algal microbiomes are largely separated into two main groups: polar and non-polar species
associations (Martin et al., 2021). Precisely, based on phytoplankton metatranscriptomes and
microbial rRNA gene sequencing, the geographic differentiation of co-occurring microbes in
algal microbiomes is well explained by the latitudinal temperature gradient and associated break
points in beta diversity, separating cold and warm locations (Martin et al., 2021). Other
environmental parameters that correlate with temperature and latitude as for instance
photoperiodic range might also contribute to this biogeographic differentiation of algal

microbiomes.

In the context of other holobiont systems, studies showed that host and microbiomes both
significantly contribute to holobiont adaptation to challenging abiotic conditions (Henry et al.,
2021, Kim et al., 2023, Petersen et al., 2023). Particularly in novel or changing environments,

the microbiome plays an important role in host adaptation due to their small genomes and short
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generation cycles which allow more rapid adaptation (Petersen et al., 2023). Bacterial genetic
functions that are not needed anymore for survival are eliminated quickly by genome shrinkage
suggesting that the existing genetic functions are relevant for their proliferation in a given
habitat (Moran, 2002). As in all coevolutive relationships, both host and microbiome exert
selective pressure on one another it is likely that also diatom holobionts in polar regions select
for microbiome members that fulfill habitat-specific functions which differ from those in
temperate regions, resulting in the temperate- and polar-specific microbiomes observed by

Martin et al. (2021).

Although the knowledge of these coevolved functions is still in its infancy, a growing research
community is dedicated to deciphering the underlying mechanisms at the molecular level.
Understanding how evolved microbiome functions foster diatom adaptation in the Arctic or
temperate regions, and to which degree these can buffer environmental changes until they are
shifted out of balance is crucial knowledge not only for predicting their adaptive capabilities as
a response to climate change but also for improving predictions about climate-change-mediated

poleward range shifts.
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1.6  Aims and outline of this thesis

Despite considerable advancements that have been made in identifying and molecularly
unraveling the sophisticated mechanisms of diatom-bacteria interactions, so far, none of these
discoveries have been considered in the context of the multifactorial abiotic environment that
these organisms naturally experience (Helliwell et al., 2022). Yet, due to the profound effects
of these host-microbiome dynamics on diatom physiology and growth, the potential
dependency of growth-supporting or -inhibitory effects on abiotic factors may have important
implications for diatom holobiont adaptation to climate change in the rapidly warming Arctic

and for poleward shifting temperate diatoms.

This thesis aims to improve our understanding of how diatom holobionts adapted to occupy
Arctic or temperate niches and to which extent diatom-associated bacterial microbiomes help
to adapt their host under environmental conditions relevant to climate change and associated
climate change-mediated poleward range shifts. The main objectives are to (I) experimentally
quantify the response of Arctic and temperate diatoms to abiotic factors that characterize their
biogeographic separation and thereby identify potential bottlenecks for adaptation of Arctic
diatoms and poleward range shifts of their temperate relatives; (II) determine the net effect of
the bacterial microbiome on Arctic and temperate diatom growth under multi-driver settings of
these factors to understand its role in host adaptation; (IIT) unravel how abiotic conditions affect
diatom-associated bacterial microbiome community composition and the underlying host-
microbiome interactions (IV) develop a methodological strategy to understand diatom-
microbiome community dynamics on the single- (host-) cell level to enable necessary species-

specific (in-situ) information of natural diatom microbiomes in the future.

These above-listed objectives were addressed with step-wise laboratory experiments that build
on each other with increasing complexity using the closely related Arctic and temperate diatom
species Thalassiosira gravida and Thalassiosira rotula as model organisms (Fig. 1.11). In total,
the listed objectives resulted in four publications that are structured as the following chapters

in this thesis:
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Chapter 2: Determine genetic traits Chapter 3: Assess the net efffect = Chapter 4: Explore microbiome Chapter 5: Method development

and single-driver reaction norms for of the microbiome on diatom community dynamics and co- to understand microbiome
5 genotypes of Arctic and growth under multi-driver settings  expression with their host under community dynamics on individual
temperate diatoms based on selected conditions from specific multi-driver conditions host cells to enable in-situ data of
Chapter 2 (based on Chapter 3) species-specific microbiomes
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Fig. 1.11: Graphical abstract of the chapters included in this thesis. Detailed outlines about each chapter can be
find in the subsequent paragraphs. Contains elements from BioRender.com

In chapter 2 (Publication I), I aim to identify habitat-specific (i.e., Arctic vs. temperate)
adaptations of key functional and genetic traits in the chosen model diatoms 7. gravida and
T’ rotula. Therefore, multiple (xenic) genotypes of each species were exposed to gradients of
temperature, photoperiod, and nitrate concentrations under single driver settings to measure
fitness-related parameters such as growth rates for temperature or photoperiod reaction norms
and nutrient uptake kinetics for nitrate concentration assays. Moreover, habitat-specific genetic
adaptations were identified in terms of convergent amino acid substitutions (CAAS) by means
of transcriptomic profiles of the investigated diatoms in concert with other publicly available
diatom transcriptomes from Arctic and temperate regions. By characterizing what an Arctic or
temperate adaptation constitutes and highlighting the most crucial differences, the results are
interpreted in the context of the trait-based potential for adaptation to climate warming and

associated poleward range shifts.

Chapter 3 (Publication IT) addresses the net effect of the bacterial microbiome on Arctic and
temperate diatom growth under multi-driver settings with those abiotic factors that are
considered crucial for their biogeographic adaptation. The choice of included abiotic factors
and their respective levels was based on the outcome of Publication I, which particularly
demonstrated the importance of temperature and photoperiod for Arctic and temperate diatom
adaptation. Therefore, in a comparative approach, axenic and xenic cultures of one Arctic and
one temperate genotype of T gravida and T rotula each were exposed to a factorial

experimental design of temperature and photoperiod. The outcome of the study did not only
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reveal treatment-dependent patterns of growth-supporting effects but also highlighted risks for
tipping points of these mutualistic host-microbiome relationships towards growth-inhibitory

effects under certain environmental conditions.

Chapter 4 (publication III) zooms in, to study the underlying host-microbiome dynamics at the
molecular level. Therefore, xenic and axenic cultures of the 7 gravida genotype studied in
Publication II were exposed to four selected temperature-photoperiod treatment combinations
that were found to result in growth-supporting or inhibitory effects in publication II. To unravel
the underlying host-microbiome mechanisms, changes in the bacterial microbiome, community
composition were tracked as well as the transcriptomic responses of the host and the bacterial
microbiome. After the differences between axenic and xenic diatom transcriptomes were
determined, the resulting genes of interest were studied in concert with the microbiome
metatranscriptome to identify highly correlating gene clusters of the host diatom and its
microbiome and how temperature and photoperiod interactively affect their expression. This
allows for detailed insights into the context dependency of host-microbiome interactions and

highlights the importance of key microbiome members for diatom holobiont resilience.

Chapter 5 (Publication IV) is a methodological stepping stone towards the urgently needed
information about species-specific diatom microbiomes in natural systems by developing a
methodological approach to study the diatom-associated microbiome community composition
on the single-cell level. Additionally, the study gives detailed insights into coordinated
microbiome dynamics for individual host cells belonging to different genotypes of 7. gravida

in response to macro- and micronutrient limitations.
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Abstract

Climate change-induced warming is expected to drive phytoplankton poleward as they track
suitable thermal conditions. However, successful establishment in new environments requires
adaptation to multiple abiotic factors beyond temperature alone. As little is known about how
polar species differ in key functional and genetic traits, simple predictions of poleward
movement rely on large assumptions about performance in other relevant dimensions than
thermal responses (e.g., light regime, nutrient uptake). To identify evolutionary bottlenecks of
adaptation, we assessed a range of thermal, resource acquisition and genetic traits for multiple
strains of the diatom Thalassiosira rotula from the temperate North Sea, as well as multiple
strains of the closely related Arctic Thalassiosira gravida. We found a broader thermal range
for the temperate diatoms and a mean optimum temperature of 10.3 + 0.8°C and 18.4 + 2.4°C
for the Arctic and temperate diatoms, respectively, despite similar maximum growth rates.

Photoperiod reaction norms had an optimum photoperiod of ~17h for temperate diatoms,
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whereas the Arctic diatoms exhibited their highest growth performance at a photoperiod of 24h.
Nitrate uptake kinetics showed high intraspecific variation without a habitat-specific signal.
The screening for convergent amino acid substitutions (CAAS) of the studied diatom strains
and other publicly available transcriptomes revealed 26 candidate genes in which potential
habitat-specific genetic adaptation occurred. The identified genes include subunits of the DNA
polymerase and multiple transcription factors (zinc-finger proteins). Our findings suggest that
the thermal range of the temperate diatom would enable poleward migration, while the extreme
polar photoperiods might pose a barrier to the Arctic. Additionally, the identified genetic
adaptations are particularly abundant in Arctic diatoms as they may contribute to competitive
advantages in polar habitats beyond those detected with our physiological assays, hampering

the establishment of temperate diatoms in Arctic habitats.

Keywords

range shift, photoperiod, phytoplankton, poleward migration, Thalassiosira, convergent

evolution

Introduction

The Arctic Ocean is among the biologically most productive areas in the world (Ardyna et al.,
2013), and its resident primary producers are therefore of particular importance for the
biological carbon pump and the marine food web (Tremblay et al., 2015). As the Arctic is
warming several times faster than the global average (Rantanen et al., 2022, Maturilli et al.,
2013), there is growing interest in assessing the short-term adaptive potential of key Arctic
primary producers to the predicted consequences of increased temperature (Wolf et al., 2017,
Ahme et al., 2023, Biskaborn et al., 2023). However, changes in the Arctic habitat go beyond a
mere increase in temperature, due to other correlated abiotic factors fundamental for primary
production. For instance, effective annual photoperiods will likely become longer due to further
and earlier sea ice decline, increasing the light intensity under the thinning ice cover (Arrigo et
al., 2012). Moreover, vertical mixing will weaken, which is expected to result in lower nutrient
advection and thus especially challenge Arctic primary producers with a high nutrient demand

such as diatoms (Farmer et al., 2021).
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In general, such cumulative effects of global change challenge the ability of organisms to adapt
in a timely manner, thus currently driving a global reorganization of species (Lenoir et al.,
2020). This reorganization involves poleward range shifts of temperate phytoplankton and may
alter ecosystem functioning in the Arctic (Brandt et al., 2023, Benedetti et al., 2021). For
example, poleward migration and corresponding changes in diversity and cell sizes can affect
the efficiency of the biological carbon pump (Ward, 2015, Brun et al., 2019, Tréguer et al.,
2018). Although further consequences are largely unknown, the potential replacement of Arctic
phytoplankton species by their temperate relatives could impact trophic interactions in terms of
elemental ratios, fatty acid profiles and temporal food-web mismatches as reported for
metazoans (Falk-Petersen, 2006, Karnovsky et al., 2010, Asch et al., 2019). Consequently, the
groundwork for predicting potential changes involves identifying traits that evolved in response
to an Arctic or temperate habitat and govern phytoplankton success and their ability for

poleward migration.

Capturing evolutionary adaptation remains challenging as each established approach has its
specific weaknesses. For example, evolutionary differences between ancestors and their
descendants are determined from sedimentary fossil records (Sims et al., 2019, Westacott et al.,
2021), which is possible for only some taxa and provides little insight into non-morphological
traits. Long-term laboratory incubation experiments (Jin and Agusti, 2018, Zhong et al., 2021)
can track evolution, but are limited to fewer generations compared to natural timescales, a
simplified selection regime and a small amount of standing genetic variation. Reaction norm
experiments (Boyd et al., 2013, Baker et al., 2016, Aranguren-Gassis et al., 2020) can be
informative for short-term abiotic tolerances, but may not capture the long-term adaptive
potential without resurrecting resting stages from sediments and measuring their response
curves, which is only possible for few cyst-forming species (Hattich et al., 2024). Therefore, to
identify habitat-specific adaptation, it is necessary to assess multiple traits for the same (or a
closely related) species in a contrary habitat (e.g., Arctic vs. temperate) and include multiple

genotypes to account for the population’s intraspecific variation.

For key primary producers like diatoms, suitable model organisms to implement such a
comparative approach can be found in the Arctic species Thalassiosira gravida and its closely
related temperate counterpart Thalassiosira rotula. While it was long debated whether these
diatoms represent distinct taxa or are simply different morphotypes of the same species (Sar et
al., 2011), genetic differences in their internal transcript spacer 1 (ITS1) sequences support to

regard them as separate species (Whittaker et al., 2012). This phylogenetic proximity in
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combination with separated geographic distribution makes them specifically suitable for a
comparison of inherent habitat-specific key traits. In this study, we compare the reaction norms
(temperature, photoperiod, nitrate kinetics) of five strains of Arctic 7. gravida with five strains
of temperate 7. rotula. This allows us to resolve differences in respective growth-related traits

in response to these drivers and analyze implications for poleward migration.

To extend our knowledge beyond key physiological traits, we assessed genetic (i.e., gene-
specific) traits to reveal temperate and polar specific adaptations. To this end, we screened the
species' transcriptomes together with other publicly available Arctic and temperate diatom
transcriptomes for convergent amino acid substitutions (CAAS). Considering there is no
generally accepted definition for CAAS (Rey et al., 2019), here we operationally define CAAS
as phylogenetically independent changes in amino acid sequences resulting in identical amino
acids at specific positions in proteins from species from comparable habitats (Barteri et al.,
2023). CAAS reflect convergent evolution on the molecular level and thereby are indicative of
adaptation. Therein, similar environmental pressures lead to parallel genetic changes across
different species, enabling them to thrive in specific habitats by developing similar phenotypic
traits (Ito et al., 2022, Shen et al., 2019). Despite the consequential importance of these
molecular adaptations for phytoplankton range shifts, we do not know of CAAS relevant to

adaptation to polar temperature, light and other conditions.

Material & Methods
Biological material and culture conditions

The experiments in this study comprise five Arctic adapted strains of Thalassiosira gravida
obtained from the Norwegian Culture Collection of Algae (NORCCA strain numbers UiO478;
Ui0483; Ui0484; Ui0447; UiO448, here called Al, A2, A3, A4, and AS) as well as five
temperate adapted strains of Thalassiosira rotula. This includes one strain obtained from the
Harder Lab (University of Bremen; strain number S16, here called T1) isolated from Helgoland,
two strains isolated from the German Bight (strain Wilhelmshaven, strain Sylt, here called T2
and T3), and two strains obtained from the Roscoff Culture Collection (strain numbers RCC-
778, RCC-290, here called T4 and T5) isolated from the English Channel. Further details about
the strains used in this study can be found in supplementary Table S2.1. The number of strains

used differs between experiments because not all strains were available at the time of the
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experiment. 7. gravida and T. rotula strains were identified by their ITS sequences based on
taxonomic definitions by Whittaker et al. (2012) (see Fig S2.1). Cultures were maintained in
climate chambers at a light intensity of 30 umol photons m2 s at a photoperiod of 16:8h
light:dark and a temperature of 4°C and 15°C for the Arctic and temperate strains, respectively.
Cultures were kept in exponential growth by semi-continuous dilution with K-medium (Keller
et al., 2007) that was modified by additional of Si-enrichment (1.06 x 10* M Na2SiO3 x 9 H20)

and no ammonium addition.

Temperature performance curves

Temperature performance curves (TPCs) were assessed for 5 Arctic strains of 7. gravida and 5
temperate strains of 7. rotula. The TPC assays were conducted on a thermal gradient block with
a respective temperature gradient for the Arctic (-0.5, 2.3, 5.0, 7.3, 9.9, 12.3, 15°C) and
temperate (2.8, 7.0, 11.0, 14.5, 18.0, 21.4, 24.5, 27.8°C) diatoms at a light intensity of 30 umol
photons m? s and a light:dark cycle of 16:8 h. In order to acclimate the cultures to their
experimental conditions, 200 mL of batch cultures from each strain were incubated at the mean
temperature of the chosen gradient for the Arctic or temperate strains. Over a period of 7 days,
the cultures were then gradually heated or cooled until reaching their respective final
experimental temperature where they were kept in the exponential growth phase for 8 more
days, by semi-continuous dilution with modified K-medium. After this acclimation period, 4
replicates of 50 mL culture flasks (Sarstedt, Germany) were inoculated with the final
experimental cultures to an initial cell density of 250 cells mL™! in 40 mL of media. Sampling
was conducted daily by fixing 500 pL subsamples from each experimental unit with 2% final
concentrated Lugol’s solution in a 48-well microplate (Sarstedt, Germany). Samples were
quantified microscopically using a Zeiss Axiovert 10C inverted light microscope. Cell densities
were tracked daily and the treatments were ended upon reaching stationary phase (i.e., begin of

saturation in the logistic growth curve).

Photoperiod reaction norms

To assess the growth response to different photoperiods (1h, 4h, 8h, 16h, 24h), photoperiod
reaction norms assays were conducted using 4 Arctic 7. gravida (Al, A2, A3, A4) and 4

temperate 7. rotula (T1, T2, T3, T5) strains. These growth assays were conducted in nanocosm
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well-plate photobioreactors which allowed for high replication numbers, well-specific
programmed light settings and a lab-independent and reproducible experimental setup (Volpe
et al., 2021). The experiments were conducted in modified K-medium (see above) at a light
intensity of 30 pmol photons m™ s™' and an experimental temperature representing the lowest
optimum temperature among the studied genotypes of Arctic and temperate strains assessed in
the TPCs (i.e., 9°C for T. gravida and 16°C for T. rotula). To acclimate the cultures to their
experimental conditions, 24 replicates per strain with an experimental volume of 300 pL were
inoculated in 96 well-plates at an initial chl-a fluorescence value close to the blank value
measured in the medium except for 1h and 4h photoperiod treatments, which were inoculated
twice the blank value to obtain sufficient biomass. The microtiter plates were sealed with a gas
permeable membrane (Breathe Easy, Sigma Aldrich, USA) and placed in a climate cabinet at
the respective experimental temperature. After seven days of acclimation to the experimental
conditions, cultures were diluted with temperature-acclimated medium and inoculated in a new
well-plate close to their fluorescence blank value for the actual growth experiment. This
acclimation duration was chosen as it covers both, short-term and long-term photoacclimation
time scales (Lutz et al., 2001), i.e., no further treatment effects on cellular chl-a content can be
assumed and robust growth rates can directly be calculated from fluorescence intensity values.
Chl-a fluorescence intensity was measured daily at the same time after 10 min of dark
acclimation using a photo-spectrometric plate reader at an excitation wavelength of 440 nm and
emission of 680 nm (ClarioStar Plus BMG Labtech for Arctic strains; Spark TECAN for
temperate strains). Chl-a fluorescence was tracked regularly and the treatments were ended

upon reaching stationary phase (i.e., begin of saturation in the logistic growth curve).

Nitrate uptake assays

SN nitrate uptake assays were conducted by means of tracer additions of highly enriched (98%)
>N-labeled nitrate (Mulholland et al., 2002, Mulholland et al., 2009) for 4 Arctic and 3
temperate strains of Thalassiosira gravida and Thalassiosira rotula, respectively (strains Al,
A2,A3,AS5 and T1, T2, T3). For precultivation, 2L batch cultures of each strain were grown at
a light intensity of 25 pmol photons m s! and a light:dark cycle of 16:8h. Cultures were grown
in modified ESAW medium (Harrison et al., 2008) at the lowest respective optimum
temperature (9°C for Arctic strains and 16°C for temperate strains). The nitrate concentration
in the medium corresponded to 1/5 K-medium (~100 umol L") which was considered necessary

to obtain sufficient biomass for the '°N isotope analysis. In the mid-exponential growth phase,
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90% of the supernatant of the batch culture flasks was decanted and the sedimented cells were
resuspended in nitrate (and ammonia) free modified ESAW medium. Overnight, the cells
sedimented again and the procedure was repeated two more times with a time interval of 24
hours in between. This dilution led to a calculated final concentration of 0.1 umol NaNOs L!
in the medium at maximum without considering the N uptake of the diatoms in the batch
cultures which depleted the dissolved nitrate concentrations even further. This procedure was
considered the best possible compromise between a sufficiently dense culture and nitrogen
depletion. Moreover, it has been demonstrated that 24 hours of N-starvation were sufficient to
trigger high nutrient uptake in the marine diatom Phaeodactylum tricornutum (Raimbault et al.,
1990). Accordingly, 24 hours after the last dilution step with nitrogen-free medium, the assay
was prepared by filling 40 mL culture from the batch cultures into 50 mL culture flasks for the
nitrate addition treatments comprising of 7 nitrate levels (n=4) as well as a nitrate deplete
control treatment. The chosen seven levels of final nitrate concentrations were 0.1, 0.4, 0.8, 2,
10, 50, 100 umol NaNO3 L at a ratio of 1:1 of *N:'°N for levels < 2umol NaNO3 L' and 9:1
for levels > 2 pmol NaNO;3 L'!. The experimental units were incubated for 40 minutes at the
same culture conditions as the batch cultures (see above) and were then filtered onto pre-
combusted glass microfiber filters (Whatman GF/F, Maidstone, UK). After filtration of the
experimental unit, another 100 mL of nitrate-free medium was filtered to reduce dissolved "N
contamination on the filter. The filters were dried at 60°C for 48 hours and then folded into tin
capsules which were stored in the dark until further analysis. POC/PON and the particulate
SN:'N ratio were measured using an elemental analyzer (Flash 2000, Thermo Scientific,
Karlsruhe, Germany) coupled to an isotope ratio mass spectrometer (IRMS, Thermo Scientific,

Karlsruhe, Germany; (Morrien et al., 2017)).

Transcriptomic profiles

To assess transcriptomic profiles, a 40 mL culture of each strain was filtered onto a 10 pm nylon
filter (Merck Millipore, USA) which was fixed in 1 mL TriReagent (Sigma-Aldrich, St. Louis,
USA) with glass beads and immediately frozen at -80 °C until further processing. Cultures were
kept as described in the culture conditions section and were harvested in the mid-exponential
growth phase. RNA extraction was conducted as described in detail by Wohlrab et al (2017).
The subsequent library preparation was conducted using the Illumina Stranded mRNA Prep

Ligation Kit (Illumina, San Diego, USA) following the manufacturer's protocol. The resulting
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paired-end cDNA libraries were sequenced on a NextSeq 2000 (Illumina, San Diego, USA)
using the P3 Reagents kit (2 x 150 cycles).

Statistical analysis of TPCs

To fit strain-specific TPC models, maximum growth rates were determined for each
experimental unit (i.e., for each strain at each experimental temperature and each replicate)
using the “growthrates” package (Petzoldt et al., 2017). TPC models were fitted to these growth
rates across the tested temperatures by means of the “rTPC” package (Padfield, 2023) applying
the model of Thomas et al. (2017). Subsequently, non-parametric bootstrapping was conducted
to estimate model uncertainty and 95% confidence intervals for TPC parameters (i.e., optimum
temperature (Topt), maximum growth rate (imax), thermal breadth at 80% of pmax (Tbso), and
activation energy (Ea). To test for a general difference between Arctic and temperate
populations, a Welch t-test was conducted with the mean of the respective TPC parameters (see
above) from each strain as dependent variable and the population origin as independent

variable.

Statistical analysis of photoperiod growth assays

After the mean blank value of the medium was subtracted from the measured chl-a fluorescence
values of the samples, the “growthrates” package (Petzoldt et al., 2017) was used to obtain pmax
values for each experimental unit. In order to specifically analyze differences in photoperiod
reaction norm shape between Arctic and temperate origin, growth rates of each species were
normalized by their respective highest achieved growth rate. To test for shape differences in
photoperiod reaction norms, generalized additive models (GAMs) were fitted to each species'
data and differences tested by assessing the significance of the difference smooth term between

both species.

Calculation and statistical analysis of N-uptake rates

Values for 8'°N were determined by measuring the difference in °N levels between the sample

and a reference gas containing 0.366 atom% '°N. Subsequently, these 8'°N values were

41



2 PUBLICATION [

employed in computing absolute nitrate uptake rates (Vabs) for the tested nitrate concentrations
using the mixing model of Montoya et al. (2002) and using equations from Orcutt et al. (2001).
The obtained Vabs values (umol N L' h'!) for the respective tested concentrations were then
normalized by cell density and the parameters of the Michaelis-Menten function were

estimated:

Vmax S

V =
K, +S

where V (umol N h'! cell') represents the cell-normalized nitrate uptake rate, Vmax (umol N h-
I'cell!) represents the highest achieved uptake rate, Ks is the half-saturation-constant (umol L

)y and S is a given nitrate concentration in the growth medium (umol L).

Analysis of transcriptomic data

The Illumina basecall files underwent demultiplexing and were transformed into FASTQ files
using the [1lumina bel2fastq conversion tool (version 2.20). Subsequently, the FASTQ files were
processed using CLCGenomicsWorkbench (version 21, Qiagen, Hilden) including paired-end
mapping, adapter and quality trimming, and de novo assembly into contigs with default
parameters for Illumina sequence data. Open reading frames (ORFs), coding sequences and

amino acid translation were created with transdecoder (Haas, 2013).

For CAAS analysis, additional transcriptomes and metatranscriptomes were obtained from the
respective sources listed in Supplementary Table S2.2. This allowed us to more confidently
assess convergence due to origin and to distinguish it from speciation events, as well as to assess
whether a given CAAS-bearing transcript is expressed in the native habitat
(metatranscriptome), i.e., to highlight its ecological significance. In cases where raw reads or
nucleotide data were retrieved, processing was as described above for the transcriptome data.
Diatom-specific transcripts were filtered and phylogenetically placed using the MMseqs2
taxonomy tool (Mirdita et al., 2021), with a custom-built reference database containing revised
sequences from the MMETSP project (Van Vlierberghe et al., 2021) as well as the 7. gravida
strains used in this study. Amino acid sequences were clustered into similarity groups with an
identity threshold of 75% with Silix (Miele et al., 2011). Sequences in each cluster were aligned
with MAFFT (Katoh and Standley, 2013) and trimmed with the gappyout algorithm
implemented in trimAl (Capella-Gutierrez et al., 2009). Trimmed sequences were analysed for

convergent amino acid substitutions using CAAStools (Barteri et al., 2023) and filtered
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according to the following criteria: I) each substitution must additionally occur in a temperate
and an Arctic diatom species other than 7. gravida and T. rotula, and IT) each CAAS gene variant
must be expressed in both the Arctic and temperate metatranscriptome collections. The position
of each CAAS in each alignment was manually checked to ensure reliability, i.e., to occur in an
otherwise gapless conserved region. The resulting genes were annotated using eggNOG-
mapper version 2.1.12 (Cantalapiedra et al., 2021), including de novo screening for the

occurrence of PFAM protein domain motifs (Mistry et al., 2020).

Results
Temperature performance curves

For the Arctic strains, the fitted temperature performance curve models displayed an optimum
temperature (Topt) ranging from 9.3 + 0.7°C for strain A4 up to 11.2 + 1.6°C for strain A2 and
an overall mean of 10.3 + 0.8°C for the Arctic strains (Fig. 2.1). For the temperate strains Topt
ranged from 15.7 + 1.2°C for strain T3 up to 20.8 + 0.9°C for strain T1 and a mean across
strains of 18.4 + 2.4°C. Topt differed as a response to Arctic or temperate origin (Table 2.1).
With regard to the maximum achieved growth rate across all tested temperatures (pmax), Arctic
and temperate strains had a mean pmax 0f 0.60 £ 0.07 and 0.59 + 0.08, respectively and showed
no significant difference by origin. Furthermore, the thermal breadth was compared at a level
of 80% of umax (Tbso) and revealed a significant origin-specific difference between the studied
diatom strains with the Arctic strains showing a narrower breadth (7.82 + 0.75°C) compared to
the temperate strains (11.35 + 2.44°C). The activation energies (Ea) of the fitted TPCs range
from 0.32 £ 0.10 eV for strain T1 to 1.00 £ 0.45 eV for strain T5. However, no origin-specific

differences could be detected.
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Fig. 2.1: Temperature performance curves and associated parameters for 7. gravida (strains A1-AS5) and T.
rotula (strains T1-T5) indicated by color with (A) fitted TPC models to growth rate on the y-axis and
temperature on the x-axis; (B) optimum temperature (Top); (C) maximum growth rate (Umax); (D) thermal
breadth at 80% of pmax (Tbgo); and (E) activation energy (Ea). TPC parameters (panel B-E) are given as mean
+ 95% confidence intervals as error bars. For visibility, x-axis jittering was added to the points.

Table 2.1: Welch T-test results on differences across Arctic and temperate strain origin for the TPC parameters
optimum temperature (Top), maximum growth rate (Wmax), thermal breadth at 80% of pwmax and activation energy
(Ea). T and p-values are reported for each effect. Values marked with an asterisk (*) indicate significant effects (p
<0.05).

Arctic vs. Temperate

parameter df t p
Topt 4.8 -7.443 <0.001 *
[Lmax 7.6 0.335 0.747
Tbso 4.8 -3.086 0.029 *
Ea 5.6 0.369 0.726

Photoperiod reaction norms

The photoperiod reaction norms that were fitted as GAMs to the normalized growth rates of the
tested Arctic and temperate diatom strains displayed distinct shapes which differed significantly
(p <0.001, Table S2.3) between the species, i.e., between Arctic and temperate origin (Fig. 2.2).

The reaction norm for the Arctic strains was a saturating function, achieving the highest growth
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rates at photoperiods of 24h. During the initial phase of the reaction norm, the strains A1, A2,
and A4 immediately increase with photoperiod while strain A3 followed a sigmoidal shape.
Contrastingly, for the temperate diatom strains, photoperiod reaction norms showed a linear to
sigmoidal shaped increase of the reaction norm followed by a modeled local optimum at a

photoperiod of 17.3 £ 0.2h after which growth decreases towards the 24h photoperiod.
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Fig. 2.2: Photoperiod reaction norms of 4 strains of 7. gravida (A1-A4) and T. rotula (T1-T3; T5), respectively,
with normalized maximum growth rate on the y-axis (Umax™) and applied photoperiod (in hours) on the x-axis.
GAMs + SE are fitted to the data points for each strain. For visibility, x-axis jittering was added to the points
(GAMs were fit to unjittered data).

Nitrate Uptake rates

The nitrate uptake kinetics showed a wide range of maximum uptake rates (Vmax) among the
strains (Fig. 2.3) ranging from 0.29 = 0.08 x 10”7 pmol N cell'! h! in the Arctic strain A3 up to
5.82 £ 0.30 x 107 umol N cell’! h'! in the temperate strain T1. Despite generally higher Vimax

values for most temperate diatom strains, we did not find strong evidence for differences
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between latitudes (p = 0.14). Similarly, half saturation constants (Ks) showed high intraspecific

variability, particularly in strain A3, resulting in no significant differences (p = 0.70).
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Fig. 2.3: Nitrate uptake kinetics and associated parameters for 7. gravida (strains A1, A2, A3 and AS) and T. rotula
(strains T1, T2, T3) indicated by color with (A) cell-normalized nitrate uptake rates across the tested nitrate
concentrations fitted to the Michaelis-Menten function plotted on a logarithmic x-axis; (B) half-saturation constant
(Ks); and (C) maximum uptake rate (Vmax). Uptake parameters (panel B-C) are given as mean + SD. Note that
uptake experiments for Arctic and temperate strains had to be performed at different temperatures (9°C vs. 16°C,
see methods) and so may not be directly comparable.

Convergent Amino Acid Substitutions

After quality filtering, we identified 26 candidate gene alignments with specific CAAS, i.e.,
convergence towards a specific amino acid at a specific alignment position as a response to
Arctic or temperate origin of the sequence (Fig. 2.4, Table 2.2). In total, 12 of these candidate
gene alignments could be functionally annotated. For convenience, members of each candidate
gene alignment are collectively called 'IDs' in the following sections. Of the 12 functionally
annotated IDs, 6 IDs are annotated as being involved in the central dogma processes (i.e.,
fundamental processes of the flow of genetic information: DNA replication, transcription, and
translation that are responsible for the maintenance and expression of genes within an
organism). A further 5 IDs are annotated as being involved in metabolic functions, including
the often interrelated functions of lipid- and secondary metabolism. Among all 26 identified

IDs, 22 of those exclusively contained CAAS in the Arctic diatom sequences (i.e., one unique
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AA shared between all identified Arctic diatom sequences, while temperate sequences show
different AAs at the respective alignment position, e.g., Fig. 2.4c). For 3 IDs, CAAS were
identified only in temperate sequences and 1 ID showed a CAAS for both origins
simultaneously (i.e., one unique AA for Arctic and temperate sequence, respectively, at the same
alignment position, Fig. 2.4b). With regard to taxonomic coverage, the Arctic-origin CAAS
with the highest number of diatom species was found in a sugar transporter (gene ID 7700)
shared among Thalassiosira gravida, Thalassiosira oceanica, Shionodiscus bioculatus and
Detonula confervaceae. For the temperate CAAS the highest taxonomic coverage was found in
one of the zinc finger gene families (Sec23/Sec24, gene ID 6123) shared across seven diatom
species (Thalassiosira rotula, Minidiscus spinulatus, Minidiscus variabilis, Minidiscus

comicus, Detonula confervaceae, Leptocylindrus danicus, Chaetoceros sp.).

47



2 PUBLICATION I

(B) Gene ID 12554 (C) Gene ID 2993
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Fig. 2.4: Map of origin for metatranscriptomes and culture isolate RNA-seq datasets used in the CAAS analysis
(see details and references for datasets in Table S2), colored by annual mean sea surface temperature (modified
after NASA, 2013). RNA-seq datasets from Arctic and temperate ocean provinces are marked as blue and red dots,
respectively and are numbered with a location code (A). Exemplary midpoint rooted phylogenetic trees of two
candidate genes resulting from the CAAS analysis are shown for gene ID 12554 with habitat-specific amino acids
in Arctic and temperate diatoms at alignment position 292 (B) and gene ID 2993 with CAAS only in Arctic diatoms
at alignment position 141 while showing diverse amino acids in temperate diatoms (C). Phylogenetic trees
highlight phylogenetic independence of the found CAAS. Tips are labeled with the respective amino acid (one-
letter code) at the corresponding CAAS site, the assigned taxonomy, and the location code of the respective RNA-
seq data set. CAAS and station code are colored blue or red for Arctic or temperate origin, respectively.
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Table 2.2: Results of CAAS analysis. For each alignment ID reported by CAAStools that passed quality filtering

and manual quality control, alignment position (Pos.), amino acid of Arctic sequences (Arctic AA) and temperate

sequences (Temperate AA) as well as the functional annotation from the eggNOG-mapper results are given.

Alignment Pos. Arctic Temperate Functional Functional group
ID AA AA annotation
9895 384 N D,FEK,T Methylation of [J] Translation,
tRNAs ribosomal structure
and biogenesis
1375 52 S A,D,PV Zinc finger, C3HC4  [K] Transcription
type
2720 413 N Q,S Zinc finger, Nab2- [K] Transcription
type
6123 30 Al \% Sec23/Sec24 zinc [K] Transcription
finger
2998 749 E C, G, I,Q,R, DNA mismatch [L] Replication,
S, T repair protein Mlhl ~ recombination and
repair
7630 448 E K, Q,S DNA polymerase [L] Replication,
alpha/epsilon recombination and
subunit B repair
7700 423 v E,G,S,T Sugar transporter [G] Carbohydrate
transport and
metabolism
5037 269 Q E,K,R Membrane-bound [1] Lipid transport
acyltransferase and metabolism
5781 218 K E,G, S,V Oxidation-reduction  [I] Lipid transport
(dehydrogense) and metabolism & [Q]
Secondary metabolites
biosynthesis, transport
and catabolism
6653 168 E D,G,Q All-trans-retinol [1] Lipid transport
13,14-reductase and metabolism & [Q]
Secondary metabolites
biosynthesis, transport
and catabolism
8045 893 S AV ABC transporter [Q] Secondary
metabolites
biosynthesis, transport
and catabolism
8045 116 A" Al
2
8045 125 A LKV
9
631 616 W A,F, H,L,Y Chitinase class I [R] General function
prediction only
557 16 L AEL ST - [S] Function unknown
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908 158 D,F, S - [S] Function unknown
T
2702 371 C F,S, Y - [S] Function unknown
2993 141 S AE.H K, Q, - [S] Function unknown
R
3485 150 S A, D,E T - [S] Function unknown
4072 662 M A G LPS, - [S] Function unknown
T,V
4756 49 A E,N, T,V - [S] Function unknown
4990 33 E A,D,K,N,Q, - [S] Function unknown
S, T,V
6457 27 A K, P, S - [S] Function unknown
10130 156 N D,F,G L, S - [S] Function unknown
11282 276 N K,L,R,V - [S] Function unknown
11341 215 M LK, L,S - [S] Function unknown
12554 333 L A% - [S] Function unknown
13375 292 AVF 1 A% - [S] Function unknown
Discussion

The Arctic and temperate diatoms showed distinct temperature reaction norms with significant
differences in Topt and thermal breadth but no significant differences in Ea and pmax. With regard
to photoperiod-dependent growth, reaction norm shapes varied between short photoperiods and
diverged at 24h of photoperiod for Arctic and temperate strains. Large trait variability was
observed in nitrate uptake parameters Vmax and Ks. In terms of genetic traits, a screening of
available (meta-) transcriptomes for CAAS revealed 26 candidate genes pointing to habitat-
specific molecular adaptations, most of which were found in Arctic diatoms. The CAAS
proteins with functional annotations were dominated by central dogma processes, followed by

functions in lipid and secondary metabolism.

Adaptation of thermal traits

The TPCs of the Arctic and temperate diatom strains differed as expected for these contrary
thermal habitats, which is reflected across the studied thermal traits. While for the temperate
diatoms an optimum temperature of 18.4°C lies at the upper range of their habitat’s annual

temperature amplitude (Wiltshire and Manly, 2004), a Topt of around 10°C for the Arctic strains
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might seem surprisingly high, given the fact that these water temperatures are neither reached
nor surpassed in the Arctic Ocean (Timmermanns and Labe, 2022). However, there are two
likely explanations for this seemingly high Topt, which are not mutually exclusive. Firstly,
organisms that live below their Topt are buffered against temperature fluctuations that would be
detrimental if Topt was exceeded. This pattern has previously been described by Thomas et al.
(2012) who showed the Topt of polar and temperate phytoplankton to be several degrees higher
than the annual mean water temperatures of their respective habitat while in tropical habitats,
species live very close to their optimum temperature. Secondly, it has been demonstrated that
Topt is interactively affected by other stressors such as nitrate concentration (Thomas et al.,
2017) or light intensity (Edwards et al., 2016) that can lower Topt by up to 4°C or 5°C,
respectively. Given the fact that in this study, both nutrient and light conditions were replete,
this might lead to an overestimation of Topt compared to natural systems that frequently
experience resource limitation (Reid et al., 1990, Elser et al., 2007). Considering thermal traits
beyond Topt, habitat-specific adaptation can also be observed in differences of the thermal
breadth of the TPCs of Arctic and temperate diatom strains. The temperate diatom strains which
are subject to much larger annual temperature variation (Wiltshire and Manly, 2004) exhibited
much broader TPCs compared to the narrower thermal breadth of the Arctic strains. This
corresponds to the eurytherm and stenotherm lifestyles imposed by the different temperature

amplitudes of Arctic and temperate habitats.

With regard to poleward migration potential, the thermal range of the temperate diatom strains
would allow them to proliferate in Arctic habitats, but they would grow slower than existing
Arctic diatoms at the low temperatures and so they would likely be at a competitive
disadvantage. However, considering the known interactive effects of temperature dependent
growth with nitrate and light intensity (Thomas et al., 2017, Edwards et al., 2016), causing a
decrease of Topt when resources are limited (see above), this may affect the competitive
outcome. Particularly in a scenario of elevated temperatures in combination with resource-
limitation, Arctic diatoms may be pushed beyond their Topt, leading to detrimental effects on
the population while the temperate diatoms likely would not surpass their respective Topt

(Thomas et al., 2017).
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Adaptation to photoperiods

The photoperiod reaction norms assessed in this study showed habitat-specific adaptations
which reflect an imprint of a chronobiological background that is strongly conserved even after
years of laboratory cultivation at a constant intermediate photoperiod (Giesler et al., 2023).
While the temperate strains displayed a photoperiod optimum of ~17h, mirroring a habitat
characterized by intermediate daylengths, the Arctic strains showed specific competitive
advantages at both extreme long and extreme short photoperiods. This response is likely a
consequence of the polar day and polar night. In contrast to the light regimes of temperate
regions, intermediate photoperiods only correspond to a transitional phase lasting a few weeks
in Arctic habitats. As the photoperiod reaction norm assays were conducted as a single driver
experiment (i.e., close to the respective populations Topt), interactive effects of photoperiod and
temperature were not considered in our study. Yet, another study by Giesler et al. (2023)
investigated the interactive responses of one Arctic and temperate strain each used in this study
and showed that the Arctic strain may lose its ability to cope with 24h photoperiods at
temperatures beyond their Topt. Other studies found that the response to photoperiod interacted
with temperature, light intensity (Theus et al., 2022), and cell size (Li et al., 2017) thus
highlighting that reaction norms are only a snapshot of the multifactorial reality. Despite the
interactive nature of most abiotic drivers, the response of the tested conditions in this study
showed to be reproducible across strains from the same origin and also had comparable
responses at the respective experimental conditions and strains in the study by Giesler et al.

(2023).

On the cellular level, prolonged photoperiods cause oxidative stress (Roeber et al., 2021) to
which Arctic diatoms fine-tune specific adaptations in terms of their photosynthetic machinery
(Croteau et al., 2020), their lipidome (Svenning et al., 2024), and even symbiotic interactions
with associated bacteria to reduce ROS stress (Hunken et al., 2008). The decreased growth
performance for temperate diatoms at a 24h photoperiod compared to Arctic diatoms suggests
the lack of these adaptations, resulting in decreasing growth performance. As a consequence,
extreme day lengths in polar regions may pose an additional barrier to poleward range shift of
temperate diatoms. Current species distribution models project a median speed of 35 km per
decade for poleward migration of temperate phytoplankton (Benedetti et al., 2021) but do not
consider required adaptation to polar light regimes which might slow down the speed of
poleward range shifts. This underlines the need for further studies to investigate whether

temperate diatoms can adapt to an extreme polar light regime and if so, whether there are trade-
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offs associated with this. Given that the Arctic diatom strains experienced a constant
photoperiod of 14:10h light:dark during long-term cultivation in the culture collection (Table
S2.1), and still maintain a strong adaptive signal to extreme Arctic photoperiods, this suggests

that photoperiodic adaptation is likely to be costly and a rather long-term process.

Nitrate uptake traits

The maximum uptake rate of nitrate as well as the half saturation constant showed high
variability across the tested diatom strains. Yet it has to be considered how the results are
affected by the different temperatures at which the assays had to be conducted for Arctic and
temperate diatoms. Previous studies demonstrated that an organisms’ nitrate affinity decreases
at temperatures below its optimum (Nedwell, 1999, Reay et al., 1999). Therefore, direct
comparisons between the determined nitrate uptake traits and resulting implications for
competitive advantages are complicated. Nevertheless, the observed large intraspecific
variability for both Arctic and temperate diatoms suggests a relatively low selective pressure on
nitrate uptake rates compared to other, more stable environmental drivers. Indeed,
environmental nitrate concentrations in Arctic and temperate habitats both show large annual
variation, ranging from near zero concentrations in the late summer months up to ~10 pmol L-
"and ~20 umol L' during winter/early spring in northeast Svalbard (Arctic) and Helgoland
(North Sea), respectively (Randelhoff et al., 2015, Wiltshire, 2011). Thus, due to trade-offs of
nutrient uptake with other metabolic processes (Ward et al., 2016), it might be beneficial to
maintain high variability in nutrient uptake related traits in a population to quickly respond to
these nutrient fluctuations (Raimbault et al., 1990). To maintain this variability in the context
of poleward range shifts, the temperate diatoms membrane lipids and uptake transporters likely
require specific molecular adaptations as their flexibility and effectiveness decreases with
temperature (Nedwell, 1999). The presence of these habitat specific adaptations in Arctic
diatoms is indicated by the CAAS analysis in which multiple transporters and lipid-related gene

candidates with molecular adaptations were identified (see below).

Convergent amino acid substitutions

The analysis of the temperate and Arctic diatom transcriptomes in concert with other available

Arctic and temperate diatom (meta-) transcriptomes allowed the identification of 26 proteins
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with habitat-specific convergent amino acid substitutions (CAAS). These molecular adaptations
likely contribute to the found differences in diatom adaptation to different thermal and light
regimes. Most of these CAAS showed selection towards an identical amino acid in Arctic
diatoms while the temperate diatoms had different and variable amino acids at the respective
alignment position. These molecular adaptations indicate hard selection pressure favoring the
fixation of these substitutions in Arctic populations and species. Consequently, the resulting
traits of these adaptations likely facilitate their distribution in Arctic habitats (Birkeland et al.,
2020).

The majority of the CAAS bearing proteins are involved in central dogma processes that transfer
genetic information within cells. To some extent, it is reasonable to assume that thermal
differences in the respective habitats may have contributed to the natural selection of these
CAAS, coordinating transcription and translation to ensure cellular homeostasis in coherence
with further environmental factors (Knapp and Huang, 2022). In this context, the convergent
modulation of zinc finger transcription factor sequences could potentially contribute to cellular
homeostasis by e.g., altering their binding affinities to promoter regions (Knapp and Huang,
2022). Functionally, the identified zinc finger transcription factors are known to be involved in
abiotic stress responses in plants (Han et al., 2022) and in the regulation of growth and
photosynthesis in diatoms (Ye et al., 2022). The CAAS discovered in DNA polymerase and
DNA mismatch repair proteins also suggest a functionally coherent parallel adaptation of these
related processes (i.e., synthesizing nucleotide strands and correcting for potential errors). The
discovery of CAAS in a membrane-bound acyltransferase and in the all-trans-retinol 13,14-
reductase suggests additional adaptations and merits further investigation. In general,
membrane-bound acyltransferases are involved in the modification and synthesis of complex
membrane lipids, which may indeed reflect temperature adaptation (Nedwell, 1999). The
CAAS in the all-trans-retinol 13,14-reductase may likely influence photobiological regulation,
as it provides both the chromophore for rhodopsin photoreceptors and molecules for
photoprotection in diatoms, and is thus involved in photoreception and cellular energy

regulation (Marchetti et al., 2012, Dong et al., 2016).

We note that many of the identified CAAS-bearing proteins could not be functionally annotated,
leaving their specific contribution to the polar adaptation of diatoms open. This highlights a
crucial gap in our understanding of ecologically important functions of diatoms. Without this
knowledge, we cannot fully assess the potential consequences and possibilities of eventual

range shifts. Indeed, the functional complexity of the proteins in which CAAS are detected
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raises questions about the extent to which migration and long-term persistence of temperate
Thalassiosira populations in the Arctic is possible in response to immediate or current global
change conditions. Zinc, for example, has been shown to be important for the evolution of
Arctic phytoplankton species (Ye et al., 2022) and is therefore likely to challenge the
competitive ability of migrating diatoms that do not carry specific adaptations. Particularly for
zinc-finger protein domains, an adaptive expansion in polar regions and an accelerated rate of
evolution was revealed in line with our finding of multiple zinc finger gene families with CAAS
(Asch et al., 2019). The same applies to polar light regimes, for which adaptations are reflected
not only in the photoperiod reaction norms discussed above, but potentially also in transcription
factors regulating photosynthesis and growth, as well as in enzymes crucial for photobiological

regulation.

Although the degree to which a respective CAAS is essential for a specific diatom population
to establish in an Arctic habitat may differ among the identified proteins, the sum of habitat-
specific functional genetic modifications represent potential bottlenecks of adaptation that can
hamper poleward migration of temperate diatoms. Yet, as a consequence of ocean warming,
CAAS that are the result of thermal adaptation may become less important while genetic
adaptations to more stable physical parameters unique to Arctic latitudes, such as the extreme

light regimes, will prevail.

Conclusion

This study highlights different facets of Arctic adaptation. These include adaptations to polar
photoperiods and temperatures that are shaped by molecular adaptations that ensure information
flow from DNA to proteins, and molecular adaptations within lipid-, carbohydrate- and
secondary metabolism. The assessed thermal traits indicate the potential for poleward range
shifts of temperate diatoms in response to the ongoing warming of the Arctic, but the different
photoperiod response norms highlight barriers that are not yet considered in species distribution
models. In addition, the identified candidate genes in which adaptation to Arctic habitats is most
evident provide a first comparative insight into the convergent evolution of Arctic diatoms, but
also underline our lack of knowledge of ecologically important gene functions governing polar
adaptation. Finally, our results open new targets for further studies to investigate the
consequences of global warming on marine primary producers, and to estimate adaptation speed

under polar day scenarios to gain a more realistic understanding of poleward range shifts.
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The effect of temperature on ectothermic organisms in the context of climate
change has long been considered in isolation (i.e. as a single driver). This is
challenged by observations demonstrating that temperature-dependent
growth is correlated to further factors. However, little is known how the
chronobiological history of an organism reflected in its adaptation to re-
occurring cyclic patterns in its environment (e.g. annual range of phofto-
periods in its habitat) and biotic interactions with its microbiome,
contribute to shaping its realized niche. To address this, we conducted a
full-factorial microcosm multi-stressor experiment with the marine diatoms
Thalasstosira gravida (polar) and Thalassiostra rofula (temperate) across mul-
tiple levels of temperature 4°C; 9°C; 13.5°C) and photoperiod (4 h; 16 h;
24 h), both in the presence or absence of their microbiomes. While tempera-
ture-dependent growth of the temperate diatom was constrained by short
and long photoperiods, the polar diatom coped with a 24 h photoperiod
up fo its thermal optimum (9°C). The algal microbiomes particularly sup-
ported host growth at the margins of their respective fundamental niches
except for the combination of the warmest temperature tested at 24 h photo-
period. Overall, this study demonstrates that temperature tolerances may
have evolved interactively and that the mutualistic effect of the microbiome
can only be determined once the multifactorial abiotic niche is defined.

1 Introduction

Rising ocean temperatures lead to a global reorganization of species that move to
track their thermal habitat. Accordingly, numerous studies of thermal adaptation
capacities at different levels of biological organization have been published and
used to estimate species vulnerability to global warming. While this research
provided valuable insights info potential future range shifts and consequences
at different ecological scales [1-3], the multifactorial nature of changing environ-
mental conditions on temperature-driven range shifts has been largely neglected
[4,5]. For example, diurnal and annual latitudinal light regimes are one of
the most stable environmental signals, and chronobiological adaptations may
limit the capacity for thermal range shifts due o photic mismatches, especially
in photosynthetic organisms whose light regimes have imprinted a strong
signal in the adaptive history and consequently coordinate various cellular
functions [4,6].

Similarly, it is rarely considered in the context of temperature-driven range
shifts that species do not occur as isolated entifies and that their adaptations
have evolved in concert with species interactions. On a small scale, a species
inferacts with its microbiome in complex and dynamic ways. Thus, a species’

© 2023 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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microbiome reflects a tight association in which the holobiont
may have evolved fo respond in a coordinated manner to
changing conditions, often increasing the host fitness and
resilience [7-9]. However, beneficial associations to cope
with environmental conditions beyond the range of the
evolved mutualism can be reversed, thereby amplifying nega-
tive effects, which can even cascade to higher levels of the
respective biological system [10-14].

The goal of this study was to determine if diatom
thermal performance is interactively affected by the organ-
ism's microbiome and the locally evolved chronobiology
(i.e. tolerance to different photoperiods). To address this,
we monitored growth of a temperate and a polar strain of
the marine diatom Thalassiosira spp. in response to a gradual
combination of temperatures and photoperiods both in the
presence and absence of their native microbiomes.

2 Methods

(a) Cultures and culture conditions

The polar Thalassiosira gravida {central Arctic Ocean) was obtained
from the Norwegtan culture collection of algae (NORCCA strain
number UIOQ 478). The temperate Thalassiosira rotula from the
German bight, was provided by the Harder Lab {University of
Bremen; strain T. rofuln_516). Both strains were identified
by thetr ITS] sequences {(electronic supplementary material,
figure 51) and an axenic culture was rendered following the proto-
col of Monnich ef al. [15]. Axenicity of a culture was referred to as
continuous absence of any contaminants stained with SYBR Green
by regular (i.e. every 5-7 days) epifluorescence microscopy at 400x
magnification {electronic supplementary material, figure 52). All
cultures were maintained in climate chambers at a photoperiod
of 16 : & h, a light intensity of 50 pimol photons m= s~! and a temp-
erature of 4°C and 15°C for the polar and temperate strains,
respectively. Cultures were grown in filter-sterilized artificial
seawater medium (ESAW) containing 1/5 of the vitamin concen-
tration proposed by Harrison et al. [16] and kept in exponential
growth by semi-continuous dilution.

(b) Temperature—photoperiod growth assay

The growth of axenic and xenic strains of T. gmwvida and T. rotula
was studied under multifactorial combinations of photoperiod
[4 h; 16 h; and 24 h at 50 amol photons m~ s~ and temperature
[4°C; 9°C and 13.5°C] with the chosen levels based on previously
assessed fully resolved thermal reaction norms. Cultures were
pre-acclimatized to experimental conditions for a fixed acclimatiz-
ation period of 7 days by inoculating 40 ml batch cultures with
500 cells mI™! {2000 cells ml™! for treatments with 4 h photoperiod
to obtain sufficient biomass) which were grown at each of the nine
treatment conditions to allow acclimatization of fluorophores.
The actual subsequent multifactorial experiment was conducted
in white 96-well plates {Greiner, Germany) with 300 pl experimen-
tal units and 48 replicates per treatment. After chlorophyll-a
flucrescence of the acclimatized stock cultures was measured
with a photo-spectrometric plate reader (ClarioStar Plus BMG
Labtech, excitation 440 nm, emission 680 nm) plates were inocu-
lated at twice the initial fluorescence units of the blank value
measured in the growth medium. To maintain sterile conditions,
the 96-well plates were sealed with a gas-permeable membrane
{Breathe-Easy, Sigma-Aldrich, USA). Plates were incubated in cli-
mate cabinets at the respective experimental temperature and
were placed onto LED tables emitting 50 pimol m™
photoperiod settings above. Fluorescence intensity was measured
daily at the same time after not more than 5 min of dark acclimation

s~ under the
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to not disturb photoperiod as an experimental factor. The exper- n

iment was terminated after 7 days.

{¢) Statistical analysis

After blank values of fluorescence in the growth medium were
subtracted from the raw experimental fluorescence data, maxi-
mum growth rates ({,,,,) were calculated for each experimental
unit by fitting nonlinear models to the data using the ‘growthrates’
package [17]. To test for main and interactive effects, a three-way
ANOVA (type III 55) was conducted for T. gravida and T. rotuda,
respectively, with i, as dependent, and temperature, photo-
period and the presence/absence of the native microbiome as
independent variables. Groups were weighted by the inverse of
their variance to account for heteroscedasticity. Post-hoc analyses
were conducted with Games—Howell tests. The effect sizes of the
main effects and the three-way interaction were calculated with
the ‘variancePartition” package [18] which reports the fraction of
explained variance to be attributed to each variable while correct-
ing for all other variables. All statistical analyses and graphs were
performed with the R environment 4.2.2 [19].

3. Results

For both, the polar and temperate diatom strain, temperature,
photoperiod and the presence/absence of their respective
microbiome had significant main effects on maximum
growth rate, and showed a statistically significant three-way
interaction (p<0.001). The effect sizes of the independent
variables differed largely in treatments with temperate and
polar diatoms strains (table 1).

For the polar strain, the temperature main effect explained
2.2% of the total variance in the dataset, but adding the factors
of photoperiod and microbiome presence increased the
explained variance by 45.7% and 18.3%, respectively. Thus,
all main effects explained the variance by 66.1%. The analysis
revealed an inferactive effect of all terms, i.e. the effect of photo-
period and bacteria on temperature-dependent growth was
not wuniform. Including this interactive effect increased
the explained variance by 31.2%, finally explaining 97.3%
of the variability in the dataset.

For the temperate strain the temperature main effect
accounted for 35.7% of the variance, while the effect size of
photoperiod and microbiome presence explained 33.9% and
11.2% of the variance, respectively. Also, for the temperate
diatom the maximum growth rate was not only affected by
additive main effects, but also by their interactive effect,
explaining 16.6% of the wvariance, adding up the total
explained variance to 97.4%.

In terms of the direction of these effects, the xenic polar
diatom had its optimum growth conditions at 9°C and a
16 h photoperiod (figure 1g). The axenic polar diatom strain
did not show this clear optimum and revealed decreased
maximum growth rates with increasing temperature and
decreasing photoperiod (figure 1b). This growth pattern
was also reflected in the log response ratios where the differ-
ence in maximum growth rates between the xenic and axenic
polar strain increased with increasing temperature and
decreasing photoperiod (figure 1c¢). Although the xenic
polar strain generally had higher maximum growth rates
than the axenic strain, this paftern was reversed at 13.5°C
in combination with a 24 h photoperiod. Here, the axenic
polar strain showed significantly higher maximum growth
rates than the xenic strain (p < 0.001).
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Figure 1. Maximum giowth rates for the polar T. gravida (upper panel) and the temperate T. rotula {lower panel). Interpolated response surface plots of the effects
of temperature and photoperiod on {z,d) maximum growth rates (., day ™" indicated by colour} of the xenic strain and [b,e} the axenic strain as well as (cf) the
logo-response ratio (LRR indicated by colour) of xenic divided hy axenic maximum giowth rates displaying positive (blue) and negative (red) microbiome effects.
Black lines indicate isclines of the displayed variable {bin width of 0.1 for p,,, and bin width of 1.2 for the log-ratio). Black dots represent tested experimental
conditions.

Table 1. ANOVA results and effect sizes of temperature, photoperiod and presence/absence of diatom miciohiome on maximum growth rates {p a0 of
T gravide and T. rotulo. Degrees of freedom {d£), F and p-values are given for each effect. Asterisk {*) indicate significant effects (p < 0.05). Effect sizes are
given as % fraction of the fotal variance attributed to each factor.

T. gravida (polar) T. rotula (temperate)

numax Fmax

arf effect size effect size

temp. 2 2.2 4424 <0.001* 357 5444.2 <0.007%
<0.001

For the temperate diatom, both the xenic and axenic strains especially at 9°C and a 24 h photoperiod (figure 1f). Yet, just
exhibited highest growth rates at 13.5°C under a 16 h photo- like for the polar diatom, at 13.5°C and a photoperiod of
period (figure 1d.e). The xenic temperate diatom showed 24 h, the axenic temperate strain showed significantly higher
overall higher maximum growth rates than the axenic strain, maximum growth rates than the xenic strain (p < 0.001).
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Both the polar and temperate Thalassiosim strains showed
specific adaptations to their respective chronobiological and cli-
matic geographical history, reflected in their growth response
across multiple levels of temperature and photoperiod. This
study revealed that the presence of the diatom microbiome
enhanced maximum diatom growth rates especially at
the margins of their respective niche, except for the warmest
temperature under the 24 h photoperiod.

While the temperate axenic and xenic diatom did not reach
their thermal optimum in this experimental design, the polar
(xenic) diatom displayed its highest growth rates at 9°C, a
water temperature rarely reached in the Arctic Ocean [20]. How-
ever, it was demonstrated by Thomas ¢f al. [21] that especially
at high latitudes, planktonic organisms do not live at their
thermal optimum but rather at the onset of their temperature
reaction norm (unimodal, leftskewed function describing
an ectothermic organism’s growth/fitness in response to temp-
erature). This may be beneficial to survive heat waves, and is
also logical as the fundamental niche is constrained by further
drivers shaping the organism’s realized niche. For example,
high growth rates at elevated temperatures may be associated
with unsustainable resource depletion, ie. the two factors
may not scale linearly. In a natural environment, this limits
the allocation of energy to crucial pathways that mainfain
growth in response to multiple abiotic or biotic factors, and
maximum growth may therefore not pay off [22,23].

Interactive effects of light and temperature on photo-
synthesis are comparatively well understood in plants. Here,
prolonged photoperiods exacerbate the negative effects of elev-
ated temperatures on photosynthesis by triggering oxidative
burst-like reactions that additionally affect temperature-
impaired electron transport capacities [24]. Our study
showed that the polar strain coped with short and long
photoperiods until its temperature optimum was reached. By
contrast, the temperate strain was more sensitive to 24 h light
exposure as its growth rate was significantly affected prior to
the optimum temperature. Biogeographically determined
adaptations of the strains, such as photoperiod-dependent
physiology and cell division regulated by the molecular circa-
dian clock, may cause the observed growth rate patterns.
The more flexible response of the polar compared to the tem-
perate diatom to the photoperiods tested may therefore be
linked to their evolved chronobiology. Diverse polar species,
e.g. marine zooplankton [4], fruit flies [25] and reindeer [26],
were found to have plastic molecular clocks, whereas their tem-
perate representatives remain enfrained in their rhythmicity
[25,26]. While this flexibility has not been reported for polar
diatoms, entrainment in rhythmicity is at least known for
the temperate diatom Phaeodactyium. Here, rhythmic gene
expression of a key circadian clock regulator and associated cel-
lular functions persist under constant light (and dark)
conditions [27]. This supports the conclusion that due to the
synergistic nature of light and temperature stress, in tandem
with the control of light stress by the circadian rhythm, the
chronobiological background of the strains tested did affect
their sensitivity to temperature. With regard to the micro-
biome, this is further supported by studies that found diel
cycle dependent patterns of highly coordinated gene
expression [28] and metabolite production [29] between the
host and its microbiome for key resources shared within the
phytoplankton holobiont.
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Bacteria provide various services to diatoms which “

impact their growth and survival, such as nutrient recycling
[30], biofilm formation [31] or the synthesis of vitamins [32]
and growth stimulating compounds [33]. The present study
provides evidence that the positive net effects of the micro-
biome were not equally distributed across multiple
temperature and photoperiod levels. Hence, the growth sup-
porting effect of the microbiome come info play at specific
environmental conditions that are at least biogeographically
determined, if not even genotype-specific [34,35]. For the
polar xenic diatom, the growth supporting effect occurred
especially at temperatures above its thermal optimum in com-
bination with short photoperiods. For the xenic temperate
diatom, the microbiome enhanced its growth towards its
thermal minimum, especially in combination with extreme
photoperiods, ie. the 4 h and 24 h photoperiod. Yet, it must
be taken into account that the experimental units used in
this study are a closed system that do not allow the assembly
of a new microbiome, potentially more beneficial at specific
environmental settings as demonstrated for plants and their
s0il microbiomes [36]. However, a prior study investigating
the microbiome reassembly of 81 strains of T. rotula in a
common garden experiment under consideration of environ-
mental stressors, observed a much stronger association of the
microbiome to its respective host’s genetic population than
explained with environmental factors alone [34]. This
suggested an association of diatoms and their microbiomes
for long time frames, up to decades, which thus may limit
the capacity of host cells to recruit new microbiome bacteria.

Since DIC concentrations were not measured, the possi-
bility of carbon limitation must be considered, especially in
the axenic cultures in the absence of bacterial respiration.
To reduce this possibility, the experimental duration was
short and a very dilute inoculum was used. This is evidenced
by the low starting fluorescence value, as recommended
for nanocosm approaches according to Volpe et al. [37].

Since axenicity was verified by epifluorescence microscopy,
the putative presence of bacteria on algal cells outside exam-
ined fields of view cannot be completely ruled out. However,
the effect of these potential minimal contaminations on a
diatom culture are considered to be negligible, firstly because
bacteria-derived compounds affecting phytoplankton-bacteria
interactions are concentration dependent [38,39], and secondly
because bacterial densities in xenic cultures would be six
orders of magnitude higher than minute bacterial contami-
nations in pseudo-axenic cultures [40].

In contrast to the observed growth enhancement in the
presence of the microbiomes at the described conditions,
both axenic diatom strains exhibited higher maximum
growth rates than the xenic strains under a combination of
13.5°C and 24 h photoperiod. This indicates a reversal of
the overall mutualistic relationship of the diatom microbiome
at this environmental condition, which exceeds the pure loss
of symbiotic biotic interactions, an observation known from
different holobiont systems like plants [7], corals [41] or
human hoelobionts [42], commonly referred to as microbiome
dysbiosis [7]. Especially when exposed {o several stressors,
a stochastic reassembly of the hosts microbiome (Anna Kare-
nina Principle)} often encompassing bacterial taxa that reduce
the hosts fitness, can occur [7]. For the polar diatom strain,
the sensitivity to prolonged photoperiods increased at temp-
eratures beyond its physiological optimum could therefore
potentially increase the vulnerability to microbiome dysbiosis
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under these conditions. For the temperate diatom strain, this
sensitivity to a prolonged photoperiod generally seemed
to increase with higher temperatures already prior to the
thermal optimum.

Considering the closed system design of this study, poten-
tial dysbiosis is limited either to a change in the relative
composition of the microbiome (ie. parasitic species are
already present in the system at low abundance), or to a
reversal of mutualistic relationships as demonstrated for
opportunistic microbiome bacteria that first produce growth
stimulating compounds for their host cell and eventually
turn parasitic and switch fo production of algicides when
the fitness of their host is decreasing [43,44]. This underlines
the importance to consider mutualistic relationships as
context dependent.

The outcome of this study underlines that the thermal
sensitivity of diatoms is an integrated response to multifac-
torial  parameters. Specifically, {emperature-dependent
growth is inferactively influenced by the photoperiod in a
chronobiological context and biotic interactions, namely co-
occurring microbiome bacteria. In addition, we demonstrated
the importance of the microbiome in supporting growth of
host diatoms, particularly under unfavourable conditions at
the margins of their fundamental niches. We suggest that
future studies of species adaptability should consider that tol-
erances are defined and emerge inferactively. This is an
important aspect for identifying critical thresholds, determin-
ing species resilience, and assessing potential adaptive
capabilities. In particular, the question of which factor (temp-
erature sensitivity, chronobiology, or biotic interactions) is
more evolutionarily constrained is crucial for modelling
future habitat shifts of arctic and temperate phytoplankton

species. Detailed knowledge of their regulation and evol-
utionary history is therefore required to assess how future
adaptive capacities are possible given the multifactorial
nature of changing environmental conditions.
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Abstract

Phytoplankton-bacteria interactions govern marine primary productivity and can play a crucial
role in host adaptation to challenging environments like the Arctic. Although the Arctic habitat
is characterized by an extreme light regime and currently experiences an increased rate of ocean
warming, little is known about how this will affect the phytoplankton holobiont. To understand
how phytoplankton-bacteria interactions change with thermal stress in the context of extreme
polar photoperiods, we conducted a factorial laboratory experiment investigating host growth,
microbiome community composition, and co-expression of the Arctic diatom Thalassiosira
gravida and its associated bacteria at 9°C (close to optimum temperature) and 13.5°C (thermal
stress) in combination with 16h (intermediate) and 24h (extreme) photoperiods. The results
showed an overall positive net effect of the microbiome on host growth. At 9°C, no effects of
photoperiod on host transcriptomics, microbiome composition, and microbiome
metatranscriptomics were observed, while pronounced photoperiod-depending differences
were found under thermal stress. Particularly, the 13.5°C/16:8 treatment differed from all other
treatments, coinciding with the loss of the important Sulfitobacter clade as a key microbiome
member for microbiome stability. A combined diatom-bacteria cluster analysis revealed co-
expression patterns that were driven by main- and interactive effects of temperature and
photoperiod. Among others, the diatom-bacteria co-expression patterns included genes
associated with biofilm formation, quorum sensing, cobalamin biosynthesis, and microbiome
antioxidant production synchronized with oxidative stress gene expression in the diatom host.

Despite the microbiome-mediated general resilience in terms of diatom growth rates, increased
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compositional shifts and variability, as well as potential bacterial cell detachment, highlight the

risk for microbiome dysbiosis under thermal stress.

Keywords

phytoplankton, microbiome, co-expression, dysbiosis, symbiosis, Sulfitobacter

Introduction

Eukaryotic organisms have evolved in concert with associated prokaryotes that form their
microbiome (Cirri and Pohnert, 2019, Henry et al., 2021) and together can be considered a
discrete ecological unit called holobiont (Margulis and Fester, 1991). The tightly connected
interactions between the host and its microbiome span all symbiotic relationships from
mutualism to parasitism and can determine host (and microbial) growth and survival (Drew et
al., 2021). While significant progress has been made in the understanding of several well-
studied plant and mammal host-microbiome model systems (Uehara et al., 2024, Guo et al.,
2022, Kudjordjie Enoch et al., 2022), interactions between bacteria and unicellular eukaryotic
phytoplankton are critically understudied considering their relevance for the marine food web
(Armengol et al., 2019, Rodriguez-Gaélvez et al., 2023) and global carbon fixation (Litchman et
al., 2015).

Therein, diatoms are particularly important given their contribution of 20% to annual global
primary production — twice the fraction of the Amazon rain forest (Field et al., 1998). The
manifold inter-kingdom relationships within the diatom holobiont are not only reflected in host
species-specific and genotype-specific microbiome compositions (Ahern et al., 2021, Baker and
Kemp, 2014) and reproducible assembly (Ahern et al., 2021, Monnich et al., 2020), but also in
the ability of diatoms to structure their microbiome community actively (Shibl et al., 2020).
The underlying host-microbiome interactions are explained by specific enzymatic capabilities
as well as reciprocal needs of bacteria and phytoplankton for essential trace elements, micro-,
and macronutrients (Cirri and Pohnert, 2019). The interaction space is the phycosphere, a
microscale mucus region rich in organic matter surrounding the phytoplankton cell analogous
to the rhizosphere in plants (Seymour et al., 2017). The unique DOM exudated by the diatom

attracts chemotactic bacteria that colonize the host diatom in a continuum from tight to loose
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attachment strengths (Falciatore and Mdck, 2022). By providing co-factors including vitamins
(e.g., cobalamin), ammonium, auxin, and potentially iron (Amin et al., 2012) and by detoxifying
the phycosphere from reactive oxygen species (Hiinken et al., 2008) the microbiome has often
been identified to stimulate host growth (Monnich et al., 2020, Biondi et al., 2018, Mukherjee,
2021, Scholz, 2014).

Previous findings also show that this overall mutualistic relationship is context dependent due
to possible switches from mutualistic to opportunistic and parasitic behavior of specific bacteria
which can negatively affect host fitness (Wang et al., 2022, Seyedsayamdost et al., 2011). Yet,
the underlying mechanisms and their dependence on interacting abiotic drivers are largely
unknown. This is of particular concern for highly productive ocean provinces like the Arctic
which is experiencing an increased rate of warming compared to the global average (Rantanen
et al., 2022). Depending on the degree of holobiont resilience, thermal stress in combination
with the extreme Arctic light regime could bring mutually beneficial diatom-bacteria
interactions out of balance (Giesler et al., 2023a) with severe implications for gross primary

productivity (Abada et al., 2023).

This knowledge gap can partly be explained by the lack of studies investigating transcriptomic
responses of both the host and its microbiome. However, to detect and understand specific host-
microbiome interactions, standard differential gene expression analysis alone is not sufficient,
as the interacting partners are studied separately. Additionally, known diatom-bacteria
interactions mostly rely on only a single environmental condition they were identified in. Yet,
previous host-microbiome studies from related fields showed that microbiome composition and

functioning are co-driven by abiotic conditions (Agler et al., 2016, Uehara et al., 2024).

To obtain a better understanding of which cellular processes the diatom-associated microbiome
is involved in and how those processes are affected by global warming in the context of the
extreme Arctic light regime, we conducted a multi-stressor laboratory experiment. Therein, we
assessed the growth rates and transcriptomes of axenic and xenic cultures of the Arctic diatom
Thalassiosira gravida as well as the microbiome metatranscriptome across a two-factorial
experimental design of temperature and photoperiod. Chosen temperature levels comprise 9°C
(closely below the optimum temperature of this 7. gravida strain) and 13.5°C (beyond thermal
optimum). Photoperiodic levels were chosen as 16:8h (intermediate) and 24:0h (extreme). After
the identification of microbiome-driven host organismal processes based on transcriptomic
differences of xenic and axenic diatom cultures, the respective genes of interest underwent

cluster analysis and were correlated with microbiome gene clusters. To detect and correlate
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changes in host performance and host-microbiome co-expression with potential changes in
microbiome composition we further conducted 16S rRNA amplicon sequencing of the diatom-

associated bacterial community.

Methods
Culture conditions

A polar strain of Thalassiosira gravida was obtained from the Norwegian culture collection of
algae (NORCCA, strain ID UIO 478) and cultured at 4°C with 50 pmol photons m™ s at a
photoperiod of 16:8h. The culture was grown in sterile ESAW medium with only 1/5 of the
original vitamin concentration proposed by Harrison et al. (2008) and kept in exponential

growth phase by semi continuous dilution with ESAW medium.

Axenization

An axenic culture was established by employing an antibiotic treatment according to the
protocol described in Monnich et al. (2020). Axenicity was verified by weekly epifluorescence
microscopy after SYBR Green staining as well as 16S rRNA gene sequencing (see below). The
axenization treatment was conducted at least 5 months before the start of the experiment to

avoid any effects of the antibiotics on the growth of the axenic culture.

Experimental design

The chosen relevant levels of temperature and photoperiod are based on a previous study which
determined the relevant experimental levels for temperature and photoperiod by means of
thermal and photoperiod reaction norm experiments (Giesler et al. in prep.). Moreover, a
microcosm multi-stressor experiment was conducted to determine relevant interactions of
thermal sensitivity with photoperiod (Giesler et al., 2023a). Based on the outcome of these
preliminary experiments, the final levels for temperature and photoperiod were set to 9°C and

13.5°C for temperature and 16:8h and 24:0h (light:dark) for photoperiod, respectively.

Experimental conduction
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To acclimate the cultures to the experimental conditions, 500 ml stock cultures of xenic and
axenic T. gravida were inoculated at 5000 cells ml!' in combusted 500 ml Erlenmeyer flasks
(sealed with combusted aluminum caps) and grown at 9°C or 13.5°C, respectively, in
combination with different photoperiods (24:0h and 16:8h) at a light intensity of 55 pmol
photons m™ s™!. During the acclimation phase, the stock cultures were semi-continuously diluted
with sterile modified ESAW medium (see above). After seven days of acclimation, 200 ml
experimental units were inoculated from the stock cultures at an initial cell density of 1500 cells
ml! in combusted and sealed 250 ml Erlenmeyer flasks at a replication of n=5. Twice per day,
the Erlenmeyer flasks were carefully homogenized and randomized. For each treatment,
replicate 5 was sampled daily in terms of three 0.5 ml subsamples for microscopical cell density
quantification to determine the harvest time point for the respective treatment. The other
treatments were kept sealed to avoid contamination of the axenic treatments. Treatments were
harvested at ~15000 cells ml™! or the latest after 7 days. However, the treatments were always
harvested at the same day time to avoid between-group differences that are based on daily

cellular cycles.

2.5 Diatom growth rates

Cell densities of diatom culture were determined microscopically using an inverted light
microscope (Zeiss Axiovert 10C) following the procedure described in detail in Giesler et al.

(2023b). Specific growth rates (u day™!) were determined using the formula

_ ln(Xend) - ln(Xstart)
At

where Xend represents the cell density (cells ml™!) at the end of the experiment, Xsiart refers to

the start/inoculation cell density (cells ml ™), and At refers to the experimental duration in days.

DNA sampling and processing

For DNA sampling of the diatom-associated bacteria and verification of axenic cultures (i.e.,
10um fraction), 20 ml culture of each replicate were filtered onto a 10 pm nylon filter. The
flow-through was filtered onto another 0.2um PC filter to analyze the free-living bacterial

community. Filters were stored in extraction buffer and immediately frozen at -20°C until
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further processing. DNA extraction was conducted following the manufactures protocol
(NucleoSpin Soil extraction kit, Macherey-Nagel GmbH, Diiren, Germany). After dilution of
the DNA product to 5ng ul’!, replicate samples from the free-living bacterial fraction and axenic
10um fraction sample replicates were pooled, respectively. Subsequently, amplicon sequencing
of the variable V4 region of the 16S rRNA gene was conducted according to the standard
[llumina protocol (16S Metagenomic Sequencing Library Preparation # 15044223 B, Illumina,
San Diego, CA, United States) wusing the primers MS v4 515F N: 5’-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG + GTGCCAGCMGCCGCGGTAA-3’
(forward primers), and: MS v4 806R 1: 5’-
GTCGTCGGCAGCGTCAGATGTGTATAAGAGACAG +
GGACTACHVGGGTWTCTAAT-3’ (reverse primers) (Parada et al., 2016). 16S libraries were
sequenced on a Next NextSeq 2000 instrument (I1lumina, San Diego, CA, United States) using
the P1 Reagents kit with 2 x 300 cycles (paired end).

Microbiome community analysis

After the Illumina basecall files were demultiplexed and converted into FASTQ files using the
[Mlumina bel2fastq conversion tool v.2.20, adapter sequences were removed using cutadapt v.4.4
(Martin, 2011). Further processing was conducted using DADA2 v.1.18 (Callahan et al., 2016).
The derived amplicon sequence variants (ASVs) were taxonomically annotated using the
SILVA reference database nr.99 v138.1 (Quast et al., 2013). After blank correction, samples
with a sequencing depth < 20000 were removed and samples were scaled to the lowest
sequencing depth by ranked subsampling (Beule and Karlovsky, 2020). Non-bacterial ASVs,
and ASVs with a count of fewer than ten reads in replicate sample means were excluded from
analysis. Data were processed in the R statistical environment (R Development Core Team,
2023) and visualized using the phyloseq package (McMurdie and Holmes, 2013). For statistical
analysis, the centered log-ratio transformed data were used for principal component analysis

(PCA) using the microViz package (Barnett et al., 2021).
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RNA sampling and sample processing

For RNA sampling, 20 ml of each replicate were filtered onto a 10 um nylon filter which was
immediately stored in 1ml Trizol (Sigma-Aldrich, St. Louis, USA), carefully inverted, and
frozen at -80°C until further analysis. RNA was extracted using the “RNA Clean &
Concentrator -5 extraction kit (Zymo Research, United States) following the manufactures
protocol. For diatom (i.e., host) transcriptomics, a poly-A selected library was constructed using
the “Illumina Stranded mRNA Prep Ligation™” kit (Illumina, San Diego, United States). For
microbiome meta-transcriptomics (i.e., diatom-attached bacteria retained on the same 10 pm
filter) a fraction of the RNA extraction product was processed individually using the “Illumina
Stranded Total RNA Prep Ligation with Ribo-Zero Plus” kit (Illumina, San Diego, United
States) to reduce the proportion of rRNA. The produced paired-end cDNA libraries underwent
sequencing on a NextSeq 2000 instrument (Illumina, San Diego, CA, United States) using the
P3 Reagents kit with a cycle configuration of 2 x 150 cycles.

RNA-seq raw data processing

The Illumina basecall files were demultiplexed and converted into FASTQ files using the
[Mlumina bel2fastq conversion tool (version 2.20). Raw FASTQ files were quality checked using
FastQC v.0.12.1 (Andrews, 2010) and underwent quality processing in terms of the removal of
rRNA sequences using sortmeRNA v.4.3.6 (Kopylova et al., 2012), as well as adapter trimming,
PhiX removal and final quality filtering using BBmap v.39.01 (Bushnell, 2014). Subsequently,
a de-novo assembly was conducted to create a reference transcriptome using SPAdes v.3.15.5
(Bankevich et al., 2012). Open reading frames were predicted using TransDecoder v.5.7.0
(Haas, 2013) and prokka v.1.14 (REF) for the diatom transcriptome and bacterial meta-
transcriptome, respectively. (Meta-) transcriptomes were annotated using eggNOG-mapper v.2
(Cantalapiedra et al., 2021). Paired-end reads were mapped back to the reference transcriptome
using Bowtie2 v.2.5.1 (Langmead and Salzberg, 2012). Expression count tables were created

using SubRead v.2.0.6 (Liao et al., 2014).
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Diatom transcriptome analysis

Significantly different expressed (up- and down regulated, p < 0.05) host genes as response to
bacterial presence were determined with DESeq2 (Love et al., 2014) and grouped into clusters
of orthologous groups (COG) categories and sub-categories (Tatusov et al., 2000) based on their
eggNOG annotations. Subsequently, a functional enrichment/ depletion analysis was conducted
by comparing the relative proportion of COG subcategories within significantly up- and
downregulated genes to their respective proportions in the reference transcriptome (containing
all assembled contigs). Significant enrichments/depletions of COG sub-categories were
determined by means of a hypergeometric test. All differentially expressed genes belonging to
a significantly enriched or depleted COG sub-category were considered of particular interest

and used for further downstream analysis in terms of host-microbiome co-expression.

Host-microbiome co-expression analysis

To analyze host-microbiome co-expression, a K-means cluster analysis was performed which
identified clusters of the previously determined differentially expressed and functionally
enriched/depleted host genes and how these clusters correlate with bacterial gene clusters (also
determined by K-means cluster analysis) in terms of their expression profiles across
experimental treatments. Briefly, the bacterial metatranscriptome was cleaned from non-
bacterial genes by removing eukaryotic, viral and archaeal genes using the taxonomic
annotation obtained from eggNOG-mapper v.2 (Cantalapiedra et al., 2021). Genes without
taxonomic annotation were kept only when they were found on the same contig as other genes
with a bacterial annotation. Differentially expressed bacterial genes were determined using
DESeq2 (Love et al., 2014) by factorial testing across all experimental treatments (Anova-like
approach). Further, the cleaned and subset host and microbiome gene count tables underwent
variance stabilizing transformation (VST) and were scaled to z-scored expression values. After
the transformation, the expression profile of each bacterial and host gene had a mean of 0 and
a standard deviation of 1. For both, host and microbiome scaled gene expression data, distance
matrices were calculated. To determine an appropriate number of clusters (K) for host and
microbiome genes, the elbow of the intra-cluster sum-of-squares curve of K-means was
estimated (for host and microbiome data separately) which suggested an appropriate K of 11
host gene clusters and 16 microbiome gene clusters. Bacterial gene clusters underwent

functional enrichment/depletion analysis as described for the host transcriptome (see above).
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Correlation coefficients between host and microbiome clusters were calculated. Significant
correlations (p<0.05) with a correlation coefficient of > 0.8 or < -0.8 were determined which
indicate a strong relationship, i.e., co-expression. This threshold has been demonstrated to be
suitable to reliably identify host-microbiome interactions in other studies (Uehara et al., 2024,

Yu et al., 2023). Connected correlating gene clusters are referred to as interaction modules.

Results
Bacterial community composition

After strict quality control, the analysis of the bacterial community composition revealed 107
bacterial ASVs across 29 genera (Fig. 4.1). Comparing the diatom-attached and free-living
bacterial community compositions, a clear separation of the two filter size fractions can be
observed in the PCA (Fig. 4.2a). This is also reflected in the large relative proportions of the
genera Colwellia and Methylophaga in the free-living bacterial community as well as it’s lower
mean evenness (0.85 + 0.03) compared to the diatom-attached bacteria (0.73 + 0.08). Regarding
the temperature and photoperiod treatment effects, at 9°C, the photoperiod level did not affect
bacterial community composition for both bacterial filter size fractions. In contrast, in the
13.5°C treatments, the respective photoperiod treatment affected the community composition
more strongly. This pattern applies for both, free-living- and diatom-associated bacterial

communities.
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Fig. 4.1: Relative abundance of diatom-attached microbiome bacteria on the genus level (ordered by class)
for all replicates (left) and free-living bacteria (right) across all treatment combinations of temperature and
photoperiod on the genus level after strict quality filtering.
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Fig. 4.2: PCA of bacterial community composition. Photoperiod treatments are represented by shape, temperature
treatments are represented by color. Ellipses mark the two filter size fractions, i.e., free-living bacteria and diatom-
attached bacteria (A). Mean specific growth rates = SD for xenic (dark grey) and axenic (light grey) 7. gravida
cultures across the two levels of temperature and photoperiod with compact letter display (CLD) showing
statistically homogeneous subsets as labels on top of the respective bars (B). PCA of the 500 most variable
expressed genes of the diatom host transcriptome (C) and the microbiome metatranscriptome (D). Photoperiod
treatments are represented by shape, temperature treatments are represented by color. In the diatom transcriptome
(C), ellipses mark xenic and axenic diatom cultures.
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Diatom growth rates

The diatom growth rates were significantly higher in all xenic cultures (Fig. 4.2b, Table S4.1).
Moreover, a significant main effect of photoperiod and temperature was found as well as a
three-way interactive effect of bacterial presence, temperature and photoperiod (i.e., the effect
of bacterial presence depends on the temperature and photoperiodic level). The highest
observed growth rate was 0.79 + 0.04 for the xenic cultures at 9°C and a 24h photoperiod while
the lowest growth rate of 0.14 + 0.03 was found for the axenic cultures at 9°C and a photoperiod
of 16h.

Transcriptomics

Comparing differentially expressed host genes in response to bacterial presence, 826
significantly upregulated and 733 significantly downregulated genes were identified in
consensus across all xenic versus all axenic cultures (Fig. S4.2). These differences in host
transcriptomics were also reflected in its respective PCA (Fig. 4.2¢), which showed a clear
separation of the 500 most variable expressed genes between axenic and xenic diatoms.
Moreover, particularly for the xenic diatom cultures, the PCA showed a clustering of the
transcriptomes sampled from 9°C irrespective of photoperiodic level. However, at 13.5°C the
different photoperiodic levels resulted in strong treatment-specific divergence. Similarly, the
microbiome metatranscriptome PCA also revealed strong divergence of the 13.5°C/16:8h
treatment (Fig. 4.2d). Narrowing down the differences between xenic and axenic diatom
transcriptomes to particular genes of interest, the functional enrichment analysis identified 11
COG sub-categories that were significantly enriched or depleted compared to the reference

transcriptome (Fig. 4.3) comprising a total of 189 genes (Table S4.2).
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Fig. 4.3: Functional enrichment/depletion analysis of gene clusters of orthologous group (COG) sub-categories
for significantly upregulated genes in xenic diatom cultures (blue) and axenic diatom cultures (red) compared to
the reference transcriptome (grey polygon). The data includes only genes that were significantly different
expressed in response to bacterial presence across all treatments of temperature and photoperiod. Significant
enrichment or depletion of COG categories are marked with an asterisk (*) following the same color code.

Co-expression analysis

K-means clustering was conducted with the previously identified 189 differentially expressed
and functionally enriched/depleted host genes of interest and 5335 differentially expressed
bacterial genes (K=11 for host genes, K=16 for microbiome genes). Considering only the
significant (interkingdom) correlations among clusters passing the correlation coefficient
thresholds of > 0.8 and < -0.8, four intra-connected host-microbiome modules were identified
(module 1-4) (Fig. 4.5). Module size ranged from two gene clusters in module 1 (one host
cluster, one microbiome cluster) to six clusters in module 2 (two host clusters, four microbiome
clusters). In total, 2431 of the 5335 differentially expressed bacterial genes (i.e., 45.5%) were
significantly co-expressed with 159 of 189 (i.e., 84.1%) host genes of interest.
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detailed description for each COG subcategory can be found in Fig. 4.3. Significantly enriched/depleted COG
subcategories within microbiome gene clusters are marked with an asterisk (*). The total number of genes per
cluster is given at the bottom of the heatmap. Significant correlations (p <0.05) between host and microbiome gene
clusters exceeding the chosen threshold are connected by blue (correlation >0.8) or red (correlation <-0.8) threats
at the bottom of the heatmap. Interconnected clusters which form a host-microbiome co-expression module are
marked with parentheses below and are numbered, respectively.

Co-expression module 1 consisted of host gene cluster H6 and microbiome gene cluster M9.
The scaled expression pattern of both clusters followed a strong positive correlation with high
scaled expression at 9°C/16:8h photoperiod and coordinated decreased expression towards the
higher temperature and longer photoperiod treatments (Fig. 4.5). The host gene cluster H6
contained (among others) ABC-transportersm (ABC tran), cation transporters
(Cation_ATPase C), alginic acid biosynthesis, chitin recognition (Chitin bind 1), trypsin,
peptidase (Peptidase S8, M11), RNA recognition motifs, and Dnaj (heatshock proteins)
(Table S4.2). The correlating microbiome cluster M9 was taxonomically dominated by the
bacterial classes of Bacteroidia followed by Gammaproteobacteria. Whithin its enriched COG-
subcategories (Fig. 4.5), the microbiome cluster particularly contained genes related to
carbohydrate metabolism in terms of diverse glycosyltransferases (Glyco transf), sugar
metabolism (GDP, UDPG), transcriptional regulation/signalling (Sigma70, Response reg,
LysR, LytTR, AraC), membrane transporters (OEP, Porin 2), cell adhesion (fasciclin,

cadherin_3) and protein modification/degradation (peptidase, epimerase).

Co-expression module 2 consisted of two host gene clusters (H1 and H4) and four microbiome
gene clusters (M3, M4, M7, M16) comprising both, positive and negative correlations
(Fig. 4.5). Taxonomically, microbiome clusters M3 and M16 were dominated by A/pha- and
Gammaproteobacteria, while cluster M4 and M7 were dominated by Bacteroidia. In terms of
co-expression patterns, clusters showed relatively stable expresseion at 9°C but diverged in
scaled expression at the 13.5°C treatments. Particularly at the 13.5°/24:0h treatment, clusters
H1, M3, M4, and M7 decreased strongly while clusters H4 and M16 strongly increased
(Fig. 4.5). Host cluster H4 (among others) contained ABC transporters (ABC2),
mechanosensitive ion channels, trypsin, and helicase (DEAD). The positive correlated
microbiome gene cluster M16 contained diverse methyltransferases, amino oxidase and
cysteine synthase/excretion related proteins (PALP, CAP) within its enriched COG-
subcategoires. The conversely negative correlated host gene cluster H1 contained mainly
methyltransferase (Methyltransf 21), peptidase, adenylate kinase (ADK), and fucoxanthin. Its

corresponding synchronously expresssed microbiome cluster M3 contained (among others)
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ATP-synthase (ATP_synth), cytochrome, cytochrome oxidase (COX), iron-sulfur containing
proteins (Fe-S_biosyn, Fer4, Ferl1), outer membrane proteins (Omp), and glycosyltransferase
within its significantly enriched COG-subcategories. Microbiome cluster M4 did not show any
significant enrichments in COG-subcategories but importantly contained peroxidase,
superoxide dismutase, and multiple signaling proteins belonging to two-component systems
such as response regulators (Response Reg, HATPase c), TonB-dependent receptors
(TonB_dep Rec), and Sigma70. Microbiome cluster M7 which followed the same decreased
expression profile as M3, M4, and H1 towards the 13.5°C/24:0h treatment, was containing
particularly outer membrane proteins (Omp), cell wall formation proteins (Mur_ Ligase),

Porin_4, and diverse glycosyltransferase within its respective enriched COG-subcategories.

Within co-expression module 3, all five gene clusters showed oscillating scaled expression
patterns with photoperiodic treatment irrespective of applied temperature treatment. Precisely,
host cluster H2 and microbiome cluster M 10 correlated positively with photoperiodic increase,
while conversely, host cluster HI0 and microbiome clusters M6 and M14 showed negative
correlation with increasing photoperiod (Fig. 4.5). Host cluster H2 contained predominantly
helicase, AAA domain, thioredoxin, and a programmed cell death protein (PDCD2 C). The
synchrously expressed microbiome cluster M10 which contained genes from many different
bacterial clades contained mostly ribosomal RNA in its enriched COG_subcategory. However,
beyond that, the cluster (among others) also contained thiamine synthesis (ThiS), cobalamine
synthesis (CobN-Mg chel), glutaredoxin, and cytochrome-b. The counteracting host cluster
H10 contained mostly chlorophyll-a/b (Chloroa b-bind), trypsin, membrane-bound
acyltransferase (MBOAT) and peptide-methionine (R)-S-oxide reductase. Its corresponding
synchronously expressed microbiome gene clusters M6 and M14 which were dominated by
Alphaproteobacteria, Gammaproteobacteria, and Bacteroidia contained (among others)
antioxidant enzymes (Redoxin, diverse thioredoxins, Alkyl hydroperoxide reductase (AhpC-

TSA), glutaredoxin) as well as lactamase and cytochrome-c.

Co-expression module 4 consisted of host clusters H7, H9, and H11 as well as microbiome
clusters M1 and M13. The scaled expression profiles showed an interactive effect of
temperature and photoperiod, i.e. the effect of increasing photoperiod depended on temperature.
This was reflected in the effect of increasing photoperiod leading to increased expression at 9°C
but decreased expression at 13.5°C for gene clusters H9, H11, and M1. Therein, host clusters
H9 and H11 most importantly comprised growth- related genes such as PCNA, DNA

polymerase, and replication proteins. The synchronously expressed microbiome cluster M1
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which comprised genes of diverse bacterial clades contained mostly methyltransferases
(Methyltransf 21) and PEP-utilizers within its enriched COG-subcategories. Gene clusters H7
and M13 showed the inverse of this interactive effect, i.e., scaled expression in response to
increasing photoperiod decreased at 9°C but increased at 13.5°C. Therein, host cluster H7
contained mostly betaine/carnitine/choline family transporters (BCCT), trypsin, and peptidase.
The corresponding co-expressed microbiome cluster M13 which showed a diverse taxonomic
composition contained mainly epimerase and transmembrane transporters (MFS 1) within the

found enriched COG-categories.
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Fig. 4.5 Left: Simplified illustration of scaled expression profiles of host- and microbiome- gene clusters (resulting
from the K-means cluster analysis across the experimental treatments of temperature (9°C, 13.5°C) and
photoperiod (16:8h, 24:0h) for each host-microbiome co-expression module (Module 1-4, vertical facets). For
each module, cluster identity is represented by different shades of grey. Host clusters are depicted as dashed lines,
microbiome clusters are depicted as solid lines. Right: Relative taxonomic composition on the class level of the 5
most dominant COG-subcategories (bottom) for each microbiome cluster. The total number of genes per COG-
subcategory for each microbiome cluster is given (top). Detailed description for COG subcategory can be found
in Fig. 4.3.
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Discussion

The results of this study demonstrated a positive net effect of the bacterial microbiome on
diatom growth across all experimental conditions. Microbiome community composition, host
transcriptomics, and microbiome metatranscriptomics showed little differences between the
two photoperiodic treatments at 9°C but strongly diverged at 13.5°C. Host transcriptomics
revealed differences between xenic and axenic transcriptomes in 11 COG subcategories, and
the majority of the respective genes were significantly co-expressed with specific bacterial
genes. The identified host-microbiome co-expression modules showed main- and interactive

effects of photoperiod and temperature.

The found positive net effect of bacterial presence on host growth demonstrates an overall
mutualistic-symbiotic relationship of the diatom holobiont as already reported in many other
examples of algae-associated microbiomes (Monnich et al., 2020). This observation was
reflected at the level of gene expression data, with an enrichment of genes involved in
nucleotide metabolism and replication in the xenic treatment, suggesting an overall increase in

division rates.

Relatively, this contribution of bacterial presence to host growth was smallest under combined
thermal and photoperiodic stress (13.5°C/24:0h) in line with the study of Giesler et al (2023),
where however, the microbiome effect for the same diatom strain was not only smallest but
even turned negative in this respective treatment conditions (Giesler et al. 2023). The
microbiome community associated with this 7. gravida strain constituted of some Arctic-typical
psychrophilic bacteria, e.g., Colwellia (Konstantinos et al., 2009), Polaribacter (Kim et al.,
2013), or Glaciecola (Zhang et al., 2007), and some rather cosmopolitan/temperate bacteria
also commonly found on temperate diatom microbiomes such as Sulfitobacter (Monnich et al.,
2020) and Methylophaga (Zhang et al., 2014). The found bacterial community composition
demonstrated an overall higher evenness in the diatom-attached bacterial fraction compared to
the free-living fraction, which was clearly dominated by Colwellia and Methylophaga, showing
that many of the other bacteria that were isolated together with the initial diatom cell of this

strain prefer a particle-associated lifestyle.

The identified co-expression modules demonstrate various distinct interaction processes
between the host diatom and diverse microbiome members. This reflects the role of the diatom
holobiont as a metabolic hotspot offering numerous niches to a diverse bacterial consortium

(Kuhlisch et al., 2023). Co-expression module 1 generally reflects the inverse pattern of xenic
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diatom growth rates across the treatments and thus may either be the cause or the consequences
of the found growth pattern. Therein, with increasing photoperiod and temperature, diatoms
reduce the expression of various transporter genes, membrane-embedded chitin recognition
proteins, and genes annotated as alginic acid biosynthesis. Alginic acid, a major polysaccharide
of brown algae (Percival, 1979), plays a crucial role in their biofilm formation (Reinhardt et al.,
2019). The observed synchronous decreasing expression of Bacteroidia cell adhesion
mechanisms (i.e., fasciclin), sugar metabolism, membrane transporters, and quorum sensing
two-component signaling systems suggest a similar function as extracellular polymeric
substance (EPS) for diatoms. Overall, this co-expression module reflects a potential decline of
biofilm formation between the host diatom and microbiome members of the Bacteroidia clade
(here mainly Polaribacter and/or Owenweeksia) that appear to be particularly dependent on this
niche within the diatom holobiont. This is supported by field studies that showed high niche
specificity of Polaribacter spp. in utilizing highly specific algal-derived polysaccharides (Avci
et al., 2020).

Co-expression module 2 reflects, that differences in microbiome composition and
metatranscriptomes mainly occurred under thermal stress (i.e., the 13.5°C treatments).
Particularly the 13.5°C/16:8h treatment differed the most from all other treatments. Most
strikingly, in this specific treatment, the 7. gravida microbiome seems to have lost the
Sulfitobacter clade. Previous studies showed that Sulfitobacter is a key microbiome bacterial
clade to diatoms, providing growth hormones and ammonium (Behringer et al., 2018, Shibl et
al., 2020, Amin et al., 2015), with the ability to switch between mutualistic and pathogenic life
styles (Barak-Gavish et al., 2023). Moreover, recent findings showed that particularly the
Sulfitobacter is essential for microbiome assembly and stability due to close associations with
other bacteria (Isaac et al., 2024). Consequently, the loss of Sulfitobacter could lead to a less
stable and less diverse microbial community. This is indeed reflected in the simultaneous
increase of Zhongshania, the decline of Bacteroidia (i.e., Polaribacter and Owenweeksia) and
the overall high variability in bacterial community composition between the replicates within
the 13.5°C/16:8h treatment. Furthermore, taking into account the metabolic shift within the
microbiome community as revealed by increased sulfide oxidation in this treatment, this
emphasizes the risk for microbiome dysbiosis. However, in this study, negative consequences
likely were buffered by the remaining microbiome members, as interestingly host growth rates
were not negatively affected. This suggests that community interactions between the host and
its microbiome, and within the microbiome, are flexible enough to allow coordinated responses

to changing external conditions that at least increase or maintain host performance. Yet, it is
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important to consider that due to the closed-system design, neither the potential recruitment of
new microbiome members nor the arrival of pathogens in the phycosphere could be studied
(Ahern et al., 2021). Thus, the diatom holobiont resilience to warming in natural systems may

diverge.

The oscillating expression patterns with photoperiodic treatments in co-expression module 3
reflect the joint response of the diatom and its microbiome to an extreme Arctic light regime.
In diatoms, extended light exposure causes excessive excitation of photosystems, leading to the
formation of reactive oxygen species (ROS), while simultaneously depleting the diatom's
antioxidant defenses and repair mechanisms, ultimately resulting in oxidative damage to
cellular components (Li et al.,, 2017). The polar adapted 7. gravida acquired specific
adaptations, allowing this diatom species to tolerate and even thrive under polar day scenarios
that can have detrimental effects on comparable temperate-adapted diatoms such as 7. rotula
(Giesler et al. under review). Here, in the respective diatom gene clusters, intracellular
adaptation to prolonged photoperiods is reflected by a strong decrease in cellular Chl-a gene
content. However, also increasing oxidative stress defense can be assumed in terms of an
increase in antioxidant enzymes and a programmed cell death-driving gene (Lin et al., 2017).
The highly correlated bacterial gene cluster M10 shows synchronized expression of antioxidant
enzymes (e.g., Glutarredoxin). However, also negatively correlated bacterial gene clusters
contained important antioxidants (e.g., glutathione peroxidase). Previous studies showed that
some microbiome bacteria significantly enhanced the growth of an Antarctic diatom by
cleaving hydrogen peroxide in the diatom phycosphere (Hiinken et al., 2008). Interestingly, in
the respective study by Hiinken et al., (2008) this function was identified in the presence of the
bacterial clades Colwellia and Sulfitobacter, which are also dominant microbiome members in
the 7' gravida microbiome and thus also may contribute to the observed growth enhancement
in the xenic diatom cultures. Unfortunately, the low resolution of taxonomic annotation for the
respective expressed genes does not allow a clear assignment of this mechanism to Colwellia

or Sulfitobacter.

Co-expression module 4 demonstrates the interactive effect of temperature and photoperiod and
thus includes host and microbiome genes of which the response to photoperiod reverses at
different temperatures. For the diatom host, this importantly comprises multiple proxies for cell
growth including cell replication proteins and PCNA (Liu et al., 2005). Taking into account co-
expressed bacterial gene clusters, this indicates bacterial genes that are likely to be coupled to

diatom growth. For instance, the significant enrichment in bacterial genes related to
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carbohydrate metabolism in the microbiome gene cluster M1 shows that bacterial DOC
consumption is related to diatom growth. This is supported by field observations that underline
the dependence of the here-found key microbiome members such as Colwellia, Methylophaga,

and Sulfitobacter on diatom-exuded organic matter (Landa et al., 2018).

With regard to other known diatom-bacteria interactions such as the possible bacterial provision
of cobalamin (Vitamin Bi2) to the diatom host (Amin et al., 2012), cobalamin biosynthesis-
related genes within significant correlating host-microbiome co-expression modules were
identified for three bacterial clades, namely Bacilli, Alpha- and Gammaproteobacteria in three
different microbiome gene clusters (M16, M10, and M13). These three clusters complement
each other in their expression patterns in 3 of the 4 treatments, suggesting that cobalamin
production within the microbiome community can be maintained stable over a range of
environmental conditions. However, for the 13.5°C/24:0h treatment, all gene clusters have an
increased expression rate, suggesting an increased demand for cobalamin from either or both
the host and the microbiome. Further, although due to (micro-) nutrient-replete conditions, these
processes likely did not substantially drive host growth in this experiment, it is worth noting
that cobalamin synthesis and its potential provision by each of these bacterial groups follows
unique (and partially contrary) co-expression profiles and therefore is likely involved in
different host-microbiome interaction processes which in turn are differently affected by
environmental conditions. As it has previously been shown that not all cobalamin-producing
bacteria actually share vitamin Bi2 with their host algae (Sultana et al., 2023) we can extent this
knowledge, showing that the production and potential provision can also be inhibited or

facilitated by certain (at least clade-specific) abiotic conditions.

Conclusion

Overall, this study underlines the positive net effect of the mutualistic diatom-associated
microbiome, likely based on an overall flexible interaction network as indicated by the
metatranscriptome and microbiome community composition. The results also showed that
algae-bacteria interactions should always be considered in the context of the given
environmental conditions, which independently drive specific host-microbiome interaction
processes. In the context of a warming Arctic Ocean, the dependence of the diatom holobiont
stability on certain key bacterial clades such as Sulfitobacter, which may be negatively affected

under these conditions, highlight the risk for microbial ecological tipping points that may bring
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these mutually beneficial interactions out of balance. Despite the observed diatom resilience in
terms of growth rates in this experimental context, more studies are needed to investigate if this

resilience is compromised in the presence of naturally occurring pathogens.
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Abstract

Primary production in aquatic systems is governed by interactions between microalgae and their
associated bacteria. Most of our knowledge about algal microbiomes stems from natural mixed
communities or isolated algal monocultures, which therefore does neither address the role of
genotypic diversity among the algal host cells nor do they reveal how this host diversity impacts
the assembly process of associated bacteria. To overcome this knowledge gap, we developed a
single-cell 16S sequencing approach in combination with CRISPR-Cas9 guided depletion of
host 16S contaminations from the chloroplast. The validity of this novel method was tested by
comparing bacterial communities of 144 single-cells across three genotypes of the Arctic
marine diatom Thalassiosira gravida grown under different environmental conditions. From

these, 62 single-cells were additionally sequenced after CRISPR-Cas9 treatment. Due to the
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improved sequencing depth, bacterial richness associated with individual diatom cells was
increased by up to 56%. By applying this CRISPR-Cas9 treatment we not only revealed
intraspecific host-genotype associations but also rare bacterial taxa that were not detected by
standard 16S rRNA gene metabarcoding. Thus, the CRISPR-Cas9 assisted single-cell approach
developed in this study advances our understanding on how the intraspecific diversity among
algal hosts impacts the assembly process of their associated bacteria. This knowledge is

essential to understand the co-evolution and adaptation of species in algal microbiomes.

Introduction

The role and function of interactions between individuals in microbial communities is
increasingly recognized in microbiome research (Margulis, 1991, Dittami et al., 2021), which
coined the term ‘holobiont’ describing an assemblage of a host (e.g., microalga) and associated
microbes (e.g., bacteria). As the main primary producers in aquatic ecosystems, both uni- and
multicellular algae have been studied from a holobiont perspective because their associated
microbiomes substantially affect algal physiology, growth and resilience (Amin et al., 2012,
Giesler et al., 2023). For example, interactions between host algae and bacteria are underpinned
by specific bacterial enzymes as well as reciprocal nutritional requirements for essential trace

elements, micro-, and macronutrients (Amin et al., 2012, Kodama and Fujishima, 2022).

Given the recognized importance of microalgae for diverse ecosystem functions (Cirri and
Pohnert, 2019, Kuhlisch et al., 2023) methods to accurately determine their associated microbial
communities are of considerable value. Current strategies to assess the bacterial composition
associated with microalgae predominantly rely on laboratory monocultures or natural field
communities, introducing uncertainties such as culture artifacts and biases due to single-cell
isolation and filtration. Moreover, clonality in microalgal populations usually is short-lived as
sub-populations arise due to genetic drift leading to clonal interference. How this intraspecific
host diversity impacts the diversity of associated bacterial communities has rarely been studied
and is therefore largely unknown. Natural algal microbiomes, on the other hand, are difficult to
study in a natural community context due to challenges in assigning bacteria to specific hosts
for revealing their interactions (Martin et al., 2021). To address these challenges, single-cell-
based metabarcoding has recently been developed to assesses the microbial diversity associated
with single-cells of host protists such as choanoflagellates and ciliates (Needham et al., 2022,

Boscaro et al., 2023, Rossi et al., 2019). However, this single-cell sequencing strategy comes
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with several challenges. For instance, sequencing small amounts of DNA isolated from a
proximity of the host protist might introduce a bias due to significant variability between single
host cells in terms of the success of DNA extraction and amplification (Schmitz et al., 2021).
Although microbiomes on single sand grains have been successfully studied despite low DNA
concentrations (Probandt et al., 2018), similar microbiome analyses using single-celled algal
microbiomes have been challenging due to the presence of 16S rRNA gene copies encoded in
the algal chloroplast genomes, which can account for up to 99% of all sequence reads (Lundberg

et al., 2012, Zarraonaindia et al., 2015).

This predominance of 16S rRNA gene copies encoded in chloroplast genomes reduces the
sequencing depth of the 16S copies from the associated microbiomes. This caveat is adding to
challenges imposed by overall low quantities of DNA, spatial heterogeneity and potential other
methodological biases (see above). One strategy to reduce contamination by host 16S rRNA
gene sequences from chloroplasts is PCR clamping, a method to suppress a particular allele
during PCR (Orum et al., 1993). Yet, this strategy has its own biases, i.e., species-specific
suppression of PCR amplification (Jackrel et al., 2017, Baker and Kemp, 2014). Here, we
address these biases with a novel approach, Single-Cell Holobiont Cas9-Optimised-
Sequencing (SCHoCO-Seq), which employs a Cas9 nuclease together with a target-specific
guide RNA to dissect the 16S rRNA gene sequences of oceanic microalgae. Our approach is
thus methodologically complementary to the approach developed by Song and Xie (2020), who
used Cas9 to dissect the 16sRNA gene copies of rice chloroplasts from bulk leaf samples.
However, we further extended this method to the single-cell level. In addition, as our approach
is not restricted to a single species, it can be used to gain insight into a wide range of natural

microbiomes associated with diverse single-cell host organisms.

We have compared this novel SCHoCO-seq approach with CRISPR/Cas9 untreated single-cell
control microbiomes (further referred to as SC-Seq) of the diatom Thalassiosira gravida under
different culture conditions. This workflow of SCHoCO-seq is based on single-cell isolation,
optional DNA extraction, subsequent nested low template PCR and Cas9-mediated, target-
specific cleavage of the diatom chloroplast 16S rRNA gene amplicons, followed by amplicon
metabarcoding of the associated prokaryotic community. Furthermore, controls were conducted

to test for contaminations and off-target activity.
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Material and methods

Three strains of the Arctic diatom 7. gravida were grown under different culture conditions.
Single-cells were manually isolated and washed to remove free-living bacteria leaving mainly
diatom-associated bacteria. The isolated single diatom cells were processed according to the
workflow in Figure 5.1 and described in detail below. Two different pre-processing protocols
are presented: a direct PCR method, which is less labor intensive, and a method involving a

single-cell DNA extraction step, which has the advantage of retaining the DNA for additional

analysis.
single-cell ST " low template —= > lib b
Ingle- i y ibrary prep.
isolation | SC-EXT 1 »|  PCR SCHoCo-Tq | » | & sequencing
single-cell Chloroplast
DNA 16S
extraction Cas-9 digest

Figure 5.1: Schematic overview of the laboratory workflow. After single-cell isolation, samples were either
subjected to DNA extraction (SC-EXT) or processed directly to low template PCR without prior DNA extraction
(SC-PCR). A subset of low-template PCR products from all samples (62 out of 144) were treated with Cas9 to
dissect the chloroplast 16S rRNA gene (SCHoCO-seq) prior to library preparation.

Culture Conditions

Diatom cultures of Thalassiosira gravida strains (UIO 478; UIO 483; UIO 448, table S5.1)
were obtained from the Norwegian Culture Collection of Algae (NORCCA). Here, we refer to
UIO 478 as A1, UIO 483 as A2, and UIO 448 as A5. Stock cultures were maintained in three
culture media based on a modified and silica-enriched K-medium (20) (table S5.2), a nitrogen-
deplete medium (table S5.3), and a vitamin-deplete medium (table S4). Cultures were grown at

4°C and 50 umol photons m™ s under a light:dark period of 16:8 h.

Single-cell Isolation

To study the diversity of diatom-associated microbiomes among conspecific host cells across
genotypes, single-cells of 7" gravida strains A1, A2 and A5 cultured under different conditions
(see above) were isolated (n = 8). To remove the free-living bacteria, Individual diatom cells
were picked and sequentially washed five times by pipetting 3 puL into two separate 30 uL drops
of PBS buffer (PBS CellPure, Roth, Karlsruhe, Germany), followed by three washings in 30
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uL of PCR-grade water under an inverted light microscope. To validate the absence of free-
living bacteria, 3 pL culture blanks (without diatom cells) were sampled from all strains and
treated identical to the single-cell samples undergoing single-cell DNA extraction (see below).
Cells were stored either in 30 pL 2xT&C lysis buffer of the MasterPure Complete DNA & RNA
Purification Kit (Lucigen, Wisconsin, USA) or in 10 pL PCR-grade water. Cells in PCR-grade
water were used directly as DNA template for a nested, low template PCR (see below). Cells
stored in 2xT&C lysis buffer were used to generate a PCR product after DNA extraction (see

below).

DNA Extraction from Isolated Single-cells (SC-EXT)

To extract DNA from the single-cellular diatom microbiomes, a modified protocol of the DNA
MasterPure Complete DNA & RNA Purification Kit was employed (SC-EXT). The changes to
the manufacturer instructions were: (i) smaller buffer volumes, (ii) added pellet dye, and (iii)

rinsing of pipette tips. (details in Table S5.5)

Nested Low Template PCR of Single Diatom Cell Holobionts

During the low template PCR, the hypervariable V1-V9 region of the 16S rRNA gene was
targeted by Primer 27F (5’-AGAGTTTGATYMTGGCTCAG-3’) (Frank et al., 2008) and
1492R (5’-TACGGYTACCTTGTTACGACTT-3") (Lane D, 1991). PCR reactions for single-
cell samples were set up to 50 pL per reaction containing 5 pL 10 x Hotmaster Taq Buffer
(Qiagen, Hilden, Germany), 0.5 pL Primer 27F (10 mM), 0.5 pL Primer 1492R (10 mM), 0.5
pL dNTPs (10 mM), 0.1 uL bovine serum albumin (BSA, 10 mg/mL), 0.5 Taq Polymerase
(Qiagen), 32.9 uL H20 and 10 pL Single-Cell Sample (SC-PCR) or 2.5 pL extracted DNA (SC-
EXT) plus 7.5 pLL H20. PCR protocols for SC-PCR and SC-EXT differed only in the duration
of the initial denaturation phase of 94°C for 1.5 min (SC-EXT) and 10 min (SC-PCR),
respectively. Both protocols consisted of 35 cycles; denaturation: 94°C for 1.5 min primer
annealing: 55°C for 1.5 min, elongation: 68°C for 2 min, final elongation: 68°C for 10 min.
PCR products were cleaned with the MinElute PCR Purification kit (Qiagen). All culture blanks
(without diatom cell) showed no bands during the gel-electrophoresis (Fig. S5.1).
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Cas9 digest of chloroplast-derived 16S-rRNA gene amplicons

The 16S rRNA gene amplicons generated by nested low template PCR were cloned into pCR
4-TOPO vectors and transferred into competent E. coli cells of the TOPO TA cloning kit
(Thermo Fisher, Massachusetts, USA). Plasmids of single colonies were purified with the
Plasmid Plus Midi Sample Kit (Qiagen). PCR products were sequenced on an ABI 3130xI
Genetic Analyzer; obtained sequences were searched for chloroplast 16S rRNA gene sequences
by BLAST search in the PhytoRef database (Decelle et al., 2015). Plasmids containing the
respective Thalassiosira chloroplast 16S rRNA gene and respective sequences were used for

the design of the gRNA.

Design of gRNA

Guide RNAs (gRNAs) were designed for the 7. gravida chloroplast 16S rRNA gene according
to Hopes et al. (2017). Five gRNA sequences were selected for in vitro testing by comparison
with endosymbiotic derived 16S rRNA gene amplicons and gRNAs lacking homology in the
PAM sequences and therefore not cut by the gRNA mediated Cas9 (Hsu et al., 2013).
Subsequently, the selected gRNAs were tested for their efficiency in directing Cas9 digestion
of the T gravida chloroplast 16S rRNA gene by OmicronCR, Norwich, UK.

Selection of the most suitable gRNA

The five gRNA sequences were aligned to the chloroplast sequence of a total of 15 diatom
families retrieved from the PhytoREF plastidal 16S rRNA database (Decelle et al., 2015). The
gRNA which cut the central V4 region of chloroplast ASV-16S RNA sequences in a highly
conserved region was selected (Fig. S5.2). To determine the general utility of SCHoCO-seq for
diverse diatom taxa, we searched for matching crRNA target sequences in the full PhytoREF
database (Decelle et al., 2015). In addition, we searched the SILVA database V138 (Quast et al.,
2013) for potential off-target sequences to further test whether a loss of microbial 16S rRNAs
occurred due to unwanted Cas9 digestions. We allowed two mismatches to include potential
off-targets with a 4% probability given the low mismatch tolerance of CRISPR-Cas9 (Anderson
et al., 2015). Furthermore, we evaluated in-silico the phylogenetic range of the diatom

chloroplast sequences not only regarding matching gRNA, but also regarding the outer and
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inner primers of the SCHoCO-seq approach. For this purpose, we also relied on the PhytoREF
database. Chloroplast sequences with 100% matches to all primers and the gRNA were aligned
with kalign (Lassmann, 2019) and an unrooted phylogenetic tree was built with FastTree (Price
et al., 2009). Taxonomic annotations were transferred from the PhytoREF database (Decelle et

al., 2015).

Synthesis of sgRNA

The single guide RNA (sgRNA) comprised two specific sequences: the CRISPR RNA (crRNA)
containing the complementary sequence to the target sequence, and the trans-activating-crRNA

(tractrRNA) guiding and stabilizing the Cas9 nuclease (Hiranniramol et al., 2020). Both parts

were derived from respective oligonucleotides (universal oligo: 5’-
AAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTT
TAACTTGCTATTTCT-3, specific oligo: 5’-

TAATACGACTCACTATAGGAAGTCAACTGTTAAATCTTGGTTTTAGAGCTAGAAATA
G-3’) (Eurofins, Hamburg, Germany) which were grafted together and amplified in a PCR
forming the double-stranded sgRNA template. For this reaction to succeed the two
oligonucleotides must share a common overlapping sequence (linker) as well as binding

sequences for a forward and reverse primer (Fig S5.2).

PCR was set up to 50 puL, containing 5 x Phusion Plus buffer (10 pL), a sgRNA specific oligo
(1 uL, 0.1 uM), T7 sgRNA oligo 2 (1 pL, 0.1 uM), T7sgRNA Forward (3.75 uL, 10 uM),
T7sgRNA Reverse (3.75 puL, 10 uM), dNTPs (1.5 pL. 10 uM), Phusion polymerase (0.5 puL)
and PCR grade water (28.5 uL) (all Jena Bioscience, Germany). PCR conditions were: initial
denaturing (98°C, 30 s), 30 cycles of denaturing (98°C, 10 s), annealing (51°C, 10 s), and
elongation (72°C, 15 s); final elongation (72°C, 10 min.). The sgRNA was synthesized by in-
vitro transcription as followed: 20 pL containing High Yield T7 reaction buffer (2 uL), DTT (2
puL, 100 mM), ATP, GTP, CTP, UTP (each 1.5 puL, 100 mM), High Yield T7 RNA Polymerase
Mix (2 pL), template DNA (2 pL) and PCR grade water (4 pL) (Jena Bioscience, Germany).
The reaction mix was incubated for 11 h at 37.5 °C, followed by a DNAse I digest (1 pL RNAse
free DNAse I, Jena Bioscience) for 15 min at 37°C. The sgRNA was purified using the RNA
clean & concentrator-5 kit (Zymo Research, USA) and the gRNA synthesis was checked for
correct product size with an RNA Nano Chip Assay on a 2100 Bioanalyzer device (Agilent
Technologies, Santa Clara, California, USA).
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In-vitro digestion of 16S amplicons using Cas9 and gRNA

The Cas9 digest was performed after the amplification and purification of the V1-V9 region of
the prokaryotic 16S rRNA and prior to the 16s rRNA V4 amplicon sequencing library
preparation. The Cas9 Nuclease (New England Biolabs, USA) and the gRNA were assembled
in a 27 pL reaction containing PCR grade Water (20 uL), Cas9 Buffer (3.5 pL), gRNA (150
nM, 3 pL) and Cas9 (1 uM, 0.5 pL) by incubating at 25°C for 10 min. The 16S rRNA gene was
digested by adding 3 puL of 15 nM target DNA to the mixture and incubating it at 37°C overnight
(~11 h).

The sample was cleaned with the MinElute PCR Purification kit (Qiagen).

Illumina Sequencing of partial 16S rRNA genes

The amplicon library was constructed according to the manufacturer's protocol for 16S
metagenomic sequencing library preparation, described in Ahme et al. (2023). The library was
sequenced on the MiSeq System (Illumina, San Diego, USA) according to the MiSeq Reagent
Kit v3 (600 cycles) (ITlumina). Forward Primer: MS v4 515F N:
5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG+GTGCCAGCMGCCGCGGTAA-
3 (Apprill et al., 2015), Reverse Primer: MS v4 806R 1:
5.
GTCGTCGGCAGCGTCAGATGTGTATAAGAGACAG+GGACTACHVGGGTWTCTAAT-
3’ (Parada et al., 2016).

Processing of sequence data

FASTQ files were demultiplexed according to the ‘Generate FASTQ workflow’ of the MiSeq
sequencer software. Primers were removed with cutadapt v2.8 (Martin, 2011), and sequence
data were processed with the DADA2 R package (quality trimming, denoising, merging,
removal of chimeras, Callahan et al., 2016). The resulting Amplicon Sequence Variants (ASVs)
were taxonomically annotated with the SILVA v138 database (Quast et al., 2013). Details about
the FASTQ and ASV data processing pipeline are described in Ahme et al. (2023). Statistical

analyses were performed in R version 4.1.2 (R Studio, Inc. 2021; www.r-project.org).

109


http://www.r-project.org/

5 PUBLICATION [V

Analysis of single-cell diversity and bacterial community composition:

ASVs were excluded from a sample if 1) their relative contribution to the respective sample
was smaller than 0.25% as recommended by Reitmeier et al (2021) 2) ASVs represent common
contaminants according to Sheik et al. (2018) 3) ASVs were known to be derived from non-
marine sources (see supplemental Table S5.6). Samples with sequencing depths contained in
the lower 10% quantile of the whole dataset, or below 10000 reads, were excluded from the
analysis. ASV count tables were scaled by subsampling using the SRS package (Beule and
Karlovsky, 2020) and normalized by power transformation (X%2°). Graphical representation

was done with the Phyloseq package (McMurdie and Holmes, 2013).

Statistical analysis of single-cell samples:

Richness and Shannon diversity of the 7. gravida single-cell samples were determined using
the “microbiome” package (Lahti, 2017). To test for significant effects on ASV richness and
Shannon diversity as a response to strain identity (A1; A2; AS), culture condition (full medium,;
-N; -Vit) and DNA processing method (SC-EXT; SC-PCR), three-way ANOVAs were
calculated with subsequent Tukey’s post-hoc tests. To evaluate differences in microbiome
community composition across 7. gravida strains and culture conditions, a Bray-Curtis distance
matrix was calculated from the down-sampled and normalized ASV count data, serving as input
for ordination of a principal component analysis. PERMANAOVA was applied on the Bray-
Curtis distance matrix as dependent variable, and strain identity and culture condition as
independent variables using the “adonis2” function of the “vegan” package (Oksanen et al.,
2013). To obtain a more detailed analysis on microbiome composition and its drivers, bacterial
ASVs were aggregated and subset to the genus level. Normalized count subsets for each genus

were tested for differences across strains and culture conditions using two-way ANOVAs.

Analysis of SCHoCO-seq samples.

Bacterial ASV data of single-cells of 7 gravida strains A1, A2 and A5 were quality-filtered,
down-sampled and normalized as described above. After richness calculation, an ANOVA was
conducted to test for differences in bacterial ASV richness as a response to SCHoCO-seq

treatment (compared to SC-seq control treatment). The respective diatom single-cell ID (of
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which the DNA product for both treatments originated) was treated as a random factor. To test
for differences in relative proportions of bacterial ASVs, chloroplast ASVs, and mitochondrial
ASVs as a response to SCHoCO-seq, a t-test was conducted to compare the relative proportion
of each ASV category compared to the control treatment. To evaluate the effect of sequencing
depth on the relative proportion of bacterial, chloroplast, and mitochondrial ASVs, 1000
replicates of random subsamples (each containing 500, 1000, 5000, and 10000 ASVs) were

generated from each sample.

The incidence rate ratio (IRR) represents the probability of detecting a bacterial family with
SCHoCO-seq compared to SC-seq. The IRR was estimated by comparing the ASV counts per
family using a generalized linear model with Poisson regression and log-link function in R ata
significance level of p < 0.05. Positive values indicate a significant increase in the detection

probability, while negative values indicate a significant decrease in the detection probability.

Results
Single-cell diversity & bacterial community composition analysis

The 16S rRNA ASV richness and Shannon diversity of the 7 gravida single-cell microbiomes
was strain specific and impacted by culture condition, but not affected by single-cell DNA
processing methods (Table S5.7, Fig. S5.3). The differences were mainly caused by strain A1l
which showed a significantly higher richness and Shannon diversity in the nitrogen- and

vitamin-deplete media compared to the full medium (Fig. S5.4).

Moreover, the 16S rRNA gene ASV community composition of the single-cell 7 gravida-
associated microbiomes differed significantly in response to strain identity and culture
conditions (Table S5.8). The genotypic specificity regarding microbiome community
composition was reflected on the single-cell level, particularly for highly abundant bacterial
groups. This is supported by distinct genotype-specific clustering in the principal component
analysis (PCA) (Fig. 5.1). However, normalized read counts for multiple bacterial genera
differed significantly between diatom strains and culture conditions (Table S5.9). Furthermore,
no bacterial genus was consistently present across all analyzed single-cell replicates and strains
(Fig. 5.2). Yet, 8 of the 48 detected bacterial genera occurred across all tested strains, but with
differences in abundance and frequency between single-cells. Within the fraction of shared

bacterial genera, the Sulfitobacter, Colwellia and Roseobacter clades showed the highest
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normalized reads and were particularly abundant in strain A1. Moreover, strain A1 shared three
bacterial genera exclusively with strain A2 (most importantly Glaciecola and Paraglaciecola)
and four bacterial genera exclusively with strain AS, of which Polaribacter was the most
abundant genus. In strain A1, eight unique bacterial genera were found, with Aurantivirga as
the most abundant genus. For strain A2 and A5, ten unique bacterial genera were found each,

of which Lentilitoribacter showed the highest abundance in strain A2 and Octadecabacter clade

in strain AS.

Multiple bacterial groups showed significantly different abundance under specific culture
conditions (Table S5.9, Fig. 5.2). This was evident for Marinobacter, which increased in
abundance in vitamin-deplete treatments, as well as Colwellia showing an increase in

abundance under nitrogen-deplete culture conditions.
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Figure 5.2: Principal component analysis of Bray-Curtis distances from 7. gravida single-cell microbiomes in
different culture media, including Full K medium (yellow), nitrogen -deplete medium (-N, blue), and vitamin-
deplete medium (-Vit, green) based on normalized 16S ASV data. Ellipses (confidence level = 0.95) show clusters
of the respective 7. gravida strain (indicated by shape).
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Figure 5.3: Normalized (subsampled and power-transformed [X%2°]) 16S rRNA gene ASV read counts (indicated
by continuous color scale, gray = not detected) summarized on the genus level (y-axis) across 7. gravida single-
cell samples (x-axis). 7. gravida strains and culture conditions are indicated by vertical facets. Genera are ordered
by Phylum (displayed as discrete color scale (right). Genera occurring in less than 4 samples were excluded from
the plot. Single-cell sample treatments indicated with; full medium = modified K medium, -Vit = Vitamin limited
Medium, -N = Nitrogen limited medium, EXT = Single-cell DNA extraction (SC-EXT), PCR = direct Single-Cell
PCR (SC-PCR)

SCHoCO-seq results

The SCHoCO-seq treatment significantly affected the relative proportions of all ASV categories
(bacterial, chloroplast, and other ASVs) of the single-cell microbiomes (Table 5.1, Fig. 5.4). On
average, chloroplast ASVs in a given single diatom-cell accounted for 71.4 £ 14.3% of total
reads in SC-seq control treatments, but were reduced in the SCHoCO-seq treatment to 17.5 +
12.8%. Bacterial ASVs, which on average accounted for 25.9 + 14.7% in the SC-seq control,
increased to 71.0 = 16.7% in the SCHoCO-seq treatment. Random subsampling across ranges
of sequencing depth showed that with increasing sequencing depth mostly bacterial 16S ASVs
were detected in a theoretical ASV composition in the SCHoCO-seq treatment, whereas
increasing sequencing depth in the SC-seq control treatment mainly resulted in more chloroplast

ASV reads.
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Figure 5.4: Effect of Cas9 plastidal 16S rRNA gene amplicon digest on total read composition and as a function
of a range of assumed sequencing depths. The line plots show the theoretical composition of each sample if it was
sequenced at different depths (obtained from random subsamples of the original dataset). Thin lines represent the
ASV composition of each of the 62 samples after (SCHoCO-seq) and prior (SC-seq) to the cas9 digest. Bold lines
are means obtained from the respective ASV compositions (A). Boxplots represent the percentage of the actual
read composition of the ASVs, summed by annotation. ‘Bacteria’ refers to all bacterial ASVs after removal of a)
potential contamination and b) ASVs without annotations at least at the order level. ‘Chloroplasts’ refers to all
ASVs annotated as chloroplasts, and 'Others' refers to mitochondria-derived ASVs and ASVs with no annotation
at least at the order level (B).

Table 5.1: Results of Welch t-tests on relative proportions of the ASV categories bacteria, chloroplasts and other
16S rRNA gene ASVs as a response to SCHoCO-seq. Bacteria refer to all bacterial ASVs after removal of a)
potential contamination and b) ASVs without annotations at least at the order level. Chloroplasts refer to all ASVs
annotated as chloroplasts, and 'Other' refer to mitochondria-derived ASVs and ASVs with no annotation at least at
the order level. Mean proportions of ASV-categories are given in percent = standard deviation. T- and p-values are
reported for the treatment effect for each ASV category. Values marked with an asterisk (*) indicate significant
effects (p <0.05).

% in Cas9 sample % in No Cas9 sample p-value  t-value
Bacteria 71.0 £ 16.7 259+14.7 <0.001 15.94
Chloroplast 17.5+12.8 71.4+14.3 <0.001 -22.11
Other 11.5+£8.3 2.7+2.1 <0.001 8.17

By increasing the overall proportion of bacterial ASV reads (Fig. 5.4), SCHoCO-seq
significantly increased the probability of detecting several bacterial families compared to SC-
seq (Fig. 5.5A). There was no significant decrease in the detection probability for any bacterial
family. The increase in IRR values was particularly pronounced for Sphingomonadaceae, where
the ASV counts were approximately 16 times higher compared to SC-seq. Methylophilaceae,
Rhizobiaceae, Parvibaculaceae and Cryomorphaceae also showed comparably high IRR
values with IRRs > 5. The SCHoCO-seq approach additionally identified the bacterial phylum
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Verrucomicrobiota, which was not covered by the SC-seq control (Fig. 5.2). Consistently, there

was a significant increase in the IRR value for a total of six families within these phyla.

In line, the ANOVA results indicated a significant effect of SCHoCO-seq treatment on bacterial
ASV richness (Fig. 5.5B, Table S5.10). Single-cell samples without Cas9 digest (SC-seq) had
a mean ASV richness of 10.4 + 3.2 (strain A1), 6.5 + 3.3 (strain A2), and 5.6 + 1.8 (strain A5).
In SCHoCO-seq treatments, richness increased to 15.0 + 3.7 (strain A1), 8.4 £ 3.4 (strain A2),
and 8.1 + 1.5 (strain AS), corresponding to a richness increase of 51%, 53%, and 56%,

respectively.
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Figure 5.5: Performance comparison of 62 SCHoCO-seq and SC-seq sample pairs on A: the differences in the
probability of detecting a given bacterial family level based on ASV counts per sample and B) the actual total ASV
richness. In A, bacterial families for which a significant change in the Incidence Rate Ratio could be detected are
shown, with error bars representing the 95% confidence interval. The dotted line marks the boundary between a
decrease in IRR (<1) and an increase in IRR (>1).

In-silico gRNA specificity

The selected gRNA and the search for corresponding crRNA target sequences in the full
PhytoREF databases resulted in a perfect match (100%) with 969 of the 1068 available diatom
sequences (~90%), spanning various taxonomic lineages (Fig. 5.6A). Of 99 sequences not

matching the crRNA, 85 had at least no genus-level annotation, rendering their taxonomic
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identification elusive. Identification of potential Cas9 off-targets based on the 16S rRNA gene
SSU sequences obtained from the SILVA V138 database resulted in 100% matches to only 644
sequences annotated as chloroplast and one mitochondrial hit. However, there were no other
matches to any of the 451,459 16S rRNA gene SSU sequences, indicating no potential Cas9
off-targets for the selected gRNA. Low-probability potential off-targets (i.e., considering a
gRNA sequence match of 96%, (Hsu et al., 2013)) were identified for 117 16S rRNA gene
SSUs, representing only a fraction of 0.025% of the sequence representatives in the SILVA
V138 database. The evaluation of the phylogenetic range of the diatom chloroplast sequences
based on the crRNA target sequence and the outer and inner primers used for SCHoCO-seq
resulted in 62 matches, spanning at least 3 families and 12 orders (Fig. 5.6B). It should be noted
that this relatively low number compared to the gRNA matches is due to the fact that only ~20%

of sequences in PhytoREF are long enough to fully cover both primer binding sites.
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Figure 5.6: Coverage of taxonomic lineages with perfect gRNA sequence matches (A) and perfect matches with
all primer pairs used in this study (B). Numbers in (A) refer to the gRNA chloroplast sequence matches for each
diatom family. The bottom panel in (B) shows the primer binding sites and nucleotide conservation of 62 diatom
chloroplast sequences; the corresponding unrooted phylogenetic tree shows the order-level annotations as
indicated in the PhytoREF database.

Discussion

This study demonstrated that diatom microbiomes under investigation were mostly strain-
specific and that the different micro-/macronutrient limitations treatments modulated the
abundance of single microbiome members. The SCHoCO-seq treatment enabled in depth
assessment of the microbial diversity in algal microbiomes on single-cell host level by reducing
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chloroplast ASV reads while increasing sequencing depth for bacterial ASVs. Consequently,
SCHoCO-seq led to increased microbiome richness and detected rare microbial taxa which
were not found with standard 16S rRNA gene single-cell metabarcoding. Our in-silico analyses
identified a 100% match to 969 of the potential 1068 crRNA target sequences in PhytoREF
databases, suggesting the newly developed protocol to be applicable to a wide range of diatom

species with no apparent 16S rRNA gene off-target effects.

With respect to genotype-specific microbiomes of 7. gravida, strain A1 and A2 were more
similar to each other than to strain AS. Despite differing dates of isolation, variations in
microbiome composition were most likely explained by the biogeographic distance of their
sampling origin (table S1), as microbiomes of laboratory cultures have been shown to be stable
over long periods of time (Barreto Filho et al., 2021). Yet, although strain A1 and A2 originated
from the same location, their microbiomes still showed differences in richness and diversity,
highlighting the necessity for a single-cell perspective when profiling natural phytoplankton

microbiomes.

Previous studies discussed the possibility of a core microbiome, i.e., a fraction of microbiome
bacteria consistently present across diatom genotypes (Behringer et al., 2018, Monnich et al.,
2020). However, the probability to detect a core microbiome likely decreases with increasing
sampling size, biogeographic distance and region. For example, Ahern et al. (2021) found no
shared ASVs across 85 Thalassiosira rotula strains from various ocean provinces. Yet, for the
T gravida strains in this study, a shared core community across the studied genotypes was
indeed found, although not consistently across all single-cell replicates. This finding reflects
the diatom’s Arctic origin, where host-microbe associations are more stable due to co-evolution
under hard selection compared to the soft selection in temperate regions (Malmstrom et al.,
2007). Remarkably, the shared core microbial community consisted of the genera Colwellia,
Roseobacter clade NAC11-7 lineage as well as Sulfitobacter, also belonging to the Roseobacter
group. Particularly the Sulfitobacter genus evolved complex mutualistic-symbiotic interactions
with phytoplankton of which the underlying mechanisms are comparably well understood and
include bacteria-derived provision of auxin and ammonium for their host (Amin et al., 2015,
Segev et al., 2016), as well as specific antibiotics to protect the holobiont from parasitic bacteria
(Beiralas et al., 2023). In exchange, Sulfitobacter receive various forms of exudated organic
carbon from the diatom host, as well as dimethylsulfoniopropionate (DMSP) for sulfur
oxidation, and amino acids like tryptophan and taurine as organic nitrogen source (Amin et al.,

2015, Segev et al., 2016, Yang et al., 2021).
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Moreover, the 7. gravida microbiomes responded to nitrogen- or vitamin-limited culture
conditions with compositional changes of few specific bacterial genera. Considering that the
nitrogen- and vitamin-limited cultures were inoculated from a full medium culture, the fact that
certain bacterial groups were only retrieved in the limitation treatments suggests that these rare
microbiome taxa may become abundant only during abiotic stress. This is exemplified for strain
Al, where Marinobacter increased in abundance in the vitamin-limited treatments.
Marinobacter are known for their ability to produce siderophores, potentially providing iron to
their host (Amin et al., 2009, Butler et al., 2021). Marinobacter have also been associated with
potential vitamin supply for the marine dinoflagellate Lingulodinium polyedrum (Cruz-Lopez
and Maske, 2016). For the genus Balneola, an increase in the nutrient-limited treatments was
observed for 7. gravida strain Al. However, these increases were not necessarily due to a
mutualistic interaction but may also indicate opportunistic mechanisms. In fact, Zhu et al. (Zhu
et al., 2021) hypothesized that Balneola has the ability to degrade specific organic compounds
released by plants and potentially also phytoplankton upon encounter of nutrient stress.
Moreover, diatoms have been shown to regulate their microbiome by target-specific secondary
metabolites like rosmarinic acid or azelaic acid (Shibl et al., 2020), yet whether this was the

case in our experiments remains elusive.

Studying microbiome diversity in laboratory cultures is influenced not only by the fact that
most heterotrophic bacteria cannot be cultured (Vartoukian et al., 2010), but also by the
dynamics of the microbiome community itself. Certain culture conditions may favor the growth
of specific bacterial groups, thus underestimating bacterial richness. Conversely, shifts in
evenness may allow the detection of bacterial groups that perform essential services for their
host and represent an insurance for the holobiont in case of perturbations, while others remain
undetected. This highlights the importance of considering microbiome community dynamics
and the potential for different culture conditions to reveal distinct aspects of the microbiome's
diversity and functional roles. Additionally, considering the isolation bias in terms of species-
and even genotype-specificity of microbiome composition (Baker and Kemp, 2014, Ahern et
al., 2021), our findings underline the necessity for (semi-) quantitative in-situ single-cell data

on microbiome composition.

The bacterial richness in 7. gravida microbiomes obtained in this study at the single-cell level
by SCHoCO-seq agrees with richness data obtained from bulk diatom samples ranging from 1
to 125 ASVs or OTUs, respectively (Baker and Kemp, 2014, Behringer et al., 2018, Ahern et

al., 2021, Sison-Mangus et al., 2014). To recover the full bacterial community richness on a

118



5 PUBLICATION [V

given single diatom cell (preceding the SCHoCO-seq protocol), both the SC-PCR and SC-EXT
methods developed in this study have been equally accurate as reflected by insignificant
statistical test results. Both single-cell methods are therefore applicable depending on the
research objective. For example, the SC-EXT approach offers the advantage of enabling
multiple PCR reactions for further genomic DNA based investigations, such as metagenomics
or host identification via 18S sequencing, and the long-term storage of the sample (Hallmaier-

Wacker et al., 2018).

The SCHoCO-seq approach is a promising strategy to accurately analyze diatom host-
associated microbiome ASVs. This is largely due to the reduction of chloroplast reads, which
in turn boost the detection and resolution of the microbiome richness. Furthermore, our
subsampling approach showed that the increase of microbiome ASVs over various sequencing
depths by SCHoCO-seq was higher than the corresponding increase in chloroplast ASVs (Fig.
3). Importantly, this pattern was the opposite without Cas9 treatment, suggesting that merely
increasing the sequencing depth is not an efficient strategy to recover rare microbiome ASVs.
Therein, SCHoCO-seq is particularly valuable in resolving the bacterial diversity of diatom
microbiomes that harbor low bacterial abundance in their phycosphere. Thus, especially due to
its potential to reveal higher community richness and identify potentially rare bacterial taxa in
the phycosphere, SCHoCO-seq has the potential to become the preferred method in diatom
microbiome diversity research. Indeed, by identifying rare bacterial taxa, taxon shifts, gains and
losses, the overall genetic diversity in diatom microbiomes can be more accurately assessed,
thereby increasing our knowledge of microbiome community assembly (Monnich et al., 2020),
regulation and modulation. As microbiome genetic diversity and variation are aligned to
selection (Baltar et al., 2019), these capabilities are particularly relevant under current global
change conditions. SCHoCO-seq therefore bears potential to assess and distinguish diatom
microbiome responses to environmental change, e.g., plasticity, resilience, functional

redundancy and dysbiosis of diatom holobionts (Baltar et al., 2019, Graham et al., 2016).

Conclusion

This study revealed a) genotype-specific diatom microbiomes identified through single-cell
isolation and b) that diatom holobionts respond to macro- and micro-nutrient limitations with
compositional changes of their microbiome. To increase the discovery of rare bacterial taxa as

part of diatom microbiomes, we have developed SCHoCO-seq which increases the bacterial
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biodiversity (richness) by reducing the chloroplast 16S ASVs. Thus, this novel single-cell
microbiome analysis may serve as an important steppingstone towards in-sifu single-cell
microbiome analysis. The latter will help to understand how phytoplankton-associated
microbiomes function in natural systems. In addition, the method presented here for reducing
host DNA contamination with the aid of Cas9 can be applied to various other host-microbiome

systems by adapting the sequence of the guide RNA.
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This thesis aimed to improve our understanding of how diatoms adapted to occupy Arctic and
temperate habitats not only from an abiotic perspective but also interactively with their
microbiomes. The outcome demonstrates the importance of considering interactive effects in
holobiont research and gives insights into the common evolutionary history of the studied
diatoms and their associated bacteria. The step-wise experimental approach allowed to narrow
down the factors of interest from high-resolution single-driver designs to specific relevant
multi-driver conditions over simple growth assays to complex multi-omics approaches. The
following synthesis discussion integrates the results of the previous chapters by highlighting
overarching patterns, contradictory findings, and potential ecological implications. Key
outcomes directly related to the thesis objectives (see chapter 1.6) are highlighted throughout
the synthesis subchapters. Subsequently, future research perspectives are outlined, building

upon the knowledge generated by this thesis.

6.1 Revisiting diatom adaptive potentials and poleward range shifts
6.1.1 Thermal patterns and opportunities

I studied 7. gravida as a typical Arctic diatom and 7. rotula as a typical temperate diatom. Their
thermal traits, identified mainly in publications I and II mirror the biogeographic origin of their
respective populations and highlight opportunities but also bottlenecks for adaptation to climate

warming and associated poleward range shifts.

In the single-driver context in publication I, both Arctic and temperate diatoms showed thermal
optima several degrees higher than the average water temperature of their natural environment
as predicted by global patterns of phytoplankton thermal traits suggested by Thomas et al.
(2012). Regarding the potential of the studied Arctic diatom 7. gravida to cope with current
warming rates in its Arctic habitat, the single-driver thermal reaction norms suggest that thermal
stress (i.e., temperatures beyond its Topt) in the Arctic is currently out of reach. Even under high-
emission scenarios, increasing summer sea surface temperatures in the central Arctic Ocean are
projected to be around ~5°C by the end of the century (Han et al., 2023). However, known
interactive effects with nutrient availability (Thomas et al., 2017) or light intensity (Edwards et
al., 2016) may lower their Topt by several degrees and thereby may push the Arctic 7. gravida
beyond their thermal limits. Additionally, the interactive effect of temperature with photoperiod

and bacterial presence identified in publication II (i.e., negative growth effects under combined
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thermal stress, 24h photoperiods and the presence of bacteria) could further constrain Arctic
diatom growth under warming. In publication III, however, this interactive effect was buffered
by diatom holobiont resilience, suggesting a context dependency of the observed microbial

tipping points that govern this negative effect on host growth (further discussed below).

One possible mechanism of how Arctic diatoms could increase their thermal range in
accordance with the warming rate in their habitat is solely by genetic adaptations within their
population, also known as the ‘evolutionary rescue’ concept (Carlson et al., 2014). Although
experimental evolution demonstrated a high potential of diatoms for rapid thermal adaptation
in laboratory experiments under simplified selection regimes (Reusch and Boyd, 2013), more
realistic estimates of the speed of such adaptations in Topt for a temperate diatom were an order
of magnitude slower (1°C during the last 60 years, Hattich et al., 2024). However, given the
much faster temperature increase in the Arctic (Shu et al., 2022, Han et al., 2023), it remains
unclear, whether thermal adaptation in Arctic diatom populations can keep track with the
warming rate in their habitat. Moreover, the success of these adaptations is not only depending
on the rate of temperature increase but also on the standing genetic variation of the population.
The finding of much more conserved adaptive key genes carrying convergent amino acid
substitutions in Arctic diatoms compared to temperate diatoms (publication I) indicates a lower
degree of genetic variation in Arctic diatoms particularly in genes that likely contribute to their
thermal adaptation. This lowered genetic variation in adaptive key genes may further decelerate
their thermal adaptation because genetic variation is often considered as a currency for an
organism’s adaptive potential (Carlson et al., 2014, Lai et al., 2019, Chaturvedi et al., 2021).
However, for cosmopolitan diatom species that exist not only in the Arctic but also in temperate
regions, poleward range shifts of temperate populations could represent a new source of genetic
variation that is boosting their adaptive potential. This ecological idea is also known as the

‘genetic rescue’ concept (Carlson et al., 2014).

For the temperate diatom 7. rotula, publications I and I demonstrated its thermal potential for
poleward range shifts. Although temperate diatoms have a competitive disadvantage in terms
of growth rates under current Arctic temperatures, the increased warming rates due to Arctic
amplification and interactive effects with further drivers could change competitive outcomes in
their favor. For instance, interactive effects imposed by resource limitation could lower diatom
Topt (Edwards et al., 2016, Thomas et al., 2017) and thereby cause detrimental effects for Arctic
diatoms but will not push poleward shifting temperate species beyond their Topt. Therefore, in

a commonly discussed scenario of warming and stratification-induced resource limitation
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(Steinacher et al., 2010), the competitive ability of temperate diatoms may be enhanced. Beyond
thermal adaptation, however, publications I and II suggest other obstacles that could
compromise the expansive success of temperate diatoms towards the Arctic, such as Arctic-
specific genetic adaptations (e.g., in the membrane-bound acyltransferase) or the extreme

photoperiods in polar regions.

Key Outcomes

e The broad thermal ranges of the temperate 7. rotula demonstrate a potential for

distributional range expansions towards high latitudes. (Objective 1)

e Despite having a Topt that is much higher than average water temperatures in their
habitat, the Arctic 7. gravida could be at risk due to fast warming rates and

interactive effects with further drivers lowering its Topt. (Objective I/11)

e Hard selection pressure in the extreme Arctic environment led to convergent and
conserved genetic modifications in several adaptive key genes of Arctic diatoms

that are more variable in temperate diatoms. (Objective 1)

e The low genetic variability in those likely adaptive key genes in Arctic diatoms

may constrain their thermal adaptative potential. (Objective )

6.1.2 Adaptation to extreme polar light regimes

Generally, the observed growth responses to different photoperiods match the reported
biogeographic distribution patterns of 7. gravida and T. rotula (Semina, 2004, Sar et al., 2011,
Supraha et al., 2022). Publications I and II revealed a constrained growth performance of the
temperate 7. rotula at both extreme short and extreme long photoperiods but a preference for
intermediate photoperiods. However, as these only correspond to a short transitional phase at
high-latitude habitats, the extreme photoperiods imposed by polar night and polar day could

pose an obstacle for potential poleward range shifts of 7. rotula. So far, the existence of such
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photoperiodic barriers has only been discussed in theory (Tougeron, 2021). For the Arctic
T. gravida, habitat-specific adaptations were particularly evident in terms of their tolerance for
these extreme photoperiods throughout publications I, II, and III. The general physiological
response to photoperiod and its interaction with temperature is clearest in the axenic diatom
cultures in publication II, as microbiome bacteria substantially modulate the light response of

the studied diatoms in the xenic cultures in publication II and III (further discussed below).

The fact that these strong adaptive signals to the respective light regimes of temperate and
Arctic regions can be found even after years of laboratory cultivation at constant intermediate
photoperiods suggests that photoperiodic adaptation is beyond phenotypic plasticity but
requires adjustments on the genetic level. The identified habitat-specific molecular adaptations
in 22 Arctic-specific diatom gene candidates in publication I could therefore play important
roles in these genetic adjustments. For instance, the convergent amino acid substation in the all-
trans-retinol 13,14-reductase, which likely contributes to photobiological regulative processes
(e.g., photoprotection, Moise et al., 2004) could contribute to the previously reported flexibility
of the photosynthetic machinery in Arctic diatoms (Croteau et al., 2021, Svenning et al., 2024).
In contrast, temperate diatoms may rely on the dark phase more strongly than Arctic diatoms to
reduce excess electrons and thereby prevent oxidative stress (Fukai et al., 2022) as they lack
the potentially photoprotective genetic adaptations found in their Arctic relatives in publication
I. Evolving these genetic adaptations is a long-term process that might be particularly important
for strictly photoautotrophic organisms that rely on high photosynthetic performance to
maintain their competitiveness (Tittel et al., 2003). Therefore, the potential necessity of these
adaptations for temperate diatoms in order to thrive in high-latitude habitats could hamper their
poleward movements. In fact, this hypothesis is supported by field observations that found
dinoflagellates to closely track marine isotherm shifts poleward while temperate diatom
distributional ranges showed no significant correlation with these poleward isotherm shifts
(Chivers et al., 2017). This could be due to the higher degree of mixotrophy among
dinoflagellates which are potentially less affected by light stress than autotrophs (Cheung et al.,
1998, Ong et al., 2023). These discrepancies in the ability of different phytoplankton functional
groups for poleward movements so far cannot be explained by species distribution models
(Benedetti et al., 2021). The findings about strong habitat-specific photoperiod responses of
temperate and Arctic diatoms in publication I, II, and III throughout this thesis contribute to the

underlying explanation of this pattern.
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Despite urgently needed, monitoring data about phytoplankton range shifts towards higher
latitudes are largely missing. In the case of diatoms, this information could be generated by
monitoring ratios of temperate to Arctic molecular adaptations in the identified gene candidates
from publication I, obtained from field metatranscriptomics samples. However, due to the faster
range shifts of dinoflagellates (Chivers et al., 2017), monitoring the ratios of diatoms to
dinoflagellates as routinely conducted in the Baltic Sea (Bergstrom et al., 2018), could also be
a useful indicator for phytoplankton community changes in the Arctic (as further explained

below).

ﬁ(ey Outcomes

e Diatom growth responses to different photoperiods depend on temperature (and

vice-versa). (Objective II)

e The studied Arctic and temperate diatoms show strong adaptive signals to the
respective photoperiodic ranges of their habitat that are beyond phenotypic

plasticity. (Objective 1)

e Extreme photoperiods at high latitudes could slow down poleward range shifts of

temperate phototrophic phytoplankton such as diatoms. (Objective 1) j

6.1.3 Ecological implications of diatom thermal and photoperiodic responses

The here-found thermal and photoperiodic responses (publication I and II) allow to construct
basic scenarios of diatom adaptive success and to discuss potential ecological implications.
However, a simplified selection regime must be assumed in which the temperate diatoms
mainly have to adapt to the Arctic light regime to expand their distributional range poleward
and the Arctic diatoms mainly have to adapt their thermal plasticity to withstand warming under
Arctic amplification. With differing degrees of adaptive potential for Arctic and temperate
diatoms, possible scenarios range from the adaptive success of both groups or only one group,

to the inability of both groups to adapt.
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A scenario in which both groups exhibit adaptive success would likely result in increased
competition between Arctic endemic and temperate diatom species. The afore-discussed higher
genetic variability of temperate diatom species could possibly give them a competitive
advantage. Although poleward range shifts of temperate species may temporally result in a
higher alpha diversity in the Arctic habitat (Benedetti et al., 2021, Hodapp et al., 2023), it also
brings the risk of losing Arctic endemic species and their highly specialized functions (Olden,
2006). Due to the important contribution of endemic species to global biodiversity, this could
mean negative consequences on the global biodiversity level and contribute to the biotic
homogenization of different ecosystems which refers to the increasing genetic, taxonomic, or
functional similarity of biotas with potentially far-reaching ecological consequences (Olden,
2006). For example, the poorly understood ability of Arctic diatoms for overwintering the polar
night could be such an endemic function that is essential for the phenology of the Arctic spring

bloom and thereby steers important bottom-up ecological processes in the Arctic.

Even stronger ecological implications, however, can be expected in a scenario in which the
temperate diatoms cannot expand their range further poleward while the Arctic diatoms are
unable to adapt fast enough to keep track with the thermal changes in their habitat. This could
lead to a smaller proportion of photoautotrophic phytoplankton as mixotrophic organisms are
potentially less constrained by an extreme light regime (Cheung et al., 1998, Ong et al., 2023)
and have already been shown to more closely track isotherm shifts poleward (Chivers et al.,
2017). The consequences could be decreased primary productivity and also a less effective
biological carbon pump due to less fixation and increased recycling of carbon by mixotrophs.
Moreover, a decreasing proportion of photoautotrophic diatoms could also affect the bloom
phenology of the system with potential attenuated bloom signals due to a lower growth response
to alleviated light limitation in spring (Rumyantseva et al., 2019), and a decreasing importance
of light as a driver for bloom dynamics relative to other abiotic and biotic drivers. This may
lead to temporal mismatches between phytoplankton and zooplankton with cascading effects

up the food-web.

Although in nature certainly further environmental factors contribute to shaping Arctic
adaptation and associated poleward range shifts (e.g., light spectrum and intensity (Hoppe et
al., 2024), zinc micronutrient concentrations (Ye et al., 2022), ocean acidification (Hoppe et al.,
2018)), these outlined extreme scenarios highlight the potential ecological consequences.
Understanding the full selection regimes of diatoms and estimating their adaptive capabilities

for temperature and photoperiod are therefore a crucial next step to more realistically predict
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the ecological implications of the here-found biogeographic adaptations. To this, publication II
showed that thermal and photoperiodic responses can also be enhanced by biotic interactions
with associated bacteria. By supporting diatom growth performance even in the margins of their
fundamental niche, bacterial microbiomes can play a key role in diatom adaptation, thus

reducing the likelihood of the outlined ecological ‘worst-case’ scenario.

/
KKey Outcomes
Overcoming adaptive constraints towards extreme photoperiods (in temperate diatoms)

and fast warming rates (in Arctic diatoms) can have important implications for trophic

interactions and the effectivity of the biological carbon pump in the Arctic. (Objective 1)

J

6.2 Bacteria as facilitators or gatekeepers of Arctic adaptation

6.2.1 Microbiome effects on diatom growth

Publications II and III highlighted the large contribution of the bacterial microbiome to diatom
growth. Although the general existence of this growth-supporting effect was already
demonstrated in other studies (Scholz, 2014, Monnich et al., 2020), the experiments conducted
here were able to show that the degree to which the bacterial microbiome supports the host
diatom’s growth substantially depends on environmental conditions in terms of temperature
and photoperiod. On the molecular level, this is demonstrated in publication III by various
tightly coupled diatom-bacteria gene expression patterns that follow distinct microbiome
member-specific trajectories in response to the main and interactive effects of temperature and

photoperiod.

In publication II, the general growth patterns of the studied Arctic and temperate diatoms in
response to temperature and photoperiod were modified interactively by bacterial presence.
Precisely, the findings suggest that the relative contribution of the bacterial microbiome to their
host diatom’s growth was largest in the margins of the respective diatom’s fundamental niche.
This could be due to the fact that under optimal growth conditions, enzymatic processes that

ultimately limit diatom cell doublings are capped and thus cannot be further increased (Flynn
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and Raven, 2023), whereas, under non-optimal or resource-limited conditions, relative growth
performance may be enhanced by metabolic exchanges with beneficial associated bacteria. This
was particularly evident in publication III where the relative growth contribution of the bacteria
at photoperiods of 16:8h was much larger compared to the photoperiod of 24:0h which was
determined as their optimum in publication I. Also, publication IV suggests specific bacterial
microbiome members to be fostered in the microbiome community under nitrate or vitamin
resource limitations indicating their role in alleviating these limitations and thereby contributing
to diatom growth (Shibl et al., 2020). Although the effect of the microbiome on diatom growth
was positive under most tested experimental treatments, publication II also demonstrated that
under species-specific stressful abiotic conditions, this positive net effect may turn negative.
This is highlighting the risk for possible tipping points from overall beneficial to antagonistic
relationships in algae microbiomes that have shown to be dependent on host cell viability
(Seyedsayamdost et al., 2011, Wang et al., 2022). These antagonistic switches are often
associated with a stochastic reassembly of the microbiome termed ‘dysbiosis’ (Arnault et al.,
2023). However, in publication III, the same treatment condition did not result in this previously
observed negative growth effect for 7 gravida. This apparent discrepancy between publications
IT and III is most likely explained by the different culture environments (i.e., nanocosms vs.
microcosms), which could have led to differences in host cell viability. As a consequence, in
publication III, this could have prevented triggering antagonistic mechanisms of opportunistic
microbiome bacteria and, thereby also the associated negative effects on diatom growth rates
(Wang et al., 2022). Host cell viability-dependent bacterial strategies may thereby indirectly
contribute to the speed of genotypic sorting as less adapted host genotypes are effectively

removed from the population.

As the relative growth supporting effect of the bacterial microbiome for the temperate 7. rotula
in publication II was particularly large at cold temperatures in combination with very short or
long photoperiods, the bacteria of the temperate diatom may play a key role in supporting their
host in an Arctic environment to which it is currently not well adapted (publication I).
Therefore, host-microbiome interactions may represent an important biotic process governing
the potential for poleward range shifts of temperate diatoms in the future. Considering context-
dependent biological interactions in species distribution models could therefore improve the
precision for poleward moving species ranges, which has already demonstrated value in the
context of other marine organisms (Lany et al., 2017). However, data for other diatom species
than the here studied 7. gravida and T. rotula is needed to reliably implement the found

mechanisms in species distribution models (further discussed below).
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ﬁey Outcomes

e The positive net effect of the bacterial microbiome on host diatom growth depends
on environmental conditions and shows distinct patterns for the studied Arctic and

temperate diatoms (Objective II)

e By facilitating a wider realized niche space of their host diatom, the microbiome
appears to be essential to buffer environmental perturbations and support the host

in adapting to new or challenging environments. (Objective II)

e Multifactorial environmental stress increases the risk for microbiome dysbiosis,

leading to negative net effects on host growth when the host’s physiological state

is impaired. (Objective 1I/11])

6.2.2 Plasticity of microbiome community composition

Due to the profound effect of the bacterial microbiome on diatom growth and its realized niche,
evaluating overarching principles of microbiome community dynamics is of crucial importance
for understanding the adaptive potential of diatoms. This thesis gives insights into the bacterial
microbiome community composition of 7. gravida in different environmental conditions in
terms of temperature and photoperiod (publication III) and shed light on bacterial community
dynamics under macro- or micronutrient limitations and different host genotypes (publication

V).

As demonstrated in publication IV, the bacterial microbiome community is genotype-specific
and therein largely conserved even down to the individual host-cell level. Although globally it
is rather unlikely that cosmopolitan diatom species have a core microbiome due to different
habitat characteristics that select for different microbial communities based on the respective
imposed metabolic needs of the holobiont (Ahern et al., 2021, Martin et al., 2021), the three
Arctic T. gravida genotypes studied in publication IV shared eight microbiome bacterial genera.

Certain bacterial groups were unique for the microbiome of specific 7. gravida host genotypes.
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Compared to free-living microbial communities, diatom-associated microbiomes likely have a
higher compositional stability, as both the host (Shibl et al., 2020) and the bacteria (Isaac et al.,
2024) actively structure the microbiome community in the phycosphere to maintain a specific
mutualistic state (Monnich et al., 2020). This was not only reflected in coordinated host-
microbiome transcriptomics in publication III but also in publication IV, where the microbiome
community composition was largely unaffected by macro- or micronutrient limitations and only
a few specific microbiome bacteria increased in relative abundance. This indicates their
potential role in alleviating these limitations for their host diatom. In publication III, the
microbiome community composition was tracked under different combinations of temperature
and photoperiod. The outcome suggests that at temperatures below Topt, photoperiodic
differences did not affect microbiome community composition. However, under thermal stress,
it becomes increasingly difficult for the holobiont to maintain this mutualistic state, increasing
the risk for microbiome dysbiosis (Arnault et al., 2023). Initial signs for microbiome dysbiosis
under thermal stress were visible in terms of negative microbiome effects on host growth
performance in publication II as well as in publication III based on compositional shifts
coinciding with the loss of key microbiome members such as the Sulfitobacter clade that is
essential for microbiome assembly itself (Isaac et al., 2024). Of course, in such closed-system
laboratory studies microbiome dysbiosis is limited in its extent due to the inability of new
antagonistic bacteria to enter the diatom phycosphere. This underlines the need for in-situ data
on diatom microbiomes to give more realistic insights into natural microbiome community
dynamics. The new methodological approach developed in publication IV will substantially

contribute to the collection of this data.

To further study the effect of temperature and host cell viability on microbiome composition
more generally, I conducted an additional study (Giesler et al., in prep., not included in this
thesis)that tracked the bacterial microbiome community composition and host growth
performance of the Arctic 7. gravida and the temperate 7. rotula along a thermal gradient
(Fig. 11). The outcome suggests that for the temperate 7. rotula, temperature affects the
microbiome community composition more strongly and results in an almost complete bacterial
turnover across the thermal gradient. In contrast, the Arctic. 7. gravida microbiome was much
less affected by temperature and remained comparably stable in bacterial family composition
across the tested temperatures. In an ecological context, the found higher microbiome
compositional flexibility in the temperate diatoms indicate both, risks and opportunities for their
adaptation to novel environments. On the one hand, they may be able to recruit new microbiome

bacteria that favor their adaptation (e.g., in an Arctic habitat), but on the other hand, this high
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compositional flexibility may also increase the chance for antagonistic bacteria to establish in
the phycosphere with potentially negative consequences for the holobiont. Vice-versa, for the
Arctic diatoms which hold more strongly onto their bacterial microbiome members, the
increased compositional stability means a lower potential for gaining novel microbiome
functions but also a lower risk for antagonistic bacterial interactions. The observed higher
microbiome compositional stability in the Arctic diatom could be a consequence of co-
evolution under hard selection in an extreme environment (Chen and Kassen, 2020, Gallet et
al., 2018) like the Arctic Ocean. Under hard selection pressure, individuals that do not possess
a certain advantageous trait are eliminated, in contrast to soft selection where the fitness of an
individual is determined relative to its population (Bell et al., 2021). Extreme abiotic conditions
like those in the Arctic predominantly exert hard selective pressure and may therefore favor
the survival of specific diatom holobionts that are well-adapted to this harsh environment
(Gallet et al., 2018). This could likely lead to the observed stable species associations in the
Arctic diatom displayed in Fig. 6.1 that are also visible in the respective Arctic microbiome

community compositions in publications III and IV.
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Fig. 6.1: Thermal reaction norms of 7. gravida (A, top) and T. rotula (B, top) with growth rates (day™') on the y-
axis across the tested temperatures (°C) on the x-axis. Black points represent measured data points and the black
line refers to fitted temperature performance curves. Experimental conditions, data processing, and curve fitting
were identical as reported in publication I. For each of the tested temperatures, the normalized relative ASV
abundance of the diatom-associated bacterial fraction is displayed as stacked bar plots on the family level for T.
gravida (A, bottom) and 7. rotula (B, bottom). Sample processing and bioinformatics for microbiome community
composition were identical to the workflow described in detail in publication III. A redundancy analysis (panel C)
demonstrates the effect of temperature on the microbiome community composition that is more pronounced for
the temperate diatom-associated microbiome community composition.
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Key Outcomes

e Microbiome and host (meta-)transcriptomes are tightly coupled systems that
respond in a coordinated manner to abiotic changes even down to the individual

host cell level. (Objective I1I/IV)

e Interactions of diatoms and their microbiome bacteria are context-dependent
processes, driven by main- and interactive effects of temperature and
photoperiod that differ in their direction among bacterial microbiome members.

(Objective I11)

e Coevolution under hard selection resulted in particularly tight species
associations in Arctic diatom holobionts that are relatively resistant to thermal

changes compared to temperate diatoms. (Objective 1)

e Differences in microbiome compositional plasticity of temperate and Arctic

diatoms could affect their adaptive capabilities due to differences in their ability

to recruit new microbiome bacteria but also their vulnerability to antagonistic

bacteria entering their phycosphere. (Objective I/11])

6.2.3 The diatom microbiome as an extended genotype

This thesis demonstrated the tight link between 7. gravida and its microbiome bacteria. This is
not only reflected in the relatively high compositional stability of the bacterial microbiome
community (see above) but also in the found synchronous host-microbiome gene expression
patterns. Precisely, publication III showed that almost half of all differentially expressed
bacterial genes were highly correlated with almost 90% of diatom host genes of interest. These
intertwined host-microbiome cellular processes jointly responded to environmental stimuli and
hence might further translate to the level of metabolic exchanges. Furthermore, the SCHoCO-
seq approach that enabled high-resolution host-specific microbiome profiling (publication IV)
demonstrated that the microbiome community dynamics under different nutrient limitations

were largely reproducible across individual diatom host cells. This suggests that strongly
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conserved coevolutive mechanisms are at play that are coordinated between the host genotype
and its microbiome. Thereby the microbiome acts as an extended genotype as it provides genetic
functions that can be accessed by the host when necessary. Even though the relative community
composition is more flexible in temperate diatoms (see above), the diversity of temperate
diatom microbiomes is reportedly still largely conserved (Monnich et al., 2020, Ahern et al.,

2021), thus the presence enabling similar coevolutive mechanisms.

The overall mostly mutualistic outcome of this tightly linked diatom holobiont (publication II
and III) is in strong support of the ‘hologenome theory of evolution” which posits that the host
and its microbiome act as one ‘unit of selection’, i.e., all genomes contained in the holobiont
are undergoing selective pressure together as an entity (Rosenberg and Zilber-Rosenberg,
2018). While classically, biotic interactions are considered to constrain an organism’s
fundamental niche and plasticity, thus shaping its realized niche (Sober6én and Arroyo-Pefia,
2017), microbiomes have a positive effect on the realized niche and enhance the holobiont’s
plasticity and adaptation (Petersen et al., 2023). The underlying reason for this is that the sum
of genetic functions of the holobiont and its genetic variability (i.e., its hologenome) is larger
than that of the host alone and thereby enhances its potential for higher plasticity (Bordenstein
and Theis, 2015). Although the hologenome concept was originally formulated only for
metazoan organisms, it should also be considered as an evolutionary framework for diatoms
(and other protists). It could be argued that compared to e.g., metazoan holobionts and their gut
microbiomes, diatom holobionts are not a discrete ‘metaorganism’ as their microbiomes are
rather a continuum from tightly attached to free-living bacteria. Nevertheless, the publications
IL, 111, and TV of this thesis demonstrate that diatom-bacteria assemblages are mostly mutualistic
and conserved species associations with strong metabolic links, suggesting that their
coevolution follows the same overarching principle as proposed for metazoans by the

hologenome theory of evolution (Simon et al., 2019).
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ﬁ(ey Outcomes

e Microbiome and host (meta-)transcriptomes are tightly coupled systems that
respond in a coordinated manner to abiotic changes even down to the individual

host cell level. (Objective I1I/IV)

e Synchronized host-microbiome transcriptomic responses with a synergistic
outcome and reproducible bacterial community dynamics across individual host
diatoms (enabled by novel single-cell microbiome profiling techniques) suggest a

common coevolutive history in line with the hologenome theory of evolution.

(Objective I1I/1V) /

6.3  Future perspectives
6.3.1 Validation by follow-up experiments

Publications I and II gave insights into the different responses of the studied temperate and
Arctic diatoms to different photoperiods, highlighting the role of the extreme Arctic light regime
for adaptation and the potential for poleward range shifts. However, to improve ecosystem-
scale predictions about diatom species distributional shifts and ecological consequences in the
future, the applicability of this finding needs to be tested and validated for further Arctic and
temperate phytoplankton species. Ideally, these photoperiodic assays would not only be
conducted with other Arctic and temperate diatoms but also with other phytoplankton groups,
including mixotrophic organisms which potentially are less constrained by extreme light
regimes (Cheung et al., 1998, Ong et al., 2023). Therefore, in laboratory experiments, mixed
communities of temperate and Arctic phytoplankton could be exposed to different temperature-
photoperiod combinations to study their competitive ability under Arctic spring bloom or polar
day conditions. A more realistic light setting could be employed mimicking the intensity and
spectrum for these different scenarios over the course of the day. Besides growth rates, also
photo-physiological parameters such as photosynthetic efficiency, non-photochemical
quenching, and ROS production could be measured to understand the underlying cellular
processes at play. Subsequently, a simple mathematical model that is flexible enough to account

for the observed variability in photoperiod reaction norms in publication I could be developed
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to implement this driver in species distribution models. Due to the interactive nature of
photoperiod as a driver with temperature and likely also light intensity (Theus et al., 2022), the
mathematical integration of these interactions, similarly as demonstrated for temperature-

nutrient interactions (Thomas et al., 2017), would be an important next step.

Additionally, long-term experiments under extreme photoperiods could be conducted to
estimate the adaptative capabilities of temperate diatoms to extreme photoperiods.
Complementary, to estimate the maximum thermal adaptation speed of Arctic diatoms under
warming rates corresponding to Arctic amplification, thermal reaction norms could be
conducted with Arctic diatoms resurrected from resting stages in different Arctic sediment
layers of the last 100 years, similarly as already demonstrated by Hattich et al (2024) for
temperate species. Transcriptomic profiling in these experiments could provide valuable
insights into the genes involved and thus potentially disentangle which of the candidate genes
identified in publication I (as potentially carrying habitat-specific adaptation) contribute to
thermal or photoperiodic adaptation, respectively.

As shown in publications II and III, the diatom-associated microbiome bacteria substantially
modulate the host’s growth responses to temperature and photoperiod. Yet, it is currently
unknown, whether temperate and Arctic diatoms could potentially exchange parts of their
microbiome to improve their performance under thermal or photoperiodic stress. Although
multiple previous studies demonstrated the strong host-specificity of diatom microbiome
communities (Baker and Kemp, 2014, Behringer et al., 2018, Monnich et al., 2020, Ahern et
al., 2021), none of these studies tested the host’s potential for the recruitment of novel
microbiome bacteria under challenging environmental conditions. Therefore, another
interesting follow-up experiment could be a co-culture experiment, in which Arctic and
temperate diatom hosts are separated by a membrane that is permeable to bacteria. After
exposing these co-cultures to different combinations of temperature and photoperiod, their
microbiome composition could be examined for microbial exchanges and their performance
could be compared to monoculture control treatments in order to determine the net effect of

potential bacterial exchanges on host growth performance.

6.3.2 From lab to field: Plasticity of natural diatom holobionts

To more realistically study the diversity and plasticity of diatom microbiomes it is necessary to
apply the newly developed method presented in publication IV (Objective 1V) in the field

context to obtain diatom species-specific in-situ data of their microbiome community
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composition. The qualitative advantage of this is that biases due to cultivation (i.e., loss of

unculturable bacteria) or filtration (only mixed host community samples) are avoided.

To implemented this approach, I received the Bremen IDEA grant which allowed me to take
part in an expedition in southwest Greenland in 2023 during the spring bloom as part of a
monitoring program of the Greenland Climate Research Center (GCRC). To investigate how
abiotic drivers shape microbiomes of different diatom species in a more realistic setting, [
sampled ~700 diatom single-cell holobionts at a total of 20 stations along three transects that
characterize different environmental gradients from high or low glacial impact towards the open
ocean (Fig. 6.2). Additionally, a one-month time series station was sampled repeatedly to study
the diatom holobiont response to the transition phase of the fast-changing light regime during
early spring. CTD profiles and nutrient samples that were produced as part of the monitoring
cruise will be used to correlate changes in microbiome community compositions to
environmental drivers. At the three most distant stations of the three sampled transects, bulk
RNA samples were taken to investigate how the different habitat characteristics of these stations
(i.e., open ocean vs. glacial ice edge vs. fjord with low glacial impact) affect interactions of
diatoms and bacteria on the community level. The samples produced for this project are

currently processed.
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Fig. 6.2.: Sampling plan of the MIDIDARC expedition 2023 to study microbial diversity and plasticity of natural
diatom microbiomes in southeast Greenland. Points show the location of the sampling stations for diatom single-
cells and bulk samples for community composition. The color code in the legend illustrates the environmental
differences of the three transects. At the end of each transect, RNA bulk samples were taken (purple circle). Time
series stations are marked with a red circle.

Based on the outcome of publications II, III, and IV, within a respective diatom species, I expect
to find a core microbiome that is complemented by unique bacterial taxa for different
subpopulations. I further hypothesize that different habitat characteristics in terms of nutrient
concentrations (e.g., subglacial nutrient upwelling at the glacial ice edge) will lead to
compositional differences across diatom subpopulations at the three stations, driven by host and

bacterial metabolic demands.

6.3.3 Functional redundancy in microbiomes as insurance for perturbations

Despite the finding of mutualistic and relatively stable species associations in the here studied
diatom microbiomes, this thesis also demonstrated that diatom holobionts are not always able

to buffer abiotic stress. In some cases, this might lead to dysbiosis with potential negative
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consequences for holobiont survival as indicated in publication II under specific conditions.
Furthermore, when microbiomes are shifted out of balance this may result in the loss of key
bacterial groups as for instance, the Sulfitobacter clade in publication III with cascading effects
on other microbiome bacteria (Isaac et al., 2024). Considered in the context of the hologenome
theory, this is bringing the risk of potentially losing a genetic property that could be essential to
holobiont survival in a given habitat (Petersen et al., 2023). Therefore, quantifying the
redundancy of essential microbiome functions would be an important next step toward
understanding the vulnerability of diatom holobionts in different ocean provinces. For instance,
a study by Zoccarato et al. (2022) showed in a comparative genomic approach, that of 412
studied marine bacterial genomes, 57-70 % of bacterial taxa produce different B vitamins but
only 10% are capable of siderophore production. Yet, in iron-limited regions such as the
Southern Ocean, this function might be of crucial importance and its redundancy could
determine holobiont survival after a disturbance of the microbiome community. Moreover,
identifying biogeographic region-specific highly redundant functions could give important
insights into which genetic traits are essential for holobiont proliferation in the respective
habitat (Zoccarato et al., 2022). Due to the pronounced host-specificity of microbiome
communities (Baker and Kemp, 2014), to study their functional redundancy in different ocean
provinces, it is necessary to determine the microbiome community on the individual host cell
level as proposed in publication IV. However, to obtain host-specific information not only about
bacterial diversity but also about the functional properties of algae-associated microbiomes,
additional metagenome-assembled-genomes (MAGs) obtained from bulk samples could be
used to assign the resulting bacterial genomes to the respective amplicons of the bacteria
attached to individual diatom host cells (Fig. 6.3). This would allow to determine the functional
redundancy within microbiomes of diatoms that could serve as an insurance for environmental

perturbations.
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Fig. 6.3: Conceptual figure to study functional redundancy in natural diatom microbiomes. The methodological
approach involves single-cell microbiome community analysis as developed in publication IV. Moreover, 16S and
18S amplicon sequencing of size-fractioned bulk samples could give insights into phytoplankton community
composition as well as particle-associated and free-living bacterial communities. The same bulk samples could
further be used for metagenomic sequencing, allowing for the construction of MAGs that enable the assignment

of bacterial functions to individual host diatoms. Figure contains elements from BioRender.com
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6 SYNTHESIS

6.4 Concluding remarks

The intricate relationship within the phytoplankton holobiont and its sophisticated host-
microbiome interactions have fascinated a growing community of researchers over many
decades (Helliwell et al., 2022). However, the fact that climate change affects phytoplankton
distributional ranges and challenges their ability for adaptation with potentially far reaching
ecological and biogeochemical implications raises the need to understand the role of the
phytoplankton holobiont in a multifactorial setting. This thesis contributes to this understanding
by studying the biogeographic adaptation of two closely related Arctic and temperate diatoms

from a holobiont perspective.

I demonstrated that a common temperate diatom is currently limited in its ability for poleward
range expansions due to impaired performance under the extreme photoperiods that are
characteristic for high latitudes. However, its microbiome was shown to play an important role
in adapting the host to the relevant environmental conditions (i.e., cold temperatures combined
with extreme photoperiods) while showing a high compositional plasticity. Furthermore, I
demonstrated that Arctic diatoms evolved to their extreme environment by means of conserved
genetic modifications at the cost of lowered genetic variability with potential constraints for
their thermal adaptation under Arctic amplification. The bacterial microbiome of the studied
Arctic diatom is compositionally more stable and exerts a mostly positive net effect on its host
diatom’s growth, depending on abiotic conditions. However, under thermal stress it also brings
risks of shifting from an overall mutualistic to an antagonistic net effect, likely depending on
host cell viability. Moreover, this thesis revealed that the underlying tightly linked host-
microbiome interactions are not uncoupled from environmental conditions but show
coordinated responses between the host and its microbiome to temperature and photoperiod
with unique expression trajectories for different microbiome members. This underlines the need
for future studies to consider that the probability to identify a specific host-microbiome process
is depending on interacting abiotic factors. Eventually, a novel method was introduced to profile
diatom microbiomes at a high resolution on the single host cell level, paving the road for more

realistic investigations of diatom holobionts in the coming years.

Ultimately, this thesis highlights the value of stepwise experimental designs, by narrowing
down highly resolved single drivers to relevant and carefully chosen multifactorial conditions.
Combined with multi-omics techniques this approach enabled to study how diatoms and their
microbiomes jointly respond and adapt to a multifactorial world that is rapidly changing,

particularly in the unique Arctic habitat
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Table S2.1: Detailed available information about the diatom strains used in this study. Information contains
species name, strain name as used throughout the manuscript (ID), the official strain name as used in the respective
culture collections where the strains originated from (strain name), isolation date, and the sampling location
(latitude, longitude) in decimal degrees (if available). Moreover, culture conditions during long-term cultivation
in the respective culture collections are given, showing that both Arctic and temperate strains were kept at rather
intermediate photoperiods before they were obtained for this study.

culture culture
species ID Strain name isolation date latitude longitude collection collection
temperature photoperiod

T. gravida Al Uio478 2018-08-20 83.33 29.29 4°C 14:10h
T. gravida A2 Ui0483 2018-08-05 83.15 31.46 4°C 14:10h
T. gravida A3 Uio484 2018-08-05 83.15 31.46 4°C 14:10h
T. gravida A4 Ul10447 2017-09-12 79.99 14.97 4°C 14:10h
T. gravida A5 Ui0448 2017-09-12 79.99 14.97 4°C 14:10h
T rotula T1 t_rotula_S16 unknown 54.183333 7.9 15°C 16:8h
T. rotula T2 strain WHV 2022-03-06 54.183333 7.9 15°C 16:8h
T. rotula T3 strain_Sylt 2021-09-01 55.0300 8.46 15°C 16:8h
T rotula T4 RCC_778 unknown English channel 13°C 12:12h
T rotula T5 RCC 290 unknown English channel 20°C 12:12h
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Details and references for RNA-seq input data for CAAStools analysis. For each RNA-seq data set

Table S2.2

location code number in Figure 4 of the main manuscript is given, as well as RNA-seq type (i.e., obtained from

culture isolate or metatranscriptomic field sample), species and strain (in case of culture isolates), origin and

specific sampling or isolation coordinates and data references. Coordinates marked with an asterisk (*) indicate

approxim ate coordinates as exact location could not be identified.

Location

Code

(Fig.4) RNA-seq type Species Strain Origin Lat Long Reference

1 Isolate Thalassiosira gravida NORCCA UiO478 (A1) Arctic 83.33 29.29 this study

2 Isolate Thalassiosira gravida NORCCA UiO483 (A2) Arctic 83.15 31.46 this study

3 Isolate Thalassiosira gravida NORCCA UiO484 (A3) Arctic 83.15 31.46 this study

4 Isolate Thalassiosira gravida NORCCA UiO447 (A4) Arctic 79.99 14.97 this study

5 Isolate Thalassiosira gravida NORCCA UiO448 (A5) Arctic 79.99 14.97 this study

6 Isolate Thalassiosira rotula Harder Lab t.rotula S16 (T1)  Temperate 54.18 7.90 this study

7 Isolate Thalassiosira rotula WHYV (T2) Temperate 54.18 7.90 this study

8 Isolate Thalassiosira rotula Sylt (T3) Temperate 55.03 8.46 this study

9 Isolate Thalassiosira rotula RCC290 (T4) Temperate 49.79* -2.57* this study

10 Isolate Shionodiscus bioculatus - Arctic 78.98 9.48 this study

1 Isolate Minidiscus spinulatus RCC4659 Temperate 49.79* -2.57* https://zenodo.org/records/5256603
12 Isolate Minidiscus variabilis RCC4665 Temperate 49.79* -2.57* https://zenodo.org/records/5256603
13 Isolate Minutocellus polymorphus - Temperate -17.50 11.25 https://evocellbio.com/eukprot/

14 Isolate Fragilariopsis sp. - Arctic 69.07 -52.41 https://doi.org/10.1186/s12867-019-0124-0
15 Isolate Pseudo-Nitzschia turgidula - Arctic 69.07 -52.41 https://doi.org/10.1186/s12867-019-0124-0
16 Isolate Arcocellulus cornucervis - Arctic 71.18 -159.42 https://evocellbio.com/eukprot/

17 Isolate Chaetoceros diadema - Arctic 78.98 9.48 this study

18 Isolate Pseudo-Nitzschia turgidula - Arctic 78.98 9.48 this study

19 Isolate Dactyliosolen fragilissimus - Temperate 41.33 -70.57 https://evocellbio.com/eukprot/

20 Isolate Detonula confervaceae - Temperate 41.60 -71.40 https://evocellbio.com/eukprot/

21 Metatranscriptome - - Temperate 44.28 -12.61 DOI: 10.46936/10.25585/60000951
22 Metatranscriptome - - Temperate 45.53 -12.43 DOI: 10.46936/10.25585/60000951
23 Metatranscriptome - - Temperate 47.57 -12.11 DOI: 10.46936/10.25585/60000951
24 Metatranscriptome - - Arctic 78.85 9.23 DOI: 10.46936/10.25585/60000951
25 Metatranscriptome - - Arctic 78.87 8.11 DOI: 10.46936/10.25585/60000951
26 Metatranscriptome - - Arctic 79.02 -9.52 DOI: 10.46936/10.25585/60000951
27 Metatranscriptome - - Arctic 79.04 -7.67 DOI: 10.46936/10.25585/60000951
28 Metatranscriptome - - Arctic 79.07 7.08 DOI: 10.46936/10.25585/60000951
29 Metatranscriptome - - Arctic 79.08 -8.52 DOI: 10.46936/10.25585/60000951
30 Metatranscriptome - - Temperate 41.50 -71.33  https://doi.org/10.1073/pnas.1421993112
31 Isolate Minidiscus comicus Temperate 49.79* -2.57* https://zenodo.org/records/5256603
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Table S2.3: ANOVA results testing for differences of GAM shape as a response of photoperiod and the
interaction of photoperiod and strain origin. Reference degrees of freedom (Ref. df), F-, and p-values are
reported for each effect. Values marked with an asterisk (*) indicate significant effects (p < 0.05).

GAM shape
Ref. df F p
photoperiod 3 420.53 <0.001 *
photoperiod*origin 3 49.96 <0.001 *

Figure S2.1: Phylogenetic tree of ITS1 sequences for the 7' rotula and T. gravida strains used in this study and
respective reference sequences for both species (strains JX074...) identified by Whittaker et al (2012).

T3
JX074825
JX074826
T5
T1
@ JX074829 Thalassiosira rotula
® JX074830
@ JX074831
® JX074832
® JX074827
@ JX074828
JX074930
JX074929
Al
1 A5 Thalassiosira gravida
A4
® JX074928
@ JX074927
® A2
® A3
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Table S1: Pairwise Post-hoc results for all treatment combinations on the maximum growth rate (imax) for 70
gravida (polar)

diff ci.lo ci.hi t p
9.axenic.4-4.axenic.4 -0.0594  -0.07920 -0.03958 10.78 <.01
13.5.axenic.4-4.axenic.4 -0.1075  -0.13205 -0.08295 15.83 <.01
4 .xenic.4-4.axenic.4 0.0857 0.07070 0.10072 20.53 <.01
9.xenic.4-4.axenic.4 0.3021 0.28345 0.32071 58.23 <.01
13.5.xenic.4-4.axenic.4 0.3078 0.29026 0.32537 62.93 <.01
4.axenic.16-4.axenic.4 0.3522 0.32295 0.38154 43.66 <.01
9.axenic.16-4.axenic.4 0.3501 0.30099 0.39917 26.14 <.01
13.5.axenic.16-4.axenic.4 0.1826 0.14194 0.22335 16.40 <.01
4 .xenic.16-4.axenic.4 0.3344 0.30216 0.36673 37.70 <.01
9.xenic.16-4.axenic.4 0.5922 0.56587 0.61848 81.52 <.01
13.5.xenic.16-4.axenic.4 0.5257 0.50563 0.54569 94.36 <.01
4.axenic.24-4.axenic.4 0.3211 0.30210 0.34011 60.69 <.01
9.axenic.24-4.axenic.4 0.4130 0.38246 0.44345 49.40 <.01
13.5.axenic.24-4.axenic.4 0.4201 0.39920 0.44100 72.36 <.01
4 .xenic.24-4.axenic.4 0.3425 0.32073 0.36429 56.66 <.01
9.xenic.24-4.axenic.4 0.5463 0.50944 0.58310 54.13 <.01
13.5.xenic.24-4.axenic.4 0.2547 0.22272 0.28658 29.02 <.01
13.5.axenic.4-9.axenic.4 -0.0481  -0.07462 -0.02160 6.53 <.01
4 .xenic.4-9.axenic.4 0.1451 0.12680 0.16340 28.65 <.01
9.xenic.4-9.axenic.4 0.3615 0.34020 0.38274 60.99 <.01
13.5.xenic.4-9.axenic.4 0.3672 0.34684 0.38757 64.77 <.01
4.axenic.16-9.axenic.4 0.4116 0.38073 0.44255 48.08 <.01
9.axenic.16-9.axenic.4 0.4095 0.35946 0.45948 29.89 <.01
13.5.axenic.16-9.axenic.4 0.2420 0.20021 0.28387 21.05 <.01
4 .xenic.16-9.axenic.4 0.3938 0.36010 0.42758 42.24 <.01
9.xenic.16-9.axenic.4 0.6516 0.62344 0.67969 83.44 <.01
13.5.xenic.16-9.axenic.4 0.5851 0.56257 0.60753 93.38 <.01
4.axenic.24-9.axenic.4 0.3805 0.35891 0.40209 63.23 <.01
9.axenic.24-9.axenic.4 0.4723 0.44032 0.50437 53.45 <.01
13.5.axenic.24-9.axenic.4 0.4795 0.45626 0.50273 74.06 <.01
4.xenic.24-9.axenic.4 0.4019 0.37788 0.42592 60.07 <.01
9.xenic.24-9.axenic.4 0.6057 0.56758 0.64375 57.73 <.01
13.5.xenic.24-9.axenic.4 0.3140 0.28065 0.34744 34.02 <.01
4 .xenic.4-13.5.axenic.4 0.1932 0.16981 0.21661 30.02 <.01
9.xenic.4-13.5.axenic.4 0.4096 0.38389 0.43528 57.41 <.01
13.5.xenic.4-13.5.axenic.4 0.4153 0.39034 0.44030 60.00 <.01
4.axenic.16-13.5.axenic.4 0.4598 0.42585 0.49366 48.72 <.01
9.axenic.16-13.5.axenic.4 0.4576 0.40580 0.50936 32.08 <.01
13.5.axenic.16-13.5.axenic.4 0.2902 0.24617 0.33413 23.85 <.01
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4 xenic.16-13.5.axenic.4
9.xenic.16-13.5.axenic.4
13.5.xenic.16-13.5.axenic.4
4.axenic.24-13.5.axenic.4
9.axenic.24-13.5.axenic.4
13.5.axenic.24-13.5.axenic.4
4 xenic.24-13.5.axenic.4
9.xenic.24-13.5.axenic.4
13.5.xenic.24-13.5.axenic.4
9.xenic.4-4.xenic.4
13.5.xenic.4-4.xenic.4
4.axenic.16-4.xenic.4
9.axenic.16-4.xenic.4
13.5.axenic.16-4.xenic.4

4 xenic.16-4.xenic.4
9.xenic.16-4.xenic.4
13.5.xenic.16-4.xenic.4
4.axenic.24-4.xenic.4
9.axenic.24-4 xenic.4
13.5.axenic.24-4.xenic.4

4 xenic.24-4.xenic.4
9.xenic.24-4 xenic.4
13.5.xenic.24-4 xenic.4
13.5.xenic.4-9.xenic.4

4 .axenic.16-9.xenic.4
9.axenic.16-9.xenic.4
13.5.axenic.16-9.xenic.4

4 xenic.16-9.xenic.4
9.xenic.16-9.xenic.4
13.5.xenic.16-9.xenic.4

4 .axenic.24-9.xenic.4
9.axenic.24-9.xenic.4
13.5.axenic.24-9.xenic.4

4 xenic.24-9.xenic.4
9.xenic.24-9 .xenic.4
13.5.xenic.24-9.xenic.4
4.axenic.16-13.5.xenic.4
9.axenic.16-13.5.xenic.4
13.5.axenic.16-13.5.xenic.4
4 xenic.16-13.5.xenic.4
9.xenic.16-13.5.xenic.4
13.5.xenic.16-13.5.xenic.4
4.axenic.24-13.5.xenic.4

9.axenic.24-13.5.xenic.4
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0.4419
0.6997
0.6332
0.4286
0.5205
0.5276
0.4500
0.6538
0.3622
0.2164
0.2221
0.2665
0.2644
0.0969
0.2487
0.5065
0.4400
0.2354
0.3272
0.3344
0.2568
0.4606
0.1689
0.0057
0.0502
0.0480
-0.1194
0.0324
0.2901
0.2236
0.0190
0.1109
0.1180
0.0404
0.2442
-0.0474
0.0444
0.0423
-0.1252
0.0266
0.2844
0.2178
0.0133
0.1051

0.40549
0.66824
0.60650
0.40266
0.48556
0.50032
0.42208
0.61331
0.32601
0.19938
0.20633
0.23818
0.21581
0.05688
0.21728
0.48122
0.42141
0.21799
0.29763
0.31491
0.23635
0.42446
0.13786
-0.01349
0.01993
-0.00163
-0.16079
-0.00077
0.26273
0.20210
-0.00151
0.07948
0.09575
0.01733
0.20663
-0.08021
0.01479
-0.00703
-0.16612
-0.00597
0.25765
0.19727
-0.00630
0.07431
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0.47841
0.73112
0.65983
0.45457
0.55535
0.55489
0.47794
0.69424
0.39831
0.23336
0.23788
0.29490
0.31293
0.13700
0.28019
0.53171
0.45850
0.25281
0.35686
0.35388
0.27724
0.49667
0.20003
0.02496
0.08040
0.09762
-0.07808
0.06550
0.31746
0.24506
0.03956
0.14226
0.14029
0.06352
0.28175
-0.01464
0.07408
0.09155
-0.08422
0.05924
0.31106
0.23843
0.03288
0.13597

43.61
79.87
85.36
59.45
53.72
69.46
57.84
58.28
36.04
45.93
50.67
34.31
20.00
8.88

28.92
73.06
85.75
48.79
40.53
62.11
45.52
46.73
19.87
1.07

6.00

3.54

10.53
3.54

38.25
37.37
3.32

12.83
19.03
6.29

23.65
5.24

5.43

3.14

11.16
2.97

38.50
38.03
2.44

12.42

<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01

<.01
.07
<.01
.06
<.01
<.01

<.01
<.01
<.01
<.01
<.01
<.01
.18

<.01
25

<.01
<.01
.58

<.01



13.5.axenic.24-13.5.xenic.4
4.xenic.24-13.5.xenic.4
9.xenic.24-13.5 xenic.4
13.5.xenic.24-13.5 xenic.4
9.axenic.16-4.axenic.16
13.5.axenic.16-4.axenic.16
4 xenic.16-4.axenic.16
9.xenic.16-4.axenic.16
13.5.xenic.16-4.axenic.16
4.axenic.24-4.axenic.16
9.axenic.24-4.axenic.16
13.5.axenic.24-4.axenic.16
4 xenic.24-4.axenic.16
9.xenic.24-4.axenic.16
13.5.xenic.24-4.axenic.16
13.5.axenic.16-9.axenic.16
4.xenic.16-9.axenic.16
9.xenic.16-9.axenic.16
13.5.xenic.16-9.axenic.16
4.axenic.24-9.axenic.16
9.axenic.24-9.axenic.16
13.5.axenic.24-9.axenic.16
4 .xenic.24-9.axenic.16
9.xenic.24-9.axenic.16
13.5.xenic.24-9.axenic.16
4 .xenic.16-13.5.axenic.16
9.xenic.16-13.5.axenic.16
13.5.xenic.16-13.5.axenic.16
4.axenic.24-13.5.axenic.16
9.axenic.24-13.5.axenic.16
13.5.axenic.24-13.5.axenic.16
4 .xenic.24-13.5.axenic.16
9.xenic.24-13.5.axenic.16
13.5.xenic.24-13.5.axenic.16
9.xenic.16-4.xenic.16
13.5.xenic.16-4.xenic.16
4.axenic.24-4.xenic.16
9.axenic.24-4.xenic.16
13.5.axenic.24-4.xenic.16
4 .xenic.24-4.xenic.16
9.xenic.24-4.xenic.16
13.5.xenic.24-4.xenic.16
13.5.xenic.16-9.xenic.16

4.axenic.24-9.xenic.16
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0.1123
0.0347
0.2385
-0.0532
-0.0022
-0.1696
-0.0178
0.2399
0.1734
-0.0311
0.0607
0.0679
-0.0097
0.1940
-0.0976
-0.1674
-0.0156
0.2421
0.1756
-0.0290
0.0629
0.0700
-0.0076
0.1962
-0.0954
0.1518
0.4095
0.3430
0.1385
0.2303
0.2375
0.1599
0.3636
0.0720
0.2577
0.1912
-0.0133
0.0785
0.0857
0.0081
0.2118
-0.0798
-0.0665
-0.2711

0.09087
0.01241
0.20136
-0.08541
-0.05607
-0.21612
-0.05739
0.20481
0.14237
-0.06159
0.02254
0.03630
-0.04184
0.15077
-0.13690
-0.22767
-0.07103
0.18957
0.12549
-0.07872
0.00843
0.01964
-0.05828
0.13830
-0.15063
0.10350
0.36465
0.30109
0.09695
0.18313
0.19516
0.11718
0.31240
0.02393
0.22016
0.15736
-0.04666
0.03811
0.05133
-0.02676
0.16664
-0.12126
-0.09478
-0.29867
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0.13370
0.05697
0.27556
-0.02091
0.05172
-0.12309
0.02178
0.27504
0.20445
-0.00069
0.09887
0.09941
0.02236
0.23727
-0.05829
-0.10719
0.03976
0.29462
0.22567
0.02078
0.11732
0.12041
0.04314
0.25410
-0.04021
0.20009
0.45440
0.38494
0.17997
0.27748
0.27974
0.20254
0.41485
0.12008
0.29530
0.22507
0.01999
0.11890
0.11998
0.04288
0.25701
-0.03833
-0.03824
-0.24346

18.85
5.60
23.42
5.99
0.15
13.13
1.61
24.53
20.16
3.70
5.71
7.75
1.09
16.12
8.91
9.98
1.02
16.70
12.80
2.13
4.17
5.07
0.54
12.19
6.23
11.30
32.93
29.76
12.15
17.57
20.39
13.59
25.48
5.38
24.65
20.43
1.45
6.98
9.02
0.84
16.83
6.90
8.47
35.40

<.01
<.01
<.01
<.01

<.01
98

<.01
<.01
.04

<.01
<.01

<.01
<.01
<.01

<.01
<.01
.79
.01
<.01

<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
.99

<.01
<.01

<.01
<.01
<.01
<.01
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9.axenic.24-9.xenic.16 -0.1792  -0.21529 -0.14316 17.88 <.01
13.5.axenic.24-9.xenic.16 -0.1721  -0.20092 -0.14323 21.45 <.01
4.xenic.24-9.xenic.16 -0.2497  -0.27912 -0.22022 30.46 <.01
9.xenic.24-9.xenic.16 -0.0459  -0.08735 -0.00445 3.99 .02
13.5.xenic.24-9.xenic.16 -0.3375  -0.37479 -0.30025 32.53 <.01
4.axenic.24-13.5.xenic.16 -0.2046  -0.22635 -0.18276 33.68 <.01
9.axenic.24-13.5.xenic.16 -0.1127  -0.14486 -0.08055 12.70 <.01
13.5.axenic.24-13.5.xenic.16 -0.1056  -0.12898 -0.08214 16.17 <.01
4.xenic.24-13.5.xenic.16 -0.1832  -0.20735 -0.15896 27.17 <.01
9.xenic.24-13.5.xenic.16 0.0206 -0.01758 0.05880 1.96 .88
13.5.xenic.24-13.5.xenic.16 -0.2710  -0.30452 -0.23749 29.24 <.01
9.axenic.24-4.axenic.24 0.0918 0.06025 0.12343 10.55 <.01
13.5.axenic.24-4.axenic.24 0.0990 0.07642 0.12157 15.74 <.01
4.xenic.24-4.axenic.24 0.0214  -0.00199 0.04479 3.29 A1
9.xenic.24-4.axenic.24 0.2252 0.18744 0.26289 21.70 <.01
13.5.xenic.24-4.axenic.24 -0.0665  -0.09943 -0.03348 7.30 <.01
13.5.axenic.24-9.axenic.24 0.0071 -0.02550 0.03980 0.79 1
4.xenic.24-9.axenic.24 -0.0704  -0.10361 -0.03728 7.67 <.01
9.xenic.24-9.axenic.24 0.1333 0.08935 0.17730 10.90 <.01
13.5.xenic.24-9.axenic.24 -0.1583  -0.19842 -0.11817 14.17 <.01
4.xenic.24-13.5.axenic.24 -0.0776  -0.10248 -0.05271 11.19 <.01
9.xenic.24-13.5.axenic.24 0.1262 0.08758 0.16477 11.85 <.01
13.5.xenic.24-13.5.axenic.24 -0.1654  -0.19944 -0.13146 17.58 <.01
9.xenic.24-4.xenic.24 0.2038 0.16474 0.24279 18.90 <.01
13.5.xenic.24-4.xenic.24 -0.0879  -0.12234 -0.05336 9.19 <.01
13.5.xenic.24-9.xenic.24 -0.2916  -0.33656 -0.24667 23.29 <.01

Table S2: Pairwise Post-hoc results for all treatment combinations on the maximum growth rate (Kmax) for
T. gravida (polar) for T. rotula (temperate)

comparison diff ci.lo ci.hi t p

9.axenic.4-4.axenic.4 0.17532 0.1568 0.19386 33974 <.01
13.5.axenic.4-4.axenic.4 0.32314 0.3005 0.34574 51596 <.01
4 .xenic.4-4.axenic.4 0.17281 0.1533 0.19237 31769 <.01
9.xenic.4-4.axenic.4 0.29927 0.2812 0.31736 59388 <.01
13.5.xenic.4-4.axenic.4 0.41709 0.4011 0.43310 93475 <.01
4.axenic.16-4.axenic.4 0.17326 0.1571 0.18939 38551 <.01
9.axenic.16-4.axenic.4 0.47771 0.4545 0.50097 74181 <.01
13.5.axenic.16-4.axenic.4 0.65728 0.6317 0.68290 92920 <.01
4 .xenic.16-4.axenic.4 0.38755 0.3607 0.41435 52410 <.01
9.xenic.16-4.axenic.4 0.60603 0.5546 0.65746 43212 <.01
13.5.xenic.16-4.axenic.4 0.70803 0.6698 0.74623 67697 <.01
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4.axenic.24-4.axenic.4
9.axenic.24-4.axenic.4
13.5.axenic.24-4.axenic.4
4 xenic.24-4.axenic.4
9.xenic.24-4.axenic.4
13.5.xenic.24-4.axenic.4
13.5.axenic.4-9.axenic.4

4 xenic.4-9.axenic.4
9.xenic.4-9.axenic.4
13.5.xenic.4-9.axenic.4
4.axenic.16-9.axenic.4
9.axenic.16-9.axenic.4
13.5.axenic.16-9.axenic.4
4.xenic.16-9.axenic.4
9.xenic.16-9.axenic.4
13.5.xenic.16-9.axenic.4
4.axenic.24-9.axenic.4
9.axenic.24-9.axenic.4
13.5.axenic.24-9.axenic.4
4.xenic.24-9.axenic.4
9.xenic.24-9.axenic.4
13.5.xenic.24-9.axenic.4
4.xenic.4-13.5.axenic.4
9.xenic.4-13.5.axenic.4
13.5.xenic.4-13.5.axenic.4
4.axenic.16-13.5.axenic.4
9.axenic.16-13.5.axenic.4
13.5.axenic.16-13.5.axenic.4
4.xenic.16-13.5.axenic.4
9.xenic.16-13.5.axenic.4
13.5.xenic.16-13.5.axenic.4
4.axenic.24-13.5.axenic.4
9.axenic.24-13.5.axenic.4
13.5.axenic.24-13.5.axenic.4
4.xenic.24-13.5.axenic.4
9.xenic.24-13.5.axenic.4
13.5.xenic.24-13.5.axenic.4
9.xenic.4-4.xenic.4
13.5.xenic.4-4.xenic.4

4 .axenic.16-4.xenic.4
9.axenic.16-4.xenic.4
13.5.axenic.16-4.xenic.4

4 xenic.16-4.xenic.4

9.xenic.16-4.xenic.4
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-0.00577
0.05855
0.39745
0.11264
0.51715
0.25312
0.14782
-0.00251
0.12394
0.24176
-0.00206
0.30239
0.48196
0.21222
0.43070
0.53270
-0.18109
-0.11677
0.22213
-0.06268
0.34183
0.07780
-0.15033
-0.02387
0.09394
-0.14988
0.15457
0.33414
0.06441
0.28288
0.38488
-0.32891
-0.26459
0.07431
-0.21050
0.19401
-0.07002
0.12646
0.24427
0.00045
0.30490
0.48447
0.21474
0.43321

-0.0198
0.0400
0.3645
0.0970
0.4913
0.2215
0.1238
-0.0237
0.1041
0.2237
-0.0202
0.2778
0.4551
0.1843
0.3787
0.4937
-0.1974
-0.1370
0.1882
-0.0804
0.3148
0.0452
-0.1751
-0.0475
0.0717
-0.1722
0.1269
0.3046
0.0338
0.2295
0.3441
-0.3498
-0.2886
0.0383
-0.2324
0.1642
-0.1049
0.1056
0.2252
-0.0187
0.2796
0.4570
0.1862
0.3809

178

0.00823
0.07710
0.43042
0.12824
0.54304
0.28478
0.17180
0.01867
0.14381
0.25980
0.01608
0.32698
0.50877
0.24017
0.48270
0.57168
-0.16477
-0.09650
0.25600
-0.04500
0.36891
0.11040
-0.12559
-0.00021
0.11616
-0.12759
0.18221
0.36373
0.09500
0.33623
0.42570
-0.30801
-0.24059
0.11033
-0.18856
0.22383
-0.03518
0.14727
0.26337
0.01964
0.33023
0.51195
0.24332
0.48553

1486
11339
43913
25921
72350
29101
22161
0.426
22384
48182
0.408
44231
64808
27410
30307
49750
40150
20664
23789
12754
45533
8648
21824
3630
15286
24294
20067
40551
7562
19313
34120
57309
39651
7439
34725
23364
7241
21810
46053
0.085
43251
63471
27075
30263

.99

<.01
<.01
<.01
<.01
<.01
<.01

<.01
<.01

<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
.05

<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01

<.01
<.01
<.01
<.01



13.5.xenic.16-4.xenic.4
4.axenic.24-4.xenic.4
9.axenic.24-4 xenic.4
13.5.axenic.24-4.xenic.4

4 .xenic.24-4.xenic.4
9.xenic.24-4.xenic.4
13.5.xenic.24-4 xenic.4
13.5.xenic.4-9.xenic.4
4.axenic.16-9.xenic.4
9.axenic.16-9.xenic.4
13.5.axenic.16-9.xenic.4

4 xenic.16-9.xenic.4
9.xenic.16-9.xenic.4
13.5.xenic.16-9.xenic.4
4.axenic.24-9.xenic.4
9.axenic.24-9 xenic.4
13.5.axenic.24-9.xenic.4

4 xenic.24-9.xenic.4
9.xenic.24-9 xenic.4
13.5.xenic.24-9.xenic.4
4.axenic.16-13.5.xenic.4
9.axenic.16-13.5.xenic.4
13.5.axenic.16-13.5.xenic.4
4 .xenic.16-13.5.xenic.4
9.xenic.16-13.5.xenic.4
13.5.xenic.16-13.5.xenic.4
4.axenic.24-13.5.xenic.4
9.axenic.24-13.5.xenic.4
13.5.axenic.24-13.5.xenic.4
4 .xenic.24-13.5.xenic.4
9.xenic.24-13.5 xenic.4
13.5.xenic.24-13.5.xenic.4
9.axenic.16-4.axenic.16
13.5.axenic.16-4.axenic.16
4 xenic.16-4.axenic.16
9.xenic.16-4.axenic.16
13.5.xenic.16-4.axenic.16
4.axenic.24-4.axenic.16
9.axenic.24-4.axenic.16
13.5.axenic.24-4.axenic.16
4 .xenic.24-4.axenic.16
9.xenic.24-4.axenic.16
13.5.xenic.24-4.axenic.16

13.5.axenic.16-9.axenic.16
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0.53521
-0.17858
-0.11426
0.22464
-0.06017
0.34434
0.08031
0.11782
-0.12600
0.17844
0.35802
0.08828
0.30676
0.40876
-0.30504
-0.24071
0.09818
-0.18662
0.21789
-0.04615
-0.24382
0.06063
0.24020
-0.02954
0.18894
0.29094
-0.42286
-0.35853
-0.01964
-0.30444
0.10007
-0.16396
0.30445
0.48402
0.21428
0.43276
0.53476
-0.17903
-0.11471
0.22418
-0.06062
0.34389
0.07986
0.17957

0.4958
-0.1961
-0.1355
0.1903
-0.0789
0.3166
0.0472
0.1002
-0.1437
0.1542
0.3315
0.0606
0.2549
0.3700
-0.3208
-0.2606
0.0645
-0.2038
0.1911
-0.0785
-0.2594
0.0377
0.2149
-0.0560
0.1377
0.2529
-0.4361
-0.3766
-0.0524
-0.3194
0.0745
-0.1954
0.2815
0.4587
0.1877
0.3814
0.4967
-0.1925
-0.1329
0.1914
-0.0757
0.3183
0.0484
0.1495
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0.57462
-0.16107
-0.09306
0.25902
-0.04141
0.37208
0.11345
0.13540
-0.10832
0.20273
0.38455
0.11596
0.35862
0.44755
-0.28923
-0.22084
0.13185
-0.16941
0.24469
-0.01376
-0.22829
0.08350
0.26547
-0.00305
0.24022
0.32893
-0.40957
-0.34048
0.01308
-0.28946
0.12562
-0.13257
0.32740
0.50936
0.24083
0.48407
0.57279
-0.16560
-0.09656
0.25695
-0.04552
0.36951
0.11130
0.20963

49352
36994
19343
23660
11556
44709
8769
24080
25598
26454
48690
11521
21652
38382
69784
43447
10590
38986
29347
5169
56315
9584
34461
4049
13522
28005
114565
71404
2189
72921
14203
19035
47954
69235
29292
30949
51405
47998
22715
24947
14401
48668
9253
21441

<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
.01

<.01
<.01
<.01
<.01
75

<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
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4.xenic.16-9.axenic.16 -0.09016  -0.1212 -0.05911 10426 <.01
9.xenic.16-9.axenic.16 0.12831 0.0747 0.18190 8715 <.01
13.5.xenic.16-9.axenic.16 0.23031 0.1892 0.27145 20240 <.01
4.axenic.24-9.axenic.16 -0.48348  -0.5051 -0.46186 81509 <.01
9.axenic.24-9.axenic.16 -0.41916  -0.4438 -0.39455 61288 <.01
13.5.axenic.24-9.axenic.16 -0.08026  -0.1167 -0.04386 7946 <.01
4.xenic.24-9.axenic.16 -0.36507  -0.3877 -0.34245 58464 <.01
9.xenic.24-9.axenic.16 0.03944 0.0092 0.06973 4674 <.01
13.5.xenic.24-9.axenic.16 -0.22459  -0.2598 -0.18935 22951 <.01
4.xenic.16-13.5.axenic.16 -0.26974  -0.3025 -0.23698 29545 <.01
9.xenic.16-13.5.axenic.16 -0.05126  -0.1058 0.00324 3414 .09
13.5.xenic.16-13.5.axenic.16 0.05074 0.0084 0.09311 4318 .01
4.axenic.24-13.5.axenic.16 -0.66305  -0.6872 -0.63890 100243 <.01
9.axenic.24-13.5.axenic.16 -0.59873  -0.6256 -0.57191 80484 <.01
13.5.axenic.24-13.5.axenic.16 -0.25983  -0.2977 -0.22202 24708 <.01
4.xenic.24-13.5.axenic.16 -0.54464  -0.5697 -0.51960 78976 <.01
9.xenic.24-13.5.axenic.16 -0.14013  -0.1722 -0.10809 15690 <.01
13.5.xenic.24-13.5.axenic.16 -0.40416  -0.4409 -0.36745 39569 <.01
9.xenic.16-4.xenic.16 0.21848 0.1635 0.27347 14406 <.01
13.5.xenic.16-4.xenic.16 0.32048 0.2774 0.36351 26828 <.01
4.axenic.24-4.xenic.16 -0.39332  -0.4187 -0.36789 56540 <.01
9.axenic.24-4.xenic.16 -0.32899  -0.3569 -0.30104 42479 <.01
13.5.axenic.24-4.xenic.16 0.00990 -0.0287 0.04848 0.923 1
4.xenic.24-4.xenic.16 -0.27490  -0.3012 -0.24864 38049 <.01
9.xenic.24-4.xenic.16 0.12961 0.0966 0.16257 14107 <.01
13.5.xenic.24-4.xenic.16 -0.13442  -0.1719 -0.09693 12877 <.01
13.5.xenic.16-9.xenic.16 0.10200 0.0413 0.16270 6045 <.01
4.axenic.24-9.xenic.16 -0.61179  -0.6626 -0.56103 44337 <.01
9.axenic.24-9.xenic.16 -0.54747  -0.5995 -0.49547 38521 <.01
13.5.axenic.24-9.xenic.16 -0.20858  -0.2664 -0.15071 13004 <.01
4.xenic.24-9 xenic.16 -0.49338  -0.5446 -0.44221 35404 <.01
9.xenic.24-9.xenic.16 -0.08887  -0.1435 -0.03426 5906 <.01
13.5.xenic.24-9.xenic.16 -0.35290  -0.4101 -0.29570 22276 <.01
4.axenic.24-13.5.xenic.16 -0.71379  -0.7511 -0.67651 70299 <.01
9.axenic.24-13.5.xenic.16 -0.64947  -0.6885 -0.61049 60646 <.01
13.5.axenic.24-13.5.xenic.16 -0.31058  -0.3574 -0.26377 23824 <.01
4.xenic.24-13.5.xenic.16 -0.59538  -0.6332 -0.55754 57583 <.01
9.xenic.24-13.5.xenic.16 -0.19087  -0.2334 -0.14835 16183 <.01
13.5.xenic.24-13.5.xenic.16 -0.45490  -0.5009 -0.40895 35557 <.01
9.axenic.24-4.axenic.24 0.06432 0.0480 0.08067 14248 <.01
13.5.axenic.24-4.axenic.24 0.40322 0.3713 0.43510 46365 <.01
4.xenic.24-4.axenic.24 0.11841 0.1056 0.13118 33361 <.01
9.xenic.24-4.axenic.24 0.52292 0.4985 0.54737 78120 <.01
13.5.xenic.24-4.axenic.24 0.25889 0.2284 0.28941 31084 <.01
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0.33890
0.05409
0.45860
0.19457
-0.28481
0.11970
-0.14433
0.40451
0.14048
-0.26403

0.3050
0.0364
0.4315
0.1620
-0.3173
0.0817
-0.1862
0.3792
0.1093
-0.3009
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0.37278
0.07179
0.48569
0.22718
-0.25227
0.15770
-0.10245
0.42983
0.17169
-0.22714

36287
10998
61067
21625
31954
11329
12366
58016
16422
25720

<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
<.01
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Table S3: Maximum growth rate (1umax) means and standard deviations for all treatment combinations of axenic
and xenic 7. gravida (polar) and 7. rotula (temperate) cultures.

species bacteria temperature photoperiod mean j sd p
T gravida axenic 4 4 0.086 0.023
T gravida axenic 4 16 0.439 0.051
T gravida axenic 4 24 0.407 0.029
T gravida axenic 9 4 0.027 0.030
T gravida axenic 9 16 0.436 0.090
T gravida axenic 9 24 0.457 0.150
T gravida axenic 13.5 4 -0.021 0.041
T gravida axenic 13.5 16 0.269 0.074
T gravida axenic 13.5 24 0.506 0.033
T gravida xenic 4 4 0.172 0.017
T gravida xenic 4 16 0.421 0.057
T gravida xenic 4 24 0.429 0.035
T gravida xenic 9 4 0.388 0.028
T gravida xenic 9 16 0.678 0.045
T gravida xenic 9 24 0.633 0.066
T gravida xenic 13.5 4 0.394 0.025
T gravida xenic 13.5 16 0.612 0.031
T gravida xenic 13.5 24 0.341 0.056

T rotula axenic 4 4 -0.017 0.023

T rotula axenic 4 16 0.157 0.021

T rotula axenic 4 24 -0.022 0.015

T rotula axenic 9 4 0.159 0.028
T rotula axenic 9 16 0.461 0.038
T rotula axenic 9 24 0.042 0.028
T rotula axenic 13.5 4 0.307 0.037
T rotula axenic 13.5 16 0.641 0.043
T rotula axenic 13.5 24 0.381 0.058
T rotula xenic 4 4 0.156 0.030
T rotula xenic 4 16 0.371 0.046
T rotula xenic 4 24 0.096 0.020
T rotula xenic 9 4 0.283 0.027
T rotula xenic 9 16 0.589 0.094
T rotula xenic 9 24 0.501 0.044
T rotula xenic 13.5 4 0.400 0.021
T rotula xenic 13.5 16 0.691 0.069
T rotula xenic 13.5 24 0.237 0.056
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Figure S1: ITS1 sequences for the 7. rotula (T. rotula_S16) and 7. gravida (T.gravida UiO478) strains used in
this study and 3 reference sequences for both species (strains JX07...) identified by Whittaker et al (2012)
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Figure S2: Exemplary images of CYBR green stained xenic (left) and axenic (right) 7. gravida cultures at 200X

I
(bottom) and 400X (top) magnification. Please note that CYBR green is a DNA-specific dye and that the large
green staining inside the cells are the nucleus and not a contamination.
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Figure S3: Maximum growth rates (n max) of the xenic 7. gravida (polar) on the y-axis across the three tested

temperatures of 4°C; 9°C and 13.5°C on the x-axis in combination with the three photoperiods 4h; 16h and 24h
indicated by color.
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Figure S4: Maximum growth rates (n max) of the xenic 7. rotula (temperate) on the y-axis across the three tested
temperatures of 4°C; 9°C and 13.5°C on the x-axis in combination with the three photoperiods 4h; 16h and 24h

indicated by color.
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Figure S5: Maximum growth rates (u max) of the axenic 7. gravida (polar) on the y-axis across the three tested
temperatures of 4°C; 9°C and 13.5°C on the x-axis in combination with the three photoperiods 4h; 16h and 24h
indicated by color.
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Figure S6: Maximum growth rates (1 max) of the axenic 7. rotula (temperate) on the y-axis across the three tested
temperatures of 4°C; 9°C and 13.5°C on the x-axis in combination with the three photoperiods 4h; 16h and 24h

indicated by color.
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Figure S7: Raw fluorescence intensity of the polar Thalassiosira gravida on the y-axis against time in days on the
x-axis. Bacterial presence is indicated by color. Vertical facets represent the applied photoperiod in hours,
horizontal facets represent the applied temperature.
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Figure S8: Raw fluorescence intensity of the temperate Thalassiosira rotula on the y-axis against time in days on
the x-axis. Bacterial presence is indicated by color. Vertical facets represent the applied photoperiod in hours,
horizontal facets represent the applied temperature.
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Table S4.1: ANOVA results for main and interactive effects of bacterial presence (bac), temperature (temp) and
photoperiod (light) on the specific growth rate of Thalassiosira gravida cultures. Degrees of freedom (Df), sums
of squares (Sum Sq), mean squares (Mean Sq), as well as F- and p-values are given for each effect. Asterisks (*)
indicate significant effects (p < 0.05).

Df Sum Sq Mean Sq F value Pr(>F)
bac 1 1.614 1.614 1148.2 <0.001 *
temp 1 0.088 0.088 62.2 <0.001 *
light 1 0.409 0.409 290.9 <0.001 *
bac*temp 1 0.001 0.001 0.5 0.4691
bac*light 1 0.060 0.060 42.8 <0.001 *
temp*light 1 0.009 0.009 6.0 0.0197 *
bac*temp*light 1 0.034 0.034 24.1 <0.001 *
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Table S4.2: Host gene IDs (Gene ID) that were significantly different expressed in response to bacterial presence
and significantly enriched/depleted in their respective COG-category (COG). The description for each gene and
the respective Pfam domain (PFAMs) obtained from eggNOG-mapper v2 are given. Moreover, the assigned cluster
ID from the K-means clustering is given (Cluster. ID).

Gene o Clust.
D COG Description PFAMs D
euk 1 A Angel homolog - H1
euk 2 F Involved in maintaining the homeostasis of ADK,ADK lid H1

cellular nucleotides by catalyzing the
interconversion of nucleoside phosphates.
Has GTP AMP phosphotransferase and ITP
AMP phosphotransferase activities
euk 3 F Involved in maintaining the homeostasis of ADK,ADK lid H1
cellular nucleotides by catalyzing the
interconversion of nucleoside phosphates.
Has GTP AMP phosphotransferase and [TP
AMP phosphotransferase activities
euk 4 F Involved in maintaining the homeostasis of ADK,ADK lid H1
cellular nucleotides by catalyzing the
interconversion of nucleoside phosphates.
Has GTP AMP phosphotransferase and ITP
AMP phosphotransferase activities

euk 5 J Methyltransferase FkbM domain Methyltransf 21 H1

euk 6 J Methyltransferase FkbM domain Methyltransf 21 H1

euk 7 o peptide-methionine (R)-S-oxide reductase - H1
activity

euk 8 o protein folding DUF1977 H1

euk 9 o Dnal C terminal domain DnalJ C,Dna] CXXCXG HI

XG

euk 10 O Peptidase S8 Peptidase S8 H1

euk 11 P fucoxanthin chlorophyll a ¢ protein Chloroa_b-bind H1

euk 12 P Sodium/hydrogen exchanger family Na H_Exchanger H1

euk 13 A BING4CT (NUC141) domain - H2

euk 14 A Helicase associated domain (HA2) Add an DEAD,HA2,Helicase C,0 H2
annotation B_NTP_bind,zf-RanBP

euk 15 A helicase superfamily c-terminal domain DEAD,GUCT,Helicase C H2

euk 16 A DUF4217 DEAD,DUF4217,Helicase H2

C

euk 17 L AAA domain - H2

euk 18 L AAA domain - H2

euk 19 L AAA domain AAA 11,AAA 12 H2

euk 20 L AAA domain AAA 12 H2

euk 21 O positive regulation of hematopoietic stem  PDCD2 C H2
cell proliferation

euk 22 O Belongs to the heat shock protein 70 HSP70 H2
family

euk 23 O PIN domain of ribonuclease NOB1 Zn bind,PIN 6 H2

euk 24 O Peptidase family M3 Peptidase M3 H2

euk 25 O Thioredoxin Thioredoxin H2

euk 26 P Sodium:dicarboxylate symporter family SDF H2
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euk 27 P Sodium:dicarboxylate symporter family SDF H2
euk 28 B Williams-Beuren syndrome DDT (WSD), WSD H3
D-TOX E motif
euk 29 1 long-chain-3-hydroxyacyl-CoA Thiolase C,Thiolase N H3
dehydrogenase activity
euk 30 I 3-hydroxyacyl-CoA dehydrogenase, NAD 3HCDH,3HCDH N H3
binding domain
euk 31 1 Domain of unknown function (DUF3336)  Patatin H3
euk 32 1 Domain of unknown function (DUF3336) - H3
euk 33 I 3-hydroxyacyl-CoA dehydrogenase, NAD 3HCDH,3HCDH N H3
binding domain
euk 34 1 Domain of unknown function (DUF3336) DUF3336,Patatin H3
euk 35 1 Belongs to the enoyl-CoA hydratase ECH 1 H3
isomerase family
euk 36 1 Enoyl-CoA hydratase/isomerase ECH_1 H3
euk 37 1 Enoyl-CoA hydratase/isomerase ECH 1 H3
euk 38 1 long-chain-3-hydroxyacyl-CoA Thiolase N H3
dehydrogenase activity
euk 39 1 AMP-binding enzyme AMP-binding H3
euk 40 J Catalyzes the formation of 2'O-methylated SpoU_methylase H3
cytidine (Cm32) or 2'O-methylated uridine
(Um32) at position 32 in tRNA
euk 41 L BRCAZ2, oligonucleotide/oligosaccharide- BRCA-2 OB1,BRCA- H3
binding, domain 1 2 helical
euk 42 L HELICc2 DEAD 2,Helicase C 2 H3
euk 43 M tail specific protease - H3
euk 44 A RNA recognition motif. (a.k.a. RRM, RRM 1 H4
RBD, or RNP domain)
euk 45 A helicase superfamily c-terminal domain DEAD H4
euk 46 I Belongs to the CDP-alcohol CDP-OH_P_transf H4
phosphatidyltransferase class-I family
euk 47 J structural constituent of ribosome ubiquitin H4
euk 48 M Mechanosensitive ion channel - H4
euk 49 M Mechanosensitive ion channel - H4
euk 50 O Belongs to the peptidase S1 family Trypsin H4
euk 51 O Serine carboxypeptidase S28 Peptidase_S28 H4
euk 52 O peptide-methionine (S)-S-oxide reductase = PMSR H4
activity
euk 53  Q ABC transporter ABC2_membrane,ABC tr H4
an
euk 54 A helicase superfamily c-terminal domain DEAD H5
euk 55 O N-terminal domain of galactosyltransferase Glyco_transf 7C,Glycos t H5
ransf 2
euk 56 O N-terminal domain of galactosyltransferase Glyco transf 7C,Glycos t HS5
ransf 2
euk 57 O AAA domain (Cdc48 subfamily) AAA H5
euk 58 O PIN domain of ribonuclease NOBI1_Zn_bind,PIN_6 H5
euk 59 Q ABC transporter ABC tran HS5
euk 60 Q ABC transporter ABC tran,Fer4,RLI H5
euk 61 A RNA recognition motif RRM 1 H6
euk 62 O Dnal C terminal domain DnaJ,.DnaJ C,Dna] CXX H6
CXGXG
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euk 63 O peptide-methionine (R)-S-oxide reductase - H6
activity
euk 64 O Belongs to the peptidase S1 family Trypsin H6
euk 65 O Protein prenyltransferase alpha subunit PPTA H6
repeat
euk 66 O Protein prenyltransferase alpha subunit PPTA H6
repeat
euk 67 O Trypsin-like serine protease Trypsin H6
euk 68 O protein folding Dnal H6
euk 69 O Trypsin-like serine protease Trypsin H6
euk 70 O peptide-methionine (R)-S-oxide reductase - H6
activity
euk 71 O Belongs to the peptidase S1 family Trypsin H6
euk 72 O PFAM Beta-propeller repeat - H6
euk 73 O Chitin recognition protein Chitin_bind 1 H6
euk 74 O Belongs to the peptidase S1 family Trypsin H6
euk 75 O Chitin recognition protein Chitin_bind 1 H6
euk 76 O Belongs to the peptidase S8 family Peptidase S8 H6
euk 77 O ATP-binding cassette subfamily B ABC tran H6
euk 78 O Peptidase S8 and S53, subtilisin, kexin, Peptidase S8 H6
sedolisin
euk 79 O Belongs to the GST superfamily Peptidase M11 H6
euk 80 O Chitin recognition protein Chitin_bind 1 H6
euk 81 O positive regulation of hematopoietic stem - H6
cell proliferation
euk 82 P Cation transporter/ATPase, N-terminus Cation_ATPase C,Cation_ H6
ATPase N,E1-
E2 ATPase,Hydrolase,Hy
drolase 3
euk 83 P Protein of unknown function (DUF3494)  DUF3494 H6
euk 84 P Protein of unknown function (DUF3494)  DUF3494 H6
euk 85 P alginic acid biosynthetic process DUF3494 H6
euk 86 Q repeat protein - H6
euk 87 Q repeat protein - H6
euk 88 Q Flavin containing amine oxidoreductase Amino_oxidase H6
euk 89 M BCCT, betaine/carnitine/choline family BCCT H7
transporter
euk 90 M BCCT, betaine/carnitine/choline family BCCT H7
transporter
euk 91 M BCCT, betaine/carnitine/choline family BCCT H7
transporter
euk 92 M BCCT, betaine/carnitine/choline family BCCT H7
transporter
euk 93 M BCCT, betaine/carnitine/choline family BCCT H7
transporter
euk 94 M BCCT, betaine/carnitine/choline family BCCT H7
transporter
euk 95 M BCCT, betaine/carnitine/choline family BCCT H7
transporter
euk 96 O Belongs to the peptidase S1 family Trypsin H7
euk 97 O protein folding Dnal H7
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euk 98 O Belongs to the heat shock protein 70 HSP70 H7

family
euk 99 O Plasmin dissolves the fibrin of blood clots DUF285,Kringle H7

and acts as a proteolytic factor in a variety

of other processes including embryonic

development, tissue remodeling, tumor

invasion, and inflammation. In ovulation,

weakens the walls of the Graafian follicle.

It activates the urokinase-type plasminogen

activator, collagenases and several

complement zymogens, such as C1 and

C5. Cleavage of fibronectin and laminin

leads to cell detachment and apoptosis.

Also cleaves fibrin, thrombospondin and

von Willebrand factor. Its role in tissue

remodeling and tumor invasion may be

modulated by CSPG4. Binds to cells
euk 100 O Belongs to the peptidase C1 family Inhibitor 129 H7
euk 101 O protein folding - H7
euk 102 O Serine carboxypeptidase S28 Peptidase S28 H7
euk 103 O Belongs to the peptidase S1 family Trypsin H7
euk 104 O Thioredoxin Thioredoxin H7
euk 105 O Belongs to the peptidase S8 family Peptidase S8 H7
euk 106 A basic region leucin zipper bZIP 1 HS
euk 107 A basic region leucin zipper bZIP 1 HS
euk 108 O Proteasome subunit Proteasome HS8
euk 109 O PPlases accelerate the folding of proteins. Pro_isomerase HS8

It catalyzes the cis-trans isomerization of

proline imidic peptide bonds in

oligopeptides
euk 110 O Redoxin Redoxin H8
euk 111 O Redoxin Redoxin H8
euk 112 P Sodium/hydrogen exchanger family Na H_Exchanger HS8
euk 113 A EF-hand domain pair EF-hand 7 H9
euk 114 B Control of topological states of DNA by DNA_ gyraseB,DNA topoi H9

transient breakage and subsequent solV,HATPase c¢,TOPRIM

rejoining of DNA strands. Topoisomerase ~_C,Toprim

IT makes double-strand breaks
euk 115 B Histone H2B Histone H9
euk 116 B Chromatin organization modifier domain ~ Chromo,Cupin_8 H9
euk 117 B Histone deacetylase domain Hist deacetyl H9
euk 118 F Ribonucleotide reductase, small chain - H9
euk 119 1 Diacylglycerol acyltransferase DAGAT H9
euk 120 I NAD-binding of NADP-dependent 3- NAD binding 11,NAD bi H9

hydroxyisobutyrate dehydrogenase nding 2
euk 121 J FkbM family Met 10 H9
euk 122 L helicase activity DEAD,Helicase C H9
euk 123 M tail specific protease - H9
euk 124 M Glycosyltransferase family 9 Methyltransf 21 H9

(heptosyltransferase)
euk 125 O Subtilase family - H9
euk 126 O regulation of protein catabolic process PC rep H9
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euk 127 O Belongs to the peptidase S8 family Trypsin H9
euk 128 O RNA-binding, Nab2-type zinc finger - H9
euk 129 O CAP_GLY CAP_GLY,Ubiquitin_2 H9
euk 130 O Peptidase family M48 Peptidase M48 H9
euk 131 O Tubulin folding cofactor D C terminal - H9
euk 132 P fucoxanthin chlorophyll a ¢ protein Chloroa_b-bind H9
euk 133 1 Belongs to the membrane-bound PH H10
acyltransferase family
euk 134 1 Belongs to the membrane-bound MBOAT,PH H10
acyltransferase family
euk 135 O serine-type endopeptidase activity Trypsin HI10
euk 136 O ubiquitin-protein transferase activity zf-RING 2 H10
euk 137 O peptide-methionine (R)-S-oxide reductase - H10
activity
euk 138 O peptide-methionine (R)-S-oxide reductase - H10
activity
euk 139 O ATP-binding cassette subfamily B ABC_membrane,ABC tra HI10
n
euk 140 O Peptidase family M3 Peptidase M3 H10
euk 141 P Chlorophyll A-B binding protein Chloroa_b-bind H10
euk 142 P Chlorophyll A-B binding protein Chloroa_b-bind HI10
euk 143 P Chlorophyll A-B binding protein Chloroa_b-bind H10
euk 144 P Heme oxygenase Heme_ oxygenase HI10
euk 145 Q repeat protein FG-GAP 2 H10
euk 146 B Histone 2A Histone,Histone H2A C  HII
euk 147 B Domain in histone families 1 and 5 Linker_histone HI11
euk 148 B Williams-Beuren syndrome DDT (WSD), WSD HI11
D-TOX E motif
euk 149 B Chromatin organization modifier domain ~ Chromo,Cupin_8 HI11
euk 150 B Domain in histone families 1 and 5 Linker histone HI11
euk 151 F Ribonucleotide reductase, small chain Ribonuc_red sm HI11
euk 152 F Ribonucleotide reductase, small chain Ribonuc_red sm HI11
euk 153 F Ribonucleotide reductase, small chain Ribonuc_red sm HI11
euk 154 F dUTPase dUTPase H11
euk 155 F Ribonucleotide reductase, small chain Ribonuc_red sm HI11
euk 156 F Provides the precursors necessary for DNA ATP- H11
synthesis. Catalyzes the biosynthesis of cone,Ribonuc_red lgC,Rib
deoxyribonucleotides from the onuc_red IgN
corresponding ribonucleotides
euk 157 1 Myo-inositol-1-phosphate synthase Inos-1- HI11
P _synth, NAD binding 5
euk 158 1 Myo-inositol-1-phosphate synthase Inos-1- H11
P_synth,NAD binding 5
euk 159 1 Myo-inositol-1-phosphate synthase Inos-1- HI11
P synth,NAD binding 5
euk 160 L Belongs to the eukaryotic-type primase DNA primase S HI11
small subunit family
euk 161 L Pfam:KaiC Rad51 HI11
euk 162 L Domain of unknown function (DUF1744) DNA pol B,DNA pol B HI1
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Belongs to the eukaryotic-type primase
small subunit family

DNA primase S

This protein is an auxiliary protein of DNA PCNA _C

polymerase delta and is involved in the
control of eukaryotic DNA replication by
increasing the polymerase's processibility
during elongation of the leading strand
base-excision repair, AP site formation via
deaminated base removal
Endonuclease/Exonuclease/phosphatase
family

nuclear-transcribed mRNA catabolic
process, nonsense-mediated decay

Origin recognition complex subunit 2

DNA polymerase family B
Replication protein A C terminal

ATPase family associated with various
cellular activities (AAA)

chromatin organization

ATPase family associated with various
cellular activities (AAA)

Replication protein A C terminal

This protein is an auxiliary protein of DNA

polymerase delta and is involved in the
control of eukaryotic DNA replication by
increasing the polymerase's processibility
during elongation of the leading strand
DNA polymerase family B

Type IIB DNA topoisomerase
Prokaryotic RING finger family 4

tail specific protease
Belongs to the peptidase S1 family
Zinc-ribbon

SUMO activating enzyme activity
Belongs to the ubiquitin-conjugating
enzyme family

SUMO activating enzyme activity

Tubulin folding cofactor D C terminal

N-acetylglucosaminyldiphosphodolichol
N-acetylglucosaminyltransferase activity

UDG

Exo_endo phos

AAA_11,AAA_12,UPF1_

Zn_bind

ORC2

DNA_ pol B,zf-C4pol
tRNA_anti-codon

WD40

tRNA_anti-codon
PCNA C

DNA_pol B.DNA pol B
_exol

TP6A N
Helicase C 2,zf-
C3HC4 3
Peptidase S41

Trypsin

zf-CHY,zf-

RING 2,zinc _ribbon_6
ThiF

UQ con

ThiF
TFCD_C
Glyco _tran 28 C

HI11

HI11

HI11

HI11

HI11

HI11
HI11
HI11
HI11

HI11
HI11

HI11
HI11

HI11

HI11
HI11

HI11
HI11
HI11

HI11
HI11

HI11
HI11
HI11
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Table S4.3: Bacterial gene IDs (Gene ID) of microbiome clusters (Cluster ID) which significantly correlated with
host gene clusters beyond a correlation coefficient threshold of > 0.8 and < -0.8. For each microbiome gene cluster,
only those genes are given whose COG-subcategory (COG) was significantly enriched in the respective
microbiome cluster. Maximum annotation levels (Max annot. Level), the respective Pfam domain (PFAMs)

obtained from eggNOG-mapper v2 are given.

Max

IGDe ne annotation COG PFAMs g;uster
level
bac 1 Rhodospirillales Q Methyltransf 21 Ml
bac 2 Rhodospirillales Q Methyltransf 21 M1
bac 3 Aquificae G PEP-utilizers,PEP-utilizers C,PPDK N M1
bac 4 Aquificae G PEP-utilizers,PEP-utilizers C,PPDK N M1
bac 5 Clostridia G PEP-utilizers,PEP-utilizers C,PPDK N M1
bac 6 Actinobacteria GL His_Phos 1,RVT 3 Ml
bac 7 Alphaproteobacteria G SBP bac 1,SBP bac 8 Ml
bac_8 Actinobacteria 1Q adh_short Ml
bac 9 Actinobacteria Q Cu-oxidase,Cu-oxidase 2,Cu- M1
oxidase 3
bac 10 Cyanobacteria GM NmrA M1
bac 11 Gammaproteobacteria 1Q AMP-binding, AMP- M1
binding C,Acyl transf 3,FSHI
bac 12 Bacteroidetes J Ribosomal S11 M3
bac 13 Chromatiales C Oxidored g2 M3
bac 14 Rhodospirillales C NADHdh M3
bac 15 Bacteroidetes M CHU _C,Calx-beta,DUF11,HYR,SprB M3
bac 16 Gammaproteobacteria M CMAS M3
bac 17 Gammaproteobacteria J Ribosomal S4,S4 M3
bac 18 Gammaproteobacteria J Ribosomal S11 M3
bac 19 Gammaproteobacteria J Ribosomal S13 M3
bac 20 Gammaproteobacteria J Ribosomal S5,Ribosomal S5 C M3
bac 21 Alphaproteobacteria C Fer4,Fer4 11,Ferd 7 M3
bac 22 Alphaproteobacteria C Molybdop Fe4S4,Molybdopterin,Moly M3

dop_binding

bac 23 Bacteroidetes C Rnf-Ngr M3
bac 24 Gammaproteobacteria J Ribosomal L4 M3
bac 25 Gammaproteobacteria J Ribosomal L2,Ribosomal L2 C M3
bac 26 Gammaproteobacteria J KH 2,Ribosomal S3 C M3
bac 27 Bacteroidetes C ATP-synt C M3
bac 28 Gammaproteobacteria C ATP-synt_ab,ATP-synt ab C,ATP- M3
synt ab N
bac 29 Gammaproteobacteria C ATP-synt B M3
bac 30 Alphaproteobacteria M UDPG_MGDP_dh,UDPG_MGDP dh_ M3
C,UDPG_MGDP dh N
bac 31 Gammaproteobacteria C CoA _transf 3 M3
bac 32 Bacteroidetes C COX3 M3
bac 33 Thiotrichales C Fe-S_biosyn M3
bac 34 Alphaproteobacteria M OmpH M3
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bac 35 Gammaproteobacteria J Ribosomal L10 M3
bac 36 Gammaproteobacteria J Ribosomal L1 M3
bac 37 Thiotrichales M Poly_export,SLBB M3
bac 38 Gammaproteobacteria C FAD binding 2,Succ DH flav C M3
bac 39 Gammaproteobacteria M Slp M3
bac_40 Gammaproteobacteria C Cytochrom B C,Cytochrom C1,Cytoc M3
hrome B
bac 41 Bacteroidetes M Glycos_transf 2 M3
bac 42 Gammaproteobacteria C COX1 M3
bac 43 Gammaproteobacteria C IDH M3
bac 44 Gammaproteobacteria C ATP-grasp 2,Ligase CoA M3
bac_45 Alphaproteobacteria C COX3 M3
bac 46 Gammaproteobacteria M OmpA M3
bac 47 Gammaproteobacteria C COX3 M3
bac 48 Gammaproteobacteria J Ribosom S12 S23 M3
bac 49 Alphaproteobacteria M OmpA M3
bac 50 Alphaproteobacteria M Porin_4 M3
bac 51 Gammaproteobacteria J Ribosomal S9 M3
bac 52 Gammaproteobacteria J Ribosomal L13 M3
bac 53 Alphaproteobacteria J Ribosomal L2,Ribosomal 1.2 C M3
bac 54 Thiotrichales M 17kDa_Anti_2,Rick 17kDa_Anti M3
bac 55 Alphaproteobacteria C Fer4 M3
bac 56 Proteobacteria M - M3
bac 57 Bacteria J B3 4,B5,FDX-ACB,tRNA_bind M3
bac 58 Gammaproteobacteria J Ribosomal [28 M3
bac 59 Bacteroidetes o Cu- M6
binding MopE,HYR,MAM,P proprote
in,SprB
bac 60 Alphaproteobacteria o Cpn60_TCP1 M6
bac 61 Alphaproteobacteria O Cpnl0 M6
bac 62 Alphaproteobacteria o Band 7 M6
bac_63 Alphaproteobacteria O Met 10,Methyltransf 21 M6
bac 64 Thiotrichales o GSHPx M6
bac_65 Bacteroidetes O Peptidase M48 M6
bac 66 Rhodospirillales o Redoxin M6
bac 67 Bacteroidetes O Cu- M6
binding MopE, HYR,MAM,P_proprote
in,SprB
bac 68 Alphaproteobacteria 0] GST _C,GST _C 2,GST N M6
bac 69 Alphaproteobacteria O Band 7,.Band 7 C M6
bac_70 Kinetoplastida 0] Pro_isomerase M6
bac 71 Alphaproteobacteria O META,YscW M6
bac 72 Alphaproteobacteria 0] Nfu N,NifU M6
bac 73 Gammaproteobacteria O I-cysPrx_C,AhpC-TSA M6
bac 74 Alphaproteobacteria 0] Redoxin M6
bac 75 Alphaproteobacteria O Thioredoxin M6
bac_76 Gammaproteobacteria M - M7
bac 77 Bacteroidetes NU - M7
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bac_78 Bacteroidetes M 23S rRNA_IVP M7
bac 79 Bacteroidetes EU DPPIV_N,Peptidase S9 M7
bac 80 Bacteroidetes EM ANF _receptor,LysM,Peripla BP 6 M7
bac 81 Bacteroidetes M CarboxypepD reg,OmpA,PD40 M7
bac 82 Gammaproteobacteria M DUF11 M7
bac 83 Bacteroidetes M EFG_C,GTP_EFTU,GTP_EFTU D2,.L. M7
epA _C
bac 84 Bacteroidetes M EPSP_synthase M7
bac 85 Gammaproteobacteria U ExbD M7
bac 86 Bacteroidetes U ExbD M7
bac 87 Bacteroidetes U ExbD M7
bac_ 88 Bacteroidetes M FabA,LpxC M7
bac 89 Gammaproteobacteria U FHA,T2SSE M7
bac 90 Bacteroidetes M FKBP C,Pro_isomerase M7
bac 91 Bacteroidetes M Glycos_transf 1 M7
bac 92 Bacteroidetes M Glycos_transf 2 M7
bac 93 Bacteroidetes U Helicase C,SEC- M7
C,SecA_DEAD,SecA PP bind,SecA _
SW
bac 94 Bacteroidetes U MotA_ ExbB M7
bac 95 Bacteroidetes 0] MotA_ ExbB M7
bac 96 Bacteroidetes M Mur ligase C,Mur_ligase M M7
bac 97 Bacteroidetes M Mur_ligase,Mur_ligase C,Mur_ligase M7
M
bac 98 Bacteroidetes M NTP_transf 4 M7
bac 99 Bacteroidetes M NTP_transferase M7
bac 100 Bacteroidetes MU OEP M7
bac 101 Bacteroidetes M OMP_b-brl M7
bac 102  Bacteroidetes M OMP_b-brl,OmpA, TSP 3 M7
bac 103 Alphaproteobacteria M OmpA M7
bac 104  Bacteroidetes M OmpH M7
bac 105 Bacteroidetes M PGA _cap M7
bac 106  Proteobacteria M Porin_4 M7
bac 107  Bacteroidetes GM ABC2_membrane M7
bac 108 Bacteroidetes M PorP_SprF M7
bac 109  Bacteroidetes U SecD_SecF,Sec GG M7
bac 110 Bacteroidetes U SecE M7
bac 111 Bacteroidetes 0] SecY M7
bac 112 Oceanospirillales U SecY M7
bac 113 Bacteroidetes M SusD-like 3,SusD RagB M7
bac 114 Bacteroidetes M Glyco trans 4 2,Glyco trans 4 4,Gly M9
co_transf 4,Glycos_transf 1
bac 115 Bacteroidetes M Glyco_transf 64,Glycos_transf 2 M9
bac 116 Bacteroidetes K Sigma70 r2,Sigma70 r4 2 M9
bac 117 Gammaproteobacteria K RNA pol A CTD,RNA pol A bacR M9
NA pol L
bac 118 Bacteroidetes M WD40 M9
bac 119 Bacteroidetes M Epimerase,NAD binding 4 M9
bac 120 Bacteroidetes K HTH 3 M9
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bac 121 Bacteroidetes M Peptidase M23 M9
bac 122 Bacteroidetes M GDP_Man_ Dehyd M9
bac 123 Bacteroidetes M GDP_Man_ Dehyd M9
bac 124 Bacteroidetes MU OEP M9
bac 125  Bacteroidetes M Bac_transf,Response reg M9
bac 126  Bacteroidetes KT Response reg M9
bac 127  Bacteroidetes M Glyco_trans 1 4 M9
bac 128 Bacteroidetes M - M9
bac 129  Bacteroidetes M Glycos_transf 2 M9
bac 130  Bacteria M Cadherin_3,Fasciclin M9
bac 131 Bacteria M TonB_C M9
bac 132  Bacteroidetes M adh_short M9
bac 133  Bacteroidetes M DAHP_synth 1 M9
bac 134 Alphaproteobacteria K Sigma70 r2,Sigma70 r4,Sigma70 r4 M9
2
bac 135 Alphaproteobacteria M Fasciclin M9
bac 136 Gammaproteobacteria KLT WG beta rep M9
bac 137 Bacteroidetes M Glyco_transf 4,Glycos_transf 1 M9
bac 138 Bacteroidetes K HTH 1,LysR substrate M9
bac 139 Bacteroidetes K AraC binding, HTH 18 M9
bac 140 Bacteroidetes K Sigma70 r2,Sigma70 r4,Sigma70 r4 M9
2
bac 141 Bacteroidetes K LytTR,Response _reg M9
bac 142 Bacteroidetes K LytTR,Response reg M9
bac 143 Gammaproteobacteria M UDPG MGDP_dh,UDPG MGDP dh M9
C,UDPG_MGDP _dh N
bac 144 Gammaproteobacteria KT PspA_IM30 M9
bac 145 Bacteroidetes K OMP _b-brl 2 M9
bac 146 Gammaproteobacteria K Sigma70 r2,Sigma70 r4,Sigma70 r4 M9
2
bac 147 Gammaproteobacteria M Porin_2 M9
bac 148 Bacteroidetes M Hexapep,NTP_transferase M9
bac 149 Bacteroidetes M Glyco_tranf 2 3.Glycos_transf 2 M9
bac 150 Gammaproteobacteria M Porin 2 M9
bac 151 Bacteroidetes M Fasciclin M9
bac 152 Gammaproteobacteria M Fasciclin,Lipoprotein_15 M9
bac 153 Bacteroidetes K MarR,MarR 2 M9
bac 154  Gammaproteobacteria M CMAS M9
bac 155 Bacteroidetes K MraZ M9
bac 156 Bacteroidetes J Ribosomal S4,54 M10
bac 157  Rickettsiales J Ribosom_S12 S23 M10
bac 158 Clostridia J Ribosomal L5,Ribosomal L5 C MI10
bac 159  Bacilli J Ribosomal L2,Ribosomal L2 C MI10
bac 160 Bacteroidetes J KH 2,Ribosomal S3 C M10
bac 161 Rickettsiales J Ribosomal S14 MI10
bac 162 Tenericutes J Ribosomal L6 M10
bac 163  Rickettsiales J Ribosomal S13 M10
bac 164 Gammaproteobacteria J tRNA-synt_1Ic M10
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bac 165  Bacteroidetes J DNA pol A exol M10
bac 166 Gammaproteobacteria J PseudoU synth 2 M10
bac 167  Bacteroidetes J DNA pol A exol M10
bac 168 Bacteroidetes J DNA pol A exol M10
bac 169  Bacilli J Anticodon_1,tRNA-synt_1,tRNA- M10
synt 1 2
bac 170  Actinobacteria HIJ ATPgrasp_TupA MI10
bac 171 Bacteroidetes J GTP_EFTU,GTP_EFTU D2,RF3 C M10
bac 172  Actinobacteria J GTP_EFTU,RF3 C MI10
bac 173 Thiotrichales J SpoU_methylase MI10
bac 174  Bacteroidetes GM Epimerase MI13
bac 175  Alphaproteobacteria EGP MFS 1 M13
bac 176 =~ Gammaproteobacteria EG ILVD_EDD MI13
bac 177  Cyanobacteria G DUF563 M13
bac 178  Bacteria G CBM 4 9,CBM 6,F5 F8 type C,Gly M13
co_hydro 16,Glyco hydro cc,PKD,SK
N1
bac 179  Cyanobacteria G DUF563 MI13
bac 180  Bacteroidetes GM Epimerase M13
bac 181 Bacteria GM Epimerase,NAD binding 10,Semialdh M13
yde dh
bac 182  Bacteroidetes EGP MFS 1 M13
bac 183 Clostridia J Ribosomal L5,Ribosomal L5 C M14
bac 184  Bacteroidetes G - M14
bac 185 Bacteroidetes J Ribosomal S8 M14
bac 186  Bacteroidetes o Redoxin M14
bac 187  Bacteroidetes CO Thioredoxin M14
bac 188  Alphaproteobacteria J Ribosomal L5,Ribosomal L5 C M14
bac 189  Bacteroidetes O - M14
bac 190  Alphaproteobacteria J Ribosomal L6 M14
bac 191 Alphaproteobacteria J Ribosomal S5,Ribosomal S5 C M14
bac 192  Bacteroidetes o CemF_C,Cytochrom C asm M14
bac 193 Bacteroidetes J GatB_N,GatB_Yqey M14
bac 194  Alphaproteobacteria J Ribosomal S19 M14
bac 195  Alphaproteobacteria J Ribosomal 22 M14
bac 196  Bacteroidetes o NifU M14
bac 197  Bacteria CO DUF4842,HYR M14
bac 198  Actinobacteria G Transket _pyr,Transketolase C,Transket M14
olase N
bac 199 Actinobacteria 0] He PIG,Inhibitor 19,P proprotein,Pept M14
idase S8
bac 200  Bacteroidetes G GDPD,Glyco_hydro 16 M14
bac 201 Thiotrichales G RuBisCO _large,RuBisCO large N M14
bac 202  Alphaproteobacteria O HSP70 M14
bac 203 Actinobacteria G Lactonase M14
bac 204 Gammaproteobacteria G PQQ,PQQ 2 M14
bac 205 Alphaproteobacteria (0] Band 7 M14
bac 206  Alphaproteobacteria J Ribosomal L3 M14
bac 207 Alphaproteobacteria J Ribosomal S10 M14
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bac 208 Actinobacteria G Lactonase M14
bac 209 Proteobacteria G Lactonase M14
bac 210  Alphaproteobacteria G DctP M14
bac 211 Alphaproteobacteria (0] GSHPx M14
bac 212  Proteobacteria G Lactonase M14
bac 213 Proteobacteria G Lactonase M14
bac 214  Actinobacteria G Lactonase M14
bac 215  Actinobacteria G Lactonase M14
bac 216  Actinobacteria GM Epimerase M14
bac 217  Bacteroidetes O AhpC-TSA M14
bac 218  Alphaproteobacteria o Thioredoxin 4 M14
bac 219  Alphaproteobacteria J HHH_5,Ribosomal L21p M14
bac 220  Alphaproteobacteria GM CIA30 M14
bac 221 Alphaproteobacteria O AAA,LON_substr bdg,.Lon C M14
bac 222  Alphaproteobacteria J Ribosom_S30AE C,Ribosomal S30A Ml14
E
bac 223 Alphaproteobacteria (0] Glutaredoxin M14
bac 224  Bacteroidetes o Band 7 M14
bac 225  Alphaproteobacteria o I-cysPrx_C,AhpC-TSA M14
bac 226  Kinetoplastida o Pro_isomerase M14
bac 227 Alphaproteobacteria J Ribosomal L10 M14
bac 228  Alphaproteobacteria G SBP bac 1,SBP bac 8 M14
bac 229 Alphaproteobacteria J Ribosomal L19 M14
bac 230  Bacteroidetes O DSBA,Thioredoxin_5 M14
bac 231 Alphaproteobacteria (0] PMSR M14
bac 232 Alphaproteobacteria J Ribosomal S15 M14
bac 233 Alphaproteobacteria J elF-la M14
bac 234  Cyanobacteria E GMC oxred C,GMC oxred N Mi16
bac 235 Cyanobacteria E GMC oxred C,GMC oxred N Mil16
bac 236  Cyanobacteria KLT AAA_16, GAF, HATPase c, HisKA, M16
PAS 3, Pkinase, Response reg
bac 237  Vibrionales L CBM _4 9, Endonuclease 1 MIl16
bac 238 Actinobacteria Q Cu-oxidase, Cu-oxidase 2, Cu- Mi16
oxidase 3
bac 239 Bacteria L AAA 11,AAA 12, AAA 30,HA, Ml16
Helicase C, NERD, ReslII, UviD_C 2
bac 240  Cyanobacteria Q Big 3 3, DUF4347, FG-GAP_2,VCBS M1l6
bac 241 Alphaproteobacteria EGP MFS 1 M16
bac 242 Cyanobacteria KLT AAA 16, GAF, HATPase c, HisKA, M16
PAS 3.Pkinase,Response reg
bac 243  Cyanobacteria KLT AAA_16, GAF, Guanylate cyc, M16
HATPase c, HisKA, PAS 4, Pkinase
bac 244 Bacteria Q MerR, MerR 1, Methyltransf 11, M16
Methyltransf 2, Methyltransf 23,
Methyltransf 25,Methyltranst 31
bac 245 Gammaproteobacteria E Amino_oxidase Mil16
bac 246 ~ Gammaproteobacteria E Amino_oxidase M16
bac 247 Gammaproteobacteria E Amino_oxidase Mil16
bac 248  Gammaproteobacteria E Amino_oxidase M16
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bac 249  Vibrionales L CBM 4 9, Endonuclease 1 MI16
bac 250 Bacteria EGP MFS 1 M16
bac 251 Gammaproteobacteria E Amino_oxidase MI16
bac 252 Clostridia L RVT 3 M16
bac 253 Alphaproteobacteria E PALP Mi16
bac 254 Alphaproteobacteria E PALP M16
bac 255  Bacilli Q Acetyltransf 2 M16
bac 256 Rhodospirillales Q Methyltransf 21 M16
bac 257  Cyanobacteria Q LCM Mi16
bac 258  Alphaproteobacteria E FMN red MIl16
bac 259  Gammaproteobacteria L CBM _4 9, Endonuclease 1 M16
bac 260 Bacteria Q Methyltransf 11, Methyltransf 23, M16
Methyltransf 25, TPMT
bac 261 Cyanobacteria KLT AAA 16, GAF, Guanylate cyc, MI16
HATPase c, HisKA, PAS 3, Pkinase
bac 262 Bacteroidetes E CAP MIl16
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Table S5.1: Detailed information about Thalassiosira gravida strains used in this study.

name NORCCA strain number isolation date lat lon
Al UIO478 20.08.17 83.33 29.29
A2 UI0483 05.09.17 83.15 31.46
A5 Ul0448 12.09.17 79.99 14.97

Table S5.2: Recipe for full (modified) K — seawater medium. Final concentrations refer to the addition of the

respective components and do not consider potential background concentration in seawater.

Full (modified) K - medium

Component Final concentration
Enrichments

NaNOs3 8.82x 10* M
NaH2PO4 x H20 1.00x 10° M
Naz2Si03 x 9 H20 1,06 x 10* M
H2SeOs3 1.00x 108 M
Tris Base 1.00x10° M
Supplements (trace metals)

Na2EDTA x 2 H20 1.12x 10*M
FeCls x 6 H20 1.17x10°M
Na:MoO4 x 2H20 2.60x 10°M
ZnSO4 x 7 H20 7.65x 108 M
CoCl2 x 6 H20 420x 10%M
MnCl: x 4 H.0 9.10x 10" M
CuSOs x 5 H20 1.96x 10 M
Supplements (vitamins)

Vitamin B12 3.69x 101°M
Biotin 2.05x10°M
Thiamin HCI 2.96x 107 M
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Table S5.3: Recipe for nitrogen limited (modified) K — seawater medium. Final concentrations refer to the addition
of the respective components and do not include background concentration in the seawater. By omitting the
addition of inorganic nitrogen sources to the medium, the final nitrogen concentration is limited to the background
concentration in the seawater (~ 5 uM NaNOs; ~ 5 uM NHy).

Nitrogen limited (modified) K - Medium

Component Final concentration
Enrichments

NaNOs -

NaH2PO4 x H20 1.00x 10° M
NazSi0s3 x 9 H20 1,06 x 104 M
H2SeOs 1.00x 10 M

Tris Base 1.00 x10° M

Supplements (trace metals)

Na2EDTA x 2 H20 1.12x 10* M
FeCls x 6 H20 1.17x 10° M
Na:MoO4 x 2H20 2.60x 10 M
ZnS04 x 7 H20 7.65x 10 M
CoClL2 x 6 H20 420x 10°%M
MnCl2 x 4 H20 9.10x 107 M
CuSO4 x 5 H20 1.96 x 10° M

Supplements (vitamins)

Vitamin B12 3.69x 10'°M
Biotin 2.05x10°M
Thiamin HCI 296x 107 M
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Table S5.4: Recipe for vitamin limited (modified) K — seawater medium. Final concentrations refer to the addition
of the respective components and do not include background concentration in the seawater. However, due to
autoclaving, vitamin concentrations in the seawater were negligible.

Vitamin limited (modified) K - Medium

Component Final concentration
Enrichments

NaNO:s 8.82x 10* M
NaH2PO4 x H20 1.00x 10° M
NazSi03 x 9 H20 1,06 x 104 M
H2SeOs 1.00x 10 M

Tris Base 1.00 x10° M

Supplements (trace metals)

Na2EDTA x 2 H20 1.12x 10* M
FeCls x 6 H20 1.17x10° M
Na:MoO4 x 2H20 2.60x 108 M
ZnS0O4 x 7 H20 7.65x 10°M
CoCl2 x 6 H20 420x 108 M
MnCl x 4 H2O 9.10x 10"M
CuSO4 x 5 H20 1.96x 10 M

Supplements (vitamins)

Vitamin B12 -
Biotin -
Thiamin HCI -
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Table S5.5: Modified DNA Extraction Protocol based on DNA MasterPure Complete DNA & RNA Purification
Kit for fluid samples.

Step Procedure

1
2
3

W

O 00 3 N

10

Thaw frozen samples (sample in 30 pL of 2xT&C Lysis buffer) at 50°C
Add 30 pL ultrapure H20
Add 30 pL mastermix (prepared as 30 pL 2xT&C Lysis Buffer + 0.2 pL Protease K
per sample) at room temperature
Incubate for 15 min at 65°C and 1,000 rpm; cool for 5 min on ice
Add 45 uL MPC protein precipitation reagent; vortex for 10 s
Centrifuge at 10,000 x g, 4°C for 10 min; transfer supernatant to new 1.5 mL
reaction vile
Add 150 pL isopropanol and 0.7 uL Pellet Paint NF Co-Precipitant to each sample
Centrifuge at 15,000 x g, 4°C for 10 min; discard supernatant
Wash DNA pellet twice with 150 pL of 70% ethanol
Dissolve DNA pellet in 12.5 pL TE buffer
Store at -20°C
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Table S5.6: List of common contaminants according to Sheik et al. (2018) and other non-marine bacteria that were

excluded from analysis (if present).

Contaminant

(Genus)

Abiotrophia Cloacibacterium Klebsiella Polaromonas
Acidobacteria Gp2 Comamonas Kocuria Prevotella
Acidovorax Corynebacterium Lactobacillus Prevotella 7
Acinetobacter Craurococcus Lawsonella Propionibacterium
Acinetobactera Cupriavidus Leptothrix Pseudomonas
Actinomyces Curtobacterium Limnobacter Pseudoxanthomonas
Aerococcus Curvibacter Massilia Psychrobacter
Aeromicrobium Cutibacterium Mesorhizobium Ralstonia
Afipia Deinococcus Methylobacterium  Rhizobium
Alloprevotella Delftiae Methylophilus Rhodococcus
Anaerococcus Devosia Methyloversatilis Roseomonas
Aquabacterium Dietzia Microbacterium Rothia
Arthrobacter Duganella Micrococcus Ruminococcus
Asticcacaulis Dyadobacter Microlunatus Schlegelella
Aurantimonas Enhydrobacter Neisseria Sphingobium
Azoarcus Enterobacter Nevskia Sphingomonas
Azospira Escherichia Niastella Sphingopyxis
Bacillus Escherichia-Shigella  Novosphingobium  Staphylococcus
Beijerinckia Escherichia/Shigella  Ochrobactrum Stenotrophomonas
Beutenbergia Facklamia Olivibacter Streptococcus
Bosea Finegoldia Oxalobacter Sulfuritalea
Bradyrhizobium Flavobacterium Paenibacillus Tsukamurella
Brevibacillus Fusobacterium Parabacteroides Turicella
Brevibacterium Geodermatophilus Paracoccus Undibacterium
Brevundimonas Haemophilus Pasteurella Variovorax
Brochothrix Herbaspirillum Patulibacter Veillonella
Burkholderia Hoefleae Pedobacter Wautersiella
Capnocytophaga Hydrotalea Pedomicrobium Xanthomonas
Cardiobacterium Janibacter Pelomonas

Caulobacter Janthinobacterium Peptoniphilus

Chryseobacterium Kingella Phyllobacterium
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Table S5.7: ANOVA results testing differences in bacterial richness and Shannon diversity of 7. gravida single
cell microbiomes as a response of strain identity, culture condition and DNA processing method. F and p-values
are reported for each effect. Values marked with an asterisk (*) indicate significant effects (p < 0.05).

Richness Shannon
Effect Df F p F p
Strain 2 27.525 <0.001 * 27.905 <0.001  *
Condition 2 4.965 0.008 * 6.283 0.003 *
Method 1 0.476 0.492 0.488 0.486
Strain*Condition 4 3.424 0.011 * 4.108 0.004 *

Table S5.8: PERMANOVA results testing differences in bacterial community composition of 7. gravida single
cell microbiomes as a response of strain identity and culture condition. F and p-values are reported for each
effect. Values marked with an asterisk (*) indicate significant effects (p < 0.05).

microbiome composition

Effect Df R’ F p

Strain 2 0.700 199.9 <0.001 *
Condition 2 0.042 12.1 <0.001 *
Strain*Condition 4 0.048 6.9 <0.001 *
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Table S5.9: Multiple ANOVA results on normalized ASV read counts summarized on the genus level as a response
to strain identity, culture condition and their respective interactive effect. Combinations of bacterial genera and
respective effects marked with an asterisk indicate significant effects (significance code: * =p < 0.05 & > 0.01;
¥ =p<0.01 &>0.001; *** =p <0.001).

Genus strain condition strain*condition
Adhaeribacter

Alloiococcus

Amaricoccus

Aurantivirga okok o I
Balneola ®k skok stk
Candidatus Phaeomarinobacter

Celeribacter otk sk *
Colwellia okok ok k ok
Croceibacter

Fimbriiglobus

Friedmanniella

Gemella

Glaciecola ®k % ok sk
Granulicatella

Hlumatobacter

Lentilitoribacter Kok #eksk gk
Luteimonas

Maribacter

Marinobacter ok ok o ok
Marinomonas Hokok Rk Kootk
Methylobacterium-Methylorubrum

Methylophaga *
Mf105b01 Hkok

NS3a_marine_group otk

Octadecabacter Kok seksk Rk
Oleiphilus *

Owenweeksia oo

Pacificibacter

Paraglaciecola okeok *k % wokok
Peredibacter ook

Phaeobacter

Polaribacter stk

Porticoccus *

Pseudohongiella *k
Reichenbachiella

Romboutsia

Roseivirga *
Roseobacter clade NAC11-7 lineage oAk o
Sedimentitalea sk Rk
Segetibacter

Sphingorhabdus *kx

Spirosoma

Sulfitobacter Aok ok

Thalassospira *
Treponema

Verticiella

Zhongshania
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Table S5.10: Results of ANOVA testing the effects of SCHoCO-seq treatment on bacterial ASV richness for
microbiomes of 7. gravida single cells. Single cell ID was treated as random factor. Degrees of freedom (df), mean
squares (Mean Sq), F-, and p-values are given. Values marked with an asterisk (*) indicate significant effects (p <
0.05).

Richness
Main Effect Df Mean Sq F p
SCHoCO-seq 1 282.01 81.34 <0.001 *
Random
Effect
Single-Cell
1D 61 29.68 - -
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Fig. S5.1: Gel-electrophoresis of 16S rDNA Amplicons. Single Cell Samples from Strain A1 (top), A2 (middle)
and A5 (bottom). Eight single cells from full medium (left), from vitamin depleted medium (middle) and from
nitrogen depleted medium (right). Culture blanks (culture samples without diatom cells) on the left of each row
for all three strains. Size of Amplicons is around 1.5 kb according to the 1 kb DNA Ladder (Gold Biotechnology
Inc, USA).
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Fig. S5.2: Design of gRNA from four oligonucleotides. Primer F and Primer R are needed to generate full length
gDNA copies during PCR. The Specific oligo #7 contains the target binding sequence (red) and is linked to the
universal oligo containing the Cas9 Nuclease binding site by the linker region (green).

Primer F Universal oligo

\ A

CCTAGG [CTTTATCGTTCAA ATTCCGATCAGGCAATAGTTGAACTTTTTCACCGTGGCTCAGCCACGAAAAAA

GAAGTCAACTGTTAAATCTTGG AGAGCTAGAAATAG CCGAGTCGGTGCTTTTTT

f
Specific oligo #7 Primer R

Fig. S5.3: Bacterial richness (right) and Shannon diversity (left) of 7. gravida single cell microbiomes across two
different DNA processing methods (i.c., extracted DNA vs. direct PCR).
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Fig. S5.4: Bacterial richness (top row) and Shannon diversity (bottom row) of T. gravida single cell microbiomes
across strains and culture conditions represented as horizontal facets.
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