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Zusammenfassung XV

Zusammenfassung

Mikroalgen, und insbesondere Kieselalgen, spielen eine grundlegende 6kologische Rolle
und haben ein breites Feld von industriellen und technologischen Anwendungen.

In den letzten Jahren hat sich die Forschung in der chemischen Okologie und Biotechnologie
auf molekulare Mechanismen, die die Wechselwirkung zwischen Algen und Bakterien
regulieren, fokussiert. Die Beziehungen zwischen Algen und Bakterien beeinflussen das
Leben von beiden interagierenden Organismen. Sie bestimmen damit die Dynamik von
mikrobiellen Gemeinschaften, welche wiederum die globalen Elementzyklen und das
Nahrungsnetz in den Meeren beeinflussen. Dariiber hinaus ist das Verstdndnis dieser
Wechselwirkungen auch fiir angewandte Forschung wichtig geworden, beispielsweise zur
Verbesserung der Biomassequalitit und —Produktivitit in Algenreaktoren oder zur
Stabilisierung von Artengemeinschaften und zur Verringerung des Biofoulings.

Diese Dissertation untersucht die bakterielle Beeinflussung der sexuellen Fortpflanzung der
pennaten Modelldiatomee Seminavis robusta durch die Verwendung verschiedener
Techniken, wie physiologische Bioassays, mit GC/LC-MS durchgefiihrte gezielte
chemische Analysen und einen kombinierten Metabolomics-Transcriptomics-Ansatz.
Aullerdem wird beschrieben, wie Bakterien sich auf das Wachstum und den Metabolismus
von S. robusta und einer weiteren, wirtschaftlich relevanten Mikroalge (die olhaltige
Eustigmatales Nannochloropsis sp.), sowie auf die Biofilmbildung in einem Bioreaktor
auswirken. Weiterhin entwickelte ich eine neue, zerstorungsfreie Methode fiir die Extraktion
von primér- und Sekundérmetaboliten von Algenoberfldachen.

Gezielte Analysen mittels GC-MS zeigten, dass die mit S. robusta Paarungstyp = (MT")
assoziierten Bakterien das von der Kieselalge produzierte Attraktionspheromon (Diprolin)
innerhalb von 24 Stunden nach der Freisetzung abbauen. Falls keine andere
Kohlenstoffquelle zur Verfiigung stand konnte fiir vier, aus S. robusta Kulturen isolierten
Bakterien (Croceibacter sp., Roseovarius sp., Marinobacter sp. und Maribacter sp.) der
Pheromonabbau dokumentiert werden. Interessanterweise zeigten diese Bakterien
verschiedene Einfliisse auf die sexuelle Fortpflanzung von Diatomeen. Ich beobachtete die
Entwicklung von unterschiedlichen sexuellen Zellphasen nach der Paarung der zwei
Paarungstypen und ich konnte beobachten, dass der Prozentsatz der Zellen, die sich sexuell
fortpflanzen, von Maribacter sp. stark reduziert wurde, wihrend der Anteil der Paare in

Gegenwart von Roseovarius sp. etwas erhoht war. Dieser Effekt wurde selbst dann



Zusammenfassung XVI

beobachtet, wenn nur das tiberstehende bakterielle Medium verwendet wurde, was klar die
Beteiligung chemischer Signale zeigt. Zusidtzlich reduzierten Roseovarius sp. und
insbesondere Maribacter sp. die von Seminavis robusta MT" produzierte sex-induzierende
Pheromone (SIP") -Konzentration.

Motiviert durch diese Ergebnisse flihrte ich ein komplexes Experiment durch, um die
molekularen Griinde hinter diese Bakterien / Algen Interaktion aufzukldren. Axenischen
MT -Kulturen, sowohl sexuell induziert als auch nicht induziert, wurden unter verschiedenen
Bedingungen inkubiert (axenisch, mit verbrauchtem Medium von Maribacter sp. und mit
verbrauchtem Medium von Roseovarius sp.). Ich verwendete einen kombinierten
Metabolomics-Transcriptomics-Ansatz  sowie physiologische Bioassays, um die
Auswirkungen der abgegebenen bakteriellen Metabolite auf sexuell induzierte S. robusta zu
untersuchen. Durchflusszytometrie-Experimente zeigten, dass bakterielle Exsudate keinen
Einfluss auf den Zellzyklus in SIP*-induzierten MT -Zellen haben, und Transcriptomics-
Daten zeigten, dass Bakterien den Wechsel von Mitose zu Meiose nicht beeintrachtigen.
Bakterielles verbrauchtes Medium 16st allerdings eine Oxidative Stressreaktion in
Diatomeen aus, die zur Produktion von Fettsduren und Oxylipinen als Abwehrmetaboliten
fiihren kann. Maribacter sp. hat von allen getesteten Bakterien den groBten Einfluss sowohl
auf die Proteinexpression als auch auf die Metabolitenabgabe: die bakteriellen
Exometabolite wirken sich auf die Photosysteme von S. robusta aus und beeinflussen den
Sterol-, Fettsdur- und vor allem der Aminosduremetabolismus. Die gleichzeitige Reduktion
von Diprolin Abgabe von MT" Zellen, die Maribacter sp. Medium ausgesetzten waren, stiitzt
die Hypothese, dass der Einfluss von Aminosdurebiosynthesewegen den Pool des Prolins,
das an der Diprolinsynthese beteiligt ist, verdndert und somit indirekt die sexuelle
Vermehrung beeintrichtigen kann. Diese Ergebnisse stellen eine neuartige
Wechselbeziehung zwischen Algen und Bakterien dar.

Neben der Untersuchung der Auswirkungen von Bakterien auf die sexuelle Fortpflanzung
von Kieselalgen, erforschte ich auch deren Einfluss auf das Wachstum und die metabolische
Aktivitit von S. robusta. Roseovarius sp. unterstiitzte das Diatomeenwachstum, wihrend
Croceibacter sp. und Maribacter sp. im Vergleich zur axenischen Kontrolle keine
signifikante Wirkung zeigten. Alle Bakterien leiteten eine Hochregulierung der Produktion
von Aminosduren und Disacchariden und eine Verringerung von Squalen, Alditolen und
einfachen Zuckern ein. Roseovarius sp. fiihrte zu einer Verringerung der Konzentration von

Tocopherol und vergroflerte die Produktion von Arabinose.
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In Zusammenarbeit mit einem belgischen Privatunternehmen (Proviron®) wurde mit dem
gleichen Ansatz der Effekt der Bakterien aus Seminavis robusta auf eine andere,
kommerziell relevante Mikroalge, den 6lihaltigen Eustigmatophyten Nannochloropsis sp.,
untersucht. Im Gegensatz zu den bereits vorgestellten Ergebnissen, verbesserte Maribacter
sp. das Wachstum der Mikroalge starker als Roseovarius sp., wihrend Poseidonocella sp.,
ein biofilm induzierendes Bakterium, welches aus einer Nannochloropsis sp.
Bioreaktorprobe isoliert wurde nur einen kleinen Einfluss auf das Nannochloropsis
Wachstum zeigte.

Maribacter sp. und Roseovarius sp. beeinflussten aulerdem das Metabolom der Mikroalge,
so kam es zu einer Verringerung der intrazelluliren Konzentration von Tocopherol und
mehreren Aminosduren und zu einer Erhdhung der Konzentration von Sterolen und
insbesondere von Stressmarkern wie Spermidin und Putrescin.

AuBerdem wurde die Einwirkung von Bakterien auf die Biofilmbildung, eine nicht
erwiinschte Nebenerscheinung in geschlossenen, nicht-axenischen Bioreaktoren fiir
Algenkultivierung, gepriift. Roseovarius sp. und Maribacter sp. induzierten keine
Biofilmentwicklung, aber ihre Kombination mit dem biofilmbildenden Bakterium
Poseidonocella sp. erhohte bezeichnenderweise den Biofilm im Vergleich mit der Kontrolle.
Diese Erkenntnisse sind wichtig, um die herausragende Bedeutung der Algen-Bakterien-
Kommunikation unter der Perspektive der Algenkultivierung und -produktion zu verstehen.
Diese konnte den Einsatz von mikrobiologischen Gemeinschaften mit erhdhter Produktivitét
in Bioreaktoren fordern.

SchlieBlich entwickelte ich eine neue Technik, um Metaboliten von Algenoberflichen zu
extrahieren. Die Molekiile, die aus Algen freigesetzt werden, pragen die Wechselwirkungen
mit anderen Organismen, aber die bisher entwickelten Methoden (wie die ,,Dipping-
Methode) verletzen hdufig die Oberfliche der Algen, was zu einer unbeabsichtigten
Freisetzung von Endometaboliten fiihrt. Ich habe die Festphasenextraktion (SPE)
angewendet, um eine zerstorungsfreie Methode zu entwickeln, die nur ausgeschiedene
Metaboliten erfasst. Durch das Aufbringen von einem C18-SPE-Extraktionsmaterial auf die
Oberflache der Braunalge Fucus vesciculosus, das folgende Waschen und die Extraktion des
SPE Materials konnte ich mehrere Fettsduren und Fucoxanthin, ein Pigment mit Antifouling-
Eigenschaften, reproduzierbar extrahieren. Das Verfahren wurde auch erfolgreich auf die
Oberflichenextraktion der Griinalge Caulerpa taxifolia und der Rotalge Gracilaria
vermiculophylla angewendet. Das zeigt das breite Potenzial der Technik zeigt, die leicht auf

andere feuchte Oberfldchen, z.B. mit Biofilmen bedeckte Felsen, Korallen oder Schwamme,
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angewendet werden kann, um Metaboliten, die eine wichtige Rolle bei chemisch
vermittelten Interaktionen, zu extrahieren.

Die Ergebnisse dieser Doktorarbeit zeigen neue Erkenntnisse in dem relativ jungen Gebiet
der Mikroalgen-Bakterien-Wechselwirkungen, indem verschiedene Ansidtze (-omische
Techniken, physiologische Bioassays, innovative analytische Verfahren) in einen breiten

interdisziplindren Ansatz angewendet und miteinander verkniipft wurden.
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Summary

Microalgae, and especially diatoms, have a fundamental ecological role and they have also
a broad range of industrial applications.

In recent years, chemical ecology and biotechnology have started to focus on the molecular
mechanisms behind the inter-kingdom communication between microalgae and bacteria.
These interactions influence the life of both interacting organisms and shape community
dynamics, which can, in turn, affect global elemental cycling and the marine food web.
Furthermore, the understanding of this communication has become important for applied
research, for example to improve biomass quality and productivity or to stabilize
communities and reduce biofouling.

This thesis focuses on the effect of bacteria on the sexual reproduction of the model pennate
diatom Seminavis robusta using different techniques, such as physiological bioassays,
targeted chemical analysis and a combined metabolomics-transcriptomics approach. In
addition, the effect of bacteria on the growth and the metabolism of S. robusta was tested. A
metabolomics approach was used to investigate the impact of bacteria on the metabolism of
an economically important microalga, the oleaginous estigmatophyte Nannochloropsis sp.
The bacteria were also tested in a bioassay to study if they can induce biofilm in a bioreactor.
Finally, I have developed a new, non-disruptive method for extracting primary and
secondary metabolites released from algal surfaces, which could be applied for aqueous
biofilms as well as for other wet surfaces.

Targeted analysis performed with GC-MS demonstrates that the bacterial community
associated to S. robusta mating type ~ (MT) is able to degrade the diatom’s attraction
pheromone diproline during the 24h after its release. Four bacteria isolated from S. robusta
MT" cultures (Croceibacter sp., Roseovarius sp., Marinobacter sp. and Maribacter sp.)
consume diproline, but only when they do not have any other carbon source available.
Interestingly, these bacteria have different effects on the sexual efficiency of the diatom. I
followed the development of different sexual stages after mating of the two MT and I could
see that in the presence of Maribacter sp. the percentage of cells undergoing sexual
reproduction was reduced, while in the presence of Roseovarius sp. it was slightly increased.
This effect was observed even when only spent medium of the bacteria was present, thus
showing that excreted molecules are involved as signals. Roseovarius sp. and especially
Maribacter sp. reduce also the concentration of sexual inducing pheromone (SIP+) produced

by S. robusta MT".
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I set up a complex experiment to elucidate the molecular reasons behind the observed
bacteria / alga interaction. Axenic cultures of MT", both sexually induced and not, were
incubated in different conditions (axenic, with spent medium from Maribacter sp. and with
spent medium from Roseovarius sp.). | used a combined metabolomics-transcriptomics
approach, as well as physiological assays and targeted analysis, to understand the impact of
bacterial-derived exuded metabolites on sexually-induced S. robusta. Flow cytometry
experiments showed that bacterial exudates do not have any effect on cell cycle arrest in
SIP"-induced MT" and transcriptomics data demonstrated that they do not interfere with the
switch from mitosis to meiosis. However, bacterial spent medium triggers an oxidative stress
response in diatoms, which may involve fatty acids and oxylipins as mediators of defensive
mechanisms. Maribacter sp. has the higher impact on both transcriptomic expression and
metabolites released by the diatom if compared to the control. The bacterial exudates are
affecting diatoms’ photosystems and causing a rewiring of the biosynthetic pathways that
lead to sterols, fatty acids and especially amino acids synthesis. The concomitant reduction
of diproline in the medium of MT" cells exposed to Maribacter sp. medium supports the
hypothesis that the influence of amino acid biosynthetic pathways may alter the pool of
proline, a molecule believed to be involved in diproline synthesis. This could reduce
diproline levels, thus indirectly interfering with the sexual reproduction cycle. These results
introduce a novel inter-kingdom interaction mechanism that can raise new, interesting
questions about the life cycle of marine benthic organisms.

Besides studying the effect of bacteria on sexual reproduction, I studied their influence on
the growth and metabolic response of Seminavis robusta to bacterial presence. Roseovarius
sp. strongly supports diatom growth, while Croceibacter sp. and Maribacter sp. do not
significantly affect S. robusta growth if compared to axenic controls. All of the tested
bacteria induce an upregulation of amino acid and disaccharides production and a reduction
of squalene, alditols and simple sugars. Roseovarius sp. also reduces the concentration of
tocopherol and increases the production of arabinose.

In collaboration with a private company from Belgium (Proviron®), I used a metabolomics
approach to study the effect of bacteria from S. robusta on a different, commercially relevant
microalga, the oleaginous eustigmatophyte Nannochloropsis sp. In contrast to what observed
in diatom-bacteria co-cultivations, Maribacter sp. sustains the growth of the microalga better
than Roseovarius sp., while Poseidonocella sp., a bacterium isolated from a bioreactor
sample able to induce biofilms, only slightly increases Nannochloropsis sp. growth. Bacteria

affect Nannochloropsis sp. metabolome, reducing the endocellular concentration of
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tocopherol and several amino-acids, and increasing the concentration of sterols and stress
markers, like spermidine and putrescine. I also tested the influence of bacteria on biofilm
formation, an undesired effect of algal cultivation in closed, non-axenic bioreactors.
Roseovarius sp. and Maribacter sp. do not induce biofilm formation, but their combination
with the biofilm forming bacterium Poseidonocella sp. increases significantly this
phenomenon. These results are important to understand the relevance of inter-kingdom
communications under the perspective of algal cultivation and production, and can
contribute to the engineering of communities that can increase productivity.

To monitor exudation of metabolites that might play a role in chemical communication in
the water, I developed a new technique to extract metabolites from algal surfaces. Molecules
released from algae shape the interaction with other organism, but methods currently
employed (like the “dipping” method) often wound the surface cells of algae, leading to an
accidental release of endometabolites. I applied the principle of solid phase extraction (SPE)
to create a non-disruptive method to obtain only exuded metabolites. By powdering the
surface of the brown alga Fucus vesciculosus with a C18 SPE extraction powder and
subsequently washing and extracting it, [ was able to reproducibly extract several fatty acids
and fucoxanthin, a pigment with antifouling properties. The method was successfully applied
to the green alga Caulerpa taxifolia and the red alga Gracilaria vermiculophylla,
demonstrating the broad potential of the technique which could be easily applied to other
wet surfaces, e.g. rock covered with biofilms, corals or sponges, to extract metabolites that
play a role in inter-species interactions.

The results of this thesis introduce knowledge in the relatively young field of microalgae-
bacteria interactions by applying and connecting several different approaches (-omics
techniques, physiological bioassays, innovative chemical techniques), a broad
interdisciplinary methodology that is becoming crucial in both the fields of chemical ecology

and of applied biotechnology.
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1. Introduction
1.1 Chemical ecology of microalgae

The study and understanding of natural products that are mediating interactions among
organisms and their environment is the core interest of chemical ecology (Bergstrom, 2007).
Understanding chemical communication is a complex and fascinating field of research that
strongly interconnects biology, chemistry and physics: organisms require a sophisticated
biological machinery to produce and recognize many different molecules, from DNA to
RNA, proteins and smaller metabolites, which are released into the environment and can
therefore mediate interactions with the surroundings. The study of this complexity presents
many theoretical and technological challenges, which depend on both the organisms that are
studied and the environment in which they live (Schulz, Kubanek and Piel, 2015). The
comprehension of chemical communication is not only important for ecological reasons, but
it has motivated huge investments in applied research, for example to develop strategies for
pest control (Cook, Khan and Pickett, 2007; Begg et al., 2017), conservation biology (Leal,
2017) or antibiotic production (Van der Meij et al., 2017). In the last years, marine chemical
ecology provided a fundamental contribution to this research, as explained in many extensive
and insightful reviews (Paul and Ritson-Williams, 2008; Paul, Ritson-Williams and Sharp,
2011; Blunt et al., 2013; Schwarzer et al., 2016), and algae play a key role in this field
(Amsler, 2008). This polyphyletic group comprises diverse eukaryotic, photoautotrophic as
well as some mixotrophic organisms, both unicellular and multicellular, from different taxa
that live in water (Figure 1). Due to their high abundance in aquatic ecosystems, they are
major global primary producers (Longhurst ef al., 1995) and they influence biogeochemical
cycles (Andreae, 1990; Falkowski, 1994). In addition to their ecological role, algae have
attracted more and more attention from the industrial sector because of their high nutritional
value both for animal feeding and human nutrition (Brown, 2002: Duarte et al., 2009;
Loureiro, Gachon and Rebours, 2015), for their potential in biofuels production (Jones and
Maytield, 2012) and high value compounds (Chew et al., 2017). Studying algal life cycles
and algal natural products is therefore of great importance for ecological and applied
purposes. In this framework, research on algal pheromones play a pivotal role, presenting
stimulating challenges and opportunities to expand the knowledge in aquatic chemical

ecology research.
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Figure 1: Algae tree of life. (Barton et al., 2007).

1.1.1. Pheromones in algae

The interest in chemical communication between organisms has a long history (Fabre, 1918),
but if we have to find a birthdate for chemical ecology, that would be 1959. In this year,
Adolf Butenandt, a pioneer in human hormone research, published the identification of
bombykol, the mate attractant chemical compound from the female silk moth, Bombyx mori
(Figure 2). After 20 years of research, extraction of up to 500’000 specimens by classical
organic methods, chemical synthesis of geometrical isomers, and behaviour experiments, his

research group was able to confirm the structure of the molecule to be (10E,122)-10,12-

Hexadecadiene-1-ol.

Figure 2: Bombykol. The first identified sex pheromone extracted from the female silk moth Bombyx mori
(Butenandt ef al., 1959).

Based on these findings, Karlson and Liischer (1959) proposed the term pheromone (from
ancient Greek, pherein = carry and hormon = set in motion, excite, see Box 1) for all those
molecules, which are produced by an organism and elicit a certain reaction or behaviour in
another organism of the same species. Since then the terminology of molecules involved in

chemical communication has evolved (Nordlund and Lewis, 1976): while metabolites that
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Hormone: a regulatory substance produced in an organism and transported in
tissue fluids to stimulate specific cells or tissues into action.

Pheromone: substance secreted to the outside by an individual and received by
a second individual of the same species, in which it triggers a
specific response.

Semiochemical: chemical involved in the interaction between organisms.
Semiochemicals include nutrients and toxins (which are beneficial
or detrimental to the interacting organisms per se) and
infochemicals (which are beneficial or detrimental to the organisms
through the response they evoke in the receiver)

Infochemical: A chemical that conveys information from an emitter to a receiver
and elicits a behavioral or physiological response in the receiver.

Allelochemical: compound involved in interspecific interactions, which is produced

by a donor organism and elicits a response in a receiver organism

belonging to a different species.

Box 1: Chemical communication glossary.

mediate chemical interactions within the same individual are called hormones (Starling,
1905, Box 2), semiochemicals are involved in inter- and intraspecies communications
between different individuals. Semiochemicals (Box 2) comprise different kinds of
infochemicals, defined as chemical cues used by organisms to get information about their
environment (Dicke and Sabelis, 1985): allelochemicals (Box 2) facilitate interspecific
interactions and they can be further divided into allomones (favorable response only for the
donor organism), kairomones (favorable response only for the receiver organism) and
synemones (favorable for both) (Box 1). This section of the introduction will focus on
pheromone chemistry in algae and especially microalgae, while allelochemicals interactions
between microalgae and bacteria will be in focus in the next section.

Pheromone research is complicated by many factors. The low amount and dilution of
pheromones complicate their detection and structural elucidation. Chemical instability and
fast uptake rates can cause additional difficulties. Since 1959, pheromone research has
rapidly evolved and many hundreds of compounds involved in intraspecific interactions
were discovered. Research on insects provided the best insights in pheromone chemistry
(Yew and Chung, 2015) and perception (Ha, 2009), and these findings were efficiently

exploited in commercial and industrial applications (Howse, Stevens and Jones, 2013).
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Pheromones were also found in fungi (Bahn et al., 2007), bacteria (Kell, Kaprelyants and
Grafen, 1995) and mammals (Dulac and Torello, 2003). They are not only guiding mate
finding, but they are also regulating social behaviour, as in ant trail formation (David
Morgan, 2009), aggregation in arthropods (Wertheim ez al., 2005), or alarming and defensive
signaling in many animals (Verheggen, Haubruge and Mescher, 2010).

Marine chemical ecology has also given a strong contribution to pheromone research.
Several new molecules and interaction mechanisms have been found in e.g. fishes (Sorensen
and Wisenden, 2015), arthopods (Titelman et al., 2007) and amphibians (Woodley, 2010),
and profuse efforts have been made to apply this knowledge to aquaculture (Hubbard 2015)
and to understand how human activities interfere with these interactions (Liirling and
Shefter, 2007).

Only few algal pheromones have been identified so far (Pohnert and Boland, 2002; Frenkel
et al., 2014a; Venuleo, Raven and Giordano, 2017). According to Frenkel et al. (2014a) there
are several reasons behind the slow identification of new pheromones and infochemicals
from algae. First of all, lack of knowledge in algal life cycle and coordination of sexual
induction mechanisms prevents the application of traditional bioactivity-guided
fractionation assays. In addition, while high local concentrations around the producing cells
can be reached, the average concentration in the sea water is sometimes particularly low
(Ziegler and Forward, 2007). It is therefore necessary to concentrate a high volume of water
to collect enough of these cues, thus leading to the increase of interfering inorganic salts
concentrations, cue degradation and contamination with plasticizers and co-occurring
organisms. Furthermore, the physical properties of water facilitate the distribution of highly
diverse compounds, ranging from volatile molecules to unpolar fatty acid derivates to highly
polar macromolecules (Poulin er al., 2018a), therefore requiring advanced analytical
methodologies for a proper identification. New —omics technologies and their combinations
will help to overcome these challenges, as will be briefly explained in the third part of this
introduction.

The first brown algal pheromone was identified in Ectocarpus siliculosus as the volatile
ectocarpene (Figure 3, Miiller et al., 1971), which is produced by female gametes to attract
male gametes. Further studies demonstrated that the true pheromone is the thermolabile pre-
ectocarpene (Figure 3), which is converted to the up to 10.000-fold less bioactive
ectocarpene in a thermally controlled rearrangement (Boland, Pohnert and Maier 1995,

Pohnert and Boland, 1997).
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Since then, other pheromones from brown algae were found (Pohnert and Boland 2002).
Some species, like Laminaria digitata, release epoxid (lamoxirene in Figure 3, Maier et al.,
1988), while Fucus serratus and Fucus vesiculosus, as well as the mircoscopic diatom
Asterionella formosa, release an unsaturated and unfunctionalized hydrocarbon
(fucoserratene in Figure 3, Miiller, 1972; Jiittner and Miiller, 1979). Brown algae usually
release a blend of several hydrocarbons that act both as inducer of male gamete release and
attraction of these gametes, thereby promoting mate finding at different levels.

Green algae use different strategies for sexual reproduction, which rarely include pheromone
secretion and perception (Sekimoto et al., 2017). The model unicellular green alga
Chlamydomonas reinhardtii develops gametes under nitrogen starvation. Gametes release a
mating-type (MT, see definition in Box 2)-specific hydroxyproline-rich glycoprotein
(agglutinin) which promotes attachment of cells after random encounters (Ferris et al.,
2005). However, the closely related Chlamydomonas allensworthii produces two
pheromones (lurlenic acid and lurnelol, Figure 3) that attract MT" towards MT" (Coleman,
Jaenicke and Starr, 2001).

Another green alga, Volvox carteri, is able to release a glycoprotein under heat-stress. This
molecule act as an inducer for production of eggs in female cells and sperm packs in male
cells (Gilles et al., 1984). The activity of this pheromone is highly potent: one single male
gamete is able to convert all other individuals in a 1000 L culture from asexual to sexual
cells by releasing the pheromone at a femtomolar (fM) concentration. The high activity is
due to a signaling cascade, produced by additional proteins, called pherophorins, that is
believed to amplify the sex-inducing pheromone (Hallmann ez a/., 1998; Hallmann, 2011).
A complex multi-step pheromone system has been described for the green alga Closterium
peracerosum-strigosum-littorale complex (Tsuchikane et al., 2003; Tsuchikane et al., 2005).
Here, the MT ™ cells produce a glycoprotein that induces production of another glycoprotein,
the protoplast-release-inducing pheromone (PR-IP), in MT" cells. After PR-IP perception,
MT cells release their protoplasts and cell fusion becomes possible.

Besides these examples and the importance of algae pheromones, there is a lack of
knowledge especially about microalgae sexual life cycle and pheromone systems. The study
of diatoms provided the best insight in this topic, as it will be explained in the next two

sections.
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Brown algal pheromones

4T AL

Ectocarpene Lamoxirene Pre-ectocarpene
Multifidene Fucoserratene Hormosirene

Green algal pheromones

(@)
(@)
Hg%

OH R

Lurlenic acid R = COOH
Lurnelol R =CH,OH

Figure 3: Pheromones from brown and green algae. Figure adapted from Frenkel et al., 2014a.

1.1.2 Sexual reproduction and pheromones in diatoms

Among microalgae, diatoms represent a fascinating groups. They contribute up to 20 % of
global carbon fixation (Armbrust, 2009) and they have a huge genetic variability within the
group (Mann and Vanormelingen, 2013) that allows them to adapt to light and nutrient stress
(Malviya et al., 2016). Their morphology distinguishes them in two different groups, centric
(radially symmetric) and pennate (bilaterally symmetric) (Armbrust, 2009). Despite this high
genetic and morphological variability, they all share the same unique characteristic of having
a robust, silicified, porous cell wall, called frustule (Figure 4, Tréguer and De La Rocha,
2013), a hydrated glass house (SiO2-H20) that protects them from predators and mechanical
stress (Hamm et al., 2003). Because of this feature, they have a deep impact on the silicon
cycling in the ocean (Nelson ef al., 1995). Many diatoms are planktonic and float in open
waters, where their interactions are random. Benthic pennate diatoms who developed a raphe
(a microscopic slit in the biomineralized silica cell wall) are able to glide over surfaces by
the extrusion of exopolymeric substances (EPS) that can form pseudopods (Wang et al.,

2013).
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Figure 4: Structure of diatom cell walls. Scanning electron microscopy (SEM) images of overviews (top
row) and details (bottom row) of the frustule from four different diatom species (from left to right):
Aulacodiscus sp. (marine), Amphitertras sp. (freshwater), Didymosphenia sp. (freshwater) and Podocystis sp.
(marine). Most of the diatoms, despite their morphological differences and the different environment in which

they live, possess a porous cell well made of silica. (Figure taken from Round, Mann and Crawford, 1990).

A crucial characteristic of the diatom frustule is its “box-and-lid”-like structure (Figure 4
and 5). The frustule consists out of two overlapping halves, an upper and a lower theca
(epitheca and hypoteca), that are connected by girdle bands (Chepurnov et al., 2002). During
vegetative growth, the daughter cells are forming within the parent cells. This leads to a
decrease of the average cell size within diatom populations until a critical minimal size (a
phenomenon known as McDonald-Pfitzer rule, Drebes, 1977). To avoid cell death, cells
below this limit called sexual size threshold (SST), switch their life cycle from vegetative
(mitosis) to sexual reproduction (meiosis) and restore their cell size (Figure 5). Hence, sexual

reproduction is a pivotal step in the life cycle of diatoms.
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Figure 5: Diatom mitosis (a) and life cycle (b) of a centric (Thalassiosira punctigera, on the left) and a
pennate diatom (Seminavis robusta, on the right). Silica deposition vescicles (SDV) are necessary to form
two new thecae within the parent cell during mitotic cell division. Doing so, cell size decreases until a critical
cell size. The initial cell size can be restored by sexual reproduction when the diatom crosses the sexual size
threshold (SST). Diatoms have different sexual reproduction strategies: while only one daughter cell is
produced from 7. punctigera, a pair of auxospores is produced from S. robusta after gametogenesis. Figure

modified from Sumper and Kréger (2004) and Chepurnov et al., (2008).

After gamete production, the gametes fuse to form zygotes and after auxosporulation they
form new initial cells (Figure 5). While vegetative growth can proceed for months to years,
sexual reproduction lasts from some hours up to one week (Chepurnov et al., 2004, Figure
6). However, not all diatoms show sexual reproduction: a famous example of non-sexual
species is the model pennate diatom Phaeodactylum tricornutum (Bowler et al., 2010).
Moreover, the mechanisms are different between centric and pennate species: centric
diatoms are mostly oogamic and have a homothallic system (Box 2), with vegetative cells
developing in either non-motile eggs or flagellated sperm cells after abiotic induction, such
as by light intensity, temperature or concentration of specific nutrients, like NH4" for
Thalassiosira pseudonana (Moore et al., 2017). Pennate diatoms, on the other hand, show a
multifaceted sexual reproduction behavior including isogamy, anisogamy and oogamy (Box

2) with both heterothallic and homothallic mating systems (Chepurnov et al., 2004, Box 2).
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Figure 6: Sexual life cycle of a centric (Thalassiosira pseudonana, top) and a pennate diatom (Pseudo-
nitgschia multistriata, bottom). For centric diatoms sexual reproduction starts with the production of haploid
motile spermatocytes and a non-motile oocyte. After fertilization, auxosporulation takes place and restores
initial cells. Although no pheromones were found for centric diatoms so far, Moore et al., (2017) showed that
abiotic factors (NH4" availability) can trigger sexual reproduction (Figure from Moore et al, 2017).
For some pennate diatoms, sexual reproduction involves pheromone release and active recognition cascades,
such as in Seminavis robusta (Gillard et al., 2013, Moeys et al., 2016) and Pseudo-nitzschia multistriata (Basu

et al., 2018, Figure from Basu et al., 2018).



Introduction 10

Heterothallic: having male and female reproductive organs on different thalli.
Homothallic: having both male and female reproductive organs on the same thallus,

which can be self-fertilizing.

Oogamous: reproducing by the fusion of a large, non-motile egg and a small, motile
sperm.
Anisogamous: reproducing by the fusion of dissimilar gametes or individuals,

usually differing in size.

Isogamous: reproducing by the fusion of similar gametes in which no
differentiation can be observed.

Mating type (MT): depend on molecular mechanisms that regulate compatibility in

sexually reproducing eukaryotes.

Box 2: Sexual reproduction glossary.

The regulation of this complex and variegated sexual life has been earlier studied using
different perspectives, and chemical mediators have been proposed for few diatoms. In
Pseudostaurosira trainorii some vegetative cells with a specific “sexual size range” release
an unspecified chemical mediator (called ph-1) that induces meiosis in other vegetative cells
(Sato et al., 2011). The induced cells release two motile, amoeboid male gametes able to
release another unknown pheromone (ph-2) that triggers the formation of female gametes in
the initial vegetative cells. Finally, the female gametes excrete an attraction pheromone (ph-
3), which triggers movement in the amoeboid male gametes towards the female gametes.
The study of Pseudo-nitzschia multistriata provided additional interesting insights into
sexual reproduction regulation. P. multistriata requires not only the right cell size, but also
a specific cell density, absence of turbulences in the medium, and optimal growth conditions
to mate (Scalco et al., 2014). Scalco et al., (2016) described in detail chloroplast arrangement
and important timepoints during sexual reproduction. Recent studies (Basu et al., 2018)
elucidated a molecular mechanism involved in the sexual reproduction processes of P.
multistriata, specifically the upregulation of several meiosis-related genes, soluble guanylate
cyclase and G protein-coupled receptors, as well as downregulation of genes encoding
nutrient transporters during the onset of the sexual phase. However, no pheromone from P.

multistriata has been identified thus far.
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1.1.3 The pheromone system of Seminavis robusta

The sexual reproduction system of the pennate diatom Seminavis robusta has been
intensively studied in the last years and it represents the best characterized among diatoms,

both from a genetic and a chemical point of view (Figure 7).
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Figure 7: Seminavis robusta life cycle. S. robusta is a model organism to study the life cycle of pennate
diatoms. Its sexual life is regulated by a multistep pheromone system (center). After crossing sexual size
threshold (SST), S. robusta cells differentiate in two morphologically identical and genetically different mating
types (MT) and both mating types start to produce sexual inducing pheromones (SIP). SIP* from MT" arrests
the cell cycle of MT™ and triggers the production of an attraction pheromone (diproline). Diproline is perceived
by MT" and elicits motility towards MT-. Afterwards, cells can pair, form zygotes, auxospores and restore

initial cell dimensions.

This benthic pennate diatom was first identified by Danieliedis and Mann in 2002: they
realized that the previously identified Amphora ventricosa (Gregory, 1857) was indeed more
similar to diatoms belonging to the genus Seminavis and named it Seminavis robusta. S.
robusta possesses all the characteristics to be used as a model system. Its cultivation is highly
controllable, and cells can be cryopreserved (Stock ef al., 2018). Monoclonal strains of each
mating type are available, have a known pedigree (De Decker et al., 2018) and reproducible
protocols for dark synchronization of the diatoms’ cell cycle exist (Gillard et al., 2008).
Furthermore, their cell size (between 20 and 100 um) and their ability to settle on surfaces
make microscopic observations with standard microscope equipment feasible (Chepurnov et
al., 2008).

This diatom shows a heterothallic isogamouus (Box 2) mating behavior, with two
morphologically identical mating types (MT) that are genetically different (Vanstechelman
et al., 2013). After vegetative cells reach the sexual size threshold (SST), they differentiate
into two mating types (MT" and MT"). MT" cells have the ability to glide towards MT" cells.
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Once the cells are paired, two auxospores are produced, resulting in two initial cells from
one pair of mating cells (Chepurnov et al., 2002). In the last years, the complex pheromone
system regulating the attraction process has been elucidated by means of metabolomics and
transcriptomics. Comparative metabolomics assays, fractionations, bioassays, and
subsequent structural identification revealed that the attraction of MT" towards MT" is due
to the production by the latter of a diketopiperazine (DKP) made by two proline molecules,
which was therefore called diproline (Figure 7, Gillard et al., 2013). Interestingly, diproline
production is light-dependent and its production is induced by the addition of spent medium
of the opposite partner. Furthermore, pheromone perception is only possible if MT™ medium
is added to MT" cultures, thus suggesting the presence of additional pheromones released by
both mating types. Further studies proved that both mating types release sexual inducing
pheromones (SIP* and SIP) (Moeys, Lembke, Frenkel et al, 2016, Lembke, 2018).
Although the full chemical characterization is still open, it has been proven that SIP" induces
cell cycle arrest and synchronization, thus causing a shift from mitosis-related genes to
meiosis-related genes (similar to those found by Basu ef al., 2018) and it triggers diproline
production. Moreover, the sexual inducing pheromone is prompting the expression of genes
involved in cGMP biosynthesis (guanylate cyclase, GC) and breakdown
(phosphodiesterases, PDE) (Moeys, Lembke, Frenkel ef al., 2016). These genes were also
upregulated in sexually induced cells of P. multiseries, thus hinting to a possible pathway of
pheromone recognition in diatoms. However, information on the specificity and the
mechanism of pheromone recognition in diatoms is still scarce. Gillard ef al., (2013) found
that both the natural (S,S5)-diproline and its enantiomer (R,R)-diproline have a comparable
bioactivity. Also a diketopiperazine made of two pipecolic acid molecules tested in attraction
bioassays has an effect comparable to diproline, while other open-ring DKP showed no
effect (Lembke et al., 2018). Further studies on the structure-activity relationship with
labeled diproline and its analogs may reveal the mechanism of perception in Seminavis
robusta.

The established attraction assay protocol for S. robusta (Gillard et al., 2013) provided a great
tool to study motility and decisional behavior in diatoms. Recently, Bondoc et al., (2016)
found that S. robusta moves towards the pheromones via a biased random walk that is a
mixture of chemotaxis (directed orientation towards chemical gradients) and chemokinesis
(change in motility parameters such as turning frequency and speed in response to the
presence of signal molecules in sufficient concentrations) (Amsler and Iken, 2001). S.

robusta uses the same mechanism to move towards aluminum beads loaded with Si(OH)4
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(Bondoc et al., 2016) and towards phosphate (Bondoc et al., 2018a) under nutrient
starvation. More interestingly, S. robusta demonstrated an unexpected ability of decision
making under different stimuli: when cells are below the SST and nutrients are available,
mate finding behavior is initiated. However, when silica levels are too low, S. robusta diverts
all its efforts towards the search for nutrients. When the critical cell size is reached (Figure
5), S. robusta will search for a partner even if nutrients levels are low, thus preferring mating
over nutrition (Bondoc et al., 2018b).

The microphytobenthos, defined as the diverse assemblages of photosynthetic diatoms,
cyanobacteria, flagellates, and green algae that inhabit the surface layer of sediments in
marine systems, is one of the most productive marine ecosystems (Smith and Underwood,
1998) and fundamentally contributes to biogeochemical cycles (Paerl and Pinckney, 1996;
Bhaskar and Bhosle, 2005; Dang and Lovell, 2016).

Biofilm formation by diatoms is not only important from an ecological point of view (Stal
and De Brouwer, 2003), but it is becoming more important in industrial applications (Grozea

and Walker, 2009; Schnurr and Allen, 2015), as it will be discussed in Chapter 6.
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1.2 Chemical interactions between microalgae and bacteria'

1.2.1. The phycosphere: a marketplace for aquatic microbial interactions

In recent decades our understanding of microalgae interactions has undergone fundamental
changes. Until the 1990s the notion prevailed that the observed species richness in plankton
is a result of fluctuating biotic and abiotic resources available to the plankton community
(Vanni and Findlay, 1990). Locally and temporally limited favorable conditions of e.g.
nutrients concentration, temperature, light and other resources, set the stage for the transient
dominance of selected phytoplankton species (algal blooms) and an accompanying complex
array of microbial community members (Sommer, 1989). Early observations of single
metabolites from microalgae that act as regulators of the growth of competitors or as defense
metabolites paved the way for the concept of chemically mediated plankton interactions
(Gross, 2003). This predicts that interactions by means of the production, storage and release
of chemical mediators can influence the growth and prevalence of phytoplankton as well as
their associated microorganisms (Pohnert, 2004). Selected compound classes were studied
in great detail, revealing that single metabolites can exhibit a multitude of cascading effects
in the plankton. For example, oxylipins (for structures, see Table 1) produced by marine
diatoms are used as an activated chemical defense against grazers, for antibacterial effects
and even for the regulation of cell death within diatom blooms (Ianora et al., 2011). Given
these complex roles of chemical mediators it is not surprising that signaling in water can
shape and balance entire communities, including phytoplankton populations.

Microalgae are responsible alone for almost 50% of global photosynthesis (Falkowski ,
1994), while associated heterotrophic bacteria (mainly Proteobacteria and Bacteroidetes,
Amin et al., 2012) are able to metabolize most of the dissolved organic carbon (DOC) and
particulate organic carbon (POC), helping the oceanic nutrient circulation and carbon
sinking (Azam et al., 2007) by establishing the so called “microbial loop” (Buchan et al.,
2014, Figure 8). Interactions between these two groups contribute to stabilize the aquatic
food web (Cole, 1982) and regulate the fluxes of climatically crucial chemicals (Carpenter
et al., 2012), not only in the pelagic zone but also in the benthic environment (Haynes ef al.,

2007).

! This chapter is adapted from: Cirri, E., & Pohnert, G. Algae-bacteria interactions that balance the planktonic
microbiome. The New Phytologist. Under revision.
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Figure 8: Microalgae-bacteria interactions and their effects on the biogeochemical cycle. The complex
interactions in the phycosphere surrounding the algal cell (Bell and Mitchell 1972) are deeply influencing the
biogeochemical composition of oceans, air and soil. For example, microalgae use CO», sun energy and
inorganic nutrient (e.g. sulfur or silicate) to produce several compounds, like the widespread osmolyte
dimethylsulfoniopropionate (DMSP), which is produced and excreted by many algae (Thume et al, 2018).
Bacteria are able to degrade it and release dimethylsulfide (DMS), a volatile organic compound (VOC) that is
escaping to the atmosphere where it acts, after transformation to sulfuric acid, as cloud condensation nuclei
(CCN, Andreae, 1990). POM= Particulate organic matter, DOM = dissolved organic matter, DOC = Dissolved

organic carbon.

A pre-requisite for such association and exchange networks is the spatial assembly of
interacting organisms. Inspired by the seminal work of Lonz Hiltner, who coined the word
rhizosphere (Hiltner, 1904) to refer to the microbial community living in close proximity to
plants’ rhizoids, in 1972 Bell and Mitchell coined the term phycosphere, defining a
microscopic region rich in organic molecules surrounding algal cells (Bell and Mitchell,
1972). This chemically enriched zone around the algal cells represents the first interface
where interactions between algae and bacteria are controlled by exuded chemicals (Seymour
et al., 2017). Such persistent zones allow for the formation of tight associations that forged
the evolutional history of algae and bacteria, leading to microbes with streamlined genomes
that benefit from reduced reproduction costs, but face challenges due to the loss of metabolic
functions which have to be overcome by random, symbiotic, mutualistic or parasitic
interactions (Box 3 for glossary, Kazamia ef al., 2016; Ramanan ef al., 2016). The complex
orchestration of microalgae-bacteria interactions mediates resource (re)cycling, inter-

kingdom signaling and community dynamics (Figure 8). Many extensive reviews explored
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this field the field (Azam and Malfatti, 2007; Amin et al., 2012; Seymour et al., 2017). Broad

reviews also explored the potential of these interactions in industrial context, such as

biomass production (Fuentes et al, 2016), wastewater treatment (Gongalves, Pires and

Simoes, 2017) and biofuels production (Yao et al., 2019).

Marine food web:

Chemical mediators:

Algal bloom:

Benthos:

Phycosphere:

Heterotroph:

Phototroph:

Metallophores:

Mutualism:

Commensalism:

Quorum sensing:

Trophic linkages between all living organisms found in the marine
environment.

Small molecules that play a role in regulating the composition and
interactions of species in communities.

The increase and dominance of algal taxa within the plankton
community.

The community of organisms that live on, in, or near the seabed,
also known as the benthic zone.

The region surrounding a (unicellular) alga or an aquatic bacterium
in which gradients of exuded metabolites are maintained.

An organism that must acquire organic carbon from an external
source to produce energy and sustain growth.

An organism capable of using the energy of light to carry out
cellular metabolic processes.

Compounds secreted by bacteria to chelate a metal and to ease its
transport across cell membranes. Siderophores are specific for iron
transport.

Association between two organisms belonging to different species
in which both benefit.

Association between two organisms belonging to different species
in which one benefits from the other without harming or benefiting
the latter.

Population density dependent mechanism whereby bacteria
communicate and coordinate population behavior and gene

expression (QS).

Box 3: Algae-bacteria interactions glossary.
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1.2.2. Metabolic hotspots around algal cells

Marine bacteria have evolved strategies to use resources released from living and decaying
microalgae (Figure 8). Algicidal species are capable of controlling entire algal blooms by
inducing algal lysis, facilitating the uptake of released metabolites (reviewed in Meyer et al.,
2017). One example is the interaction between Kordia algicida and Skeletonema costatum
(Paul and Pohnert, 2011): the release of a protease from the bacteria leads to cell lysis of the
alga and the subsequent outflow of organic compounds sustains bacterial growth. Another
diatom, Chetoceros didymus, is able to protect itself from this bacterium by exuding a
protease that interferes with the lytic enzyme from the bacteria (Paul and Pohnert, 2013).
Such interactions can go beyond random associations as this is strikingly shown for
antagonistic bacteria that have evolved group hunting strategies (Aiyar et al., 2017). In this
scenario, the bacteria (Pseudomonas protegens) accumulate around the initially motile algal
cells (Chlamydomonas reinhardtii) and immobilize the prey by deflagellation. This process,
triggered by the lipopeptide orfamide A (Table 1), leads also to the disruption of algal Ca**-
homeostasis and to subsequent cell lysis (Aiyar et al., 2017).

In closely-coupled associations, mutual support of algae and associated bacteria has been
also observed. The phycosphere with associated bacteria can thereby be considered as a
marketplace where cross kingdom interactions are mediated by the release and uptake of
organic compounds (Wienhausen et al, 2017). Gradients within this sphere guide
chemoattraction of bacteria in microscale interactions (Seymour and Raina, 2018). For
example, bacteria of the class of Marinobacter have shown chemoattraction towards the
diatom Thalassiosira weissflogi (Sonnenschein et al., 2012), while Vibrio alginolyticus is
attracted by the exudates of the toxic phytoplankton species Heterosigma akashiwo
(Seymour et al., 2009). To date no spatially resolved chemical imaging of the phycosphere
around a microalga is available. Calculations based on growth rates and physical principles
of molecular diffusion suggest that the phycosphere is strongly related to microalagal
dimensions (Seymour et al., 2017). Raman microscopy on macroalgal surfaces suggests that
the phycosphere extends several hundreds of micrometers into the water and a steep build-
up of gradients with up to millimolar concentrations of chemical mediators directly above
the algal surface can be observed (Grosser et al., 2012). The phycosphere is not a static
environment, rather a dynamic entity as revealed in time-lapse video recordings (Smriga et
al., 2016): motile bacteria isolated from an enriched ocean community (especially bacteria

from the Roseobacter clade) form clusters around lysed phytoplankton cells that



Introduction 18

subsequently rapidly dissipate. The whole process lasts less than 10 minutes and movement
pattern analysis suggests that the phycosphere extends to ca. 2 mm around a lysed diatom
(Smriga et al., 2016).

Very recently the concept of chemical communication was extended beyond the mere
diffusion-limited exchange of metabolites. In an elegant study, Schatz et al., (2017) found
that extracellular vesicles, produced by virus infected microalga Emiliania huxleyi enable
cell-cell communication. Vesicles carry small RNAs that target sphingolipid metabolism and
cell cycle pathways. The internalization by E. huxleyi promotes a faster infection of the
population. This mechanism might very well be relevant beyond this first example and
further studies might extend it to other microorganisms, since bacteria are also known to
produce extracellular vesicles with different substances (DNA, antimicrobial peptides,

quorum sensing molecules) (Schatz and Vardi 2018).
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Figure 9: Molecules exchange in microalgae-bacteria interactions. Interactions between microalgae and
bacteria involve many different chemical compounds. Vitamins (B12 and B1) are often produced by bacteria
and taken up by microalgae that are not able to produce them de-novo (Croft et al, 2005). Also sulfur
containing metabolites (e.g. DMSP) are important exchanged nutrients. Bacteria can metabolize it and release
nutrients or phytohormones (auxins) to sustain microalgal growth (Segev et al, 2016) or quorum sensing
molecules to improve further bacterial colonization (Johnson et al., 2016). Also amino acids play a crucial role
in inter-kingdom interactions: for example, Sulfitobacter sp. is taking up tryptophan produced by diatom and
releasing indole-3-acetic acid (IAA) to sustain algal growth (Amin er al, 2015). Some bacteria, like
Marinobacter algicola, are enhancing the bioavailability of nutrients, for example by complexing Fe** with a

photolabile siderophore (Amin ef al., 2009).
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1.2.3. Cross-kingdom exchange of resources and its influence on elemental

cycling

Element cycling is a long-standing topic in ocean sciences and exchange of carbon, sulfur,
nitrogen and iron were recognized early as factors that determine species composition. With
the notion of closely associated algae/bacteria interactions our understanding of such
element cycling expanded substantially. Especially with the advent of elaborate analytical
techniques the concept could be significantly expanded from simple “element exchange” to
the specific interaction by means of defined metabolites that is briefly highlighted in the
following paragraph and in Table 1.

The release of vitamins (especially vitamin B12) by bacteria is one of the most common and
well-studied means mediating algae-bacteria interactions. An estimated 50% of algal species
require exogenous sources of vitamin B12 due to the lack of pathways to synthesize this
essential component de novo (Croft et al., 2005). In addition, algal supply of vitamin B1 is
often dependent on precursors provided by bacteria (Paerl et al., 2017). An untargeted exo-
metabolome survey of two strains of the widely-distributed Roseobacter clade (Phaeobacter
inhibens and Dinoroseobacter shibae) revealed that bacteria release plant growth hormone
(IAA), nitrogen sources (amino acids) and vitamin precursors (Wienhausen et al., 2017).
Among them, two vitamin B1 precursors, 4-methyl-5-(B-hydroxyethyl)thiazole (HET) and
4-amino-5-hydroxymethyl-2-methylpyrimidine (HMP), stimulated the growth of the
diatoms Thalassiosira pseudonana and Leptocylindrus danicus. This can be considered as a
cultivation strategy of algae as suppliers of organic resources, which they can consume with
up to 82% efficiency (Horndk et al., 2017). Vice versa, algal metabolites can stimulate the
production of quorum sensing molecules in bacteria (Johnson ef al., 2016), thereby further
promoting mutualistic associations.

An intensively studied example of a metabolite that structures the marine environment is the
omnipresent sulfur-containing dimethylsulfoniopropionate (DMSP), a compound produced
by algae (Sunda ef al, 2002). DMSP and its degradation products carry essential
physiological functions as osmoregulators and antioxidants in the producing algae (Johnston
et al., 2016). Leaked DMSP is a chemoattractant, guiding bacteria and predators towards
phytoplankton cells (Seymour et al., 2010). In recent years, DMSP chemistry served as a
platform for striking methodological and conceptual developments that led to a substantially
refined understanding of the ecological consequences of bacterial competition for organic

matter in the phycosphere. A study providing unprecedented spatial information in plankton
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ecology focused on the distribution of DMSP down to a subcellular resolution (Raina et al.,
2017). Secondary-ion mass spectrometry was used to trace sulfur in the form of its stable
isotope **S in co-cultivation of the DMSP-producing alga Symbiodinium sp. and the DMSP-
degrading bacterium Pseudovibrio sp. The steps from the initial incorporation over the
biosynthesis of DMSP, the intracellular storage, release and degradation were visualized.
DMSP is localized in the vacuoles, cytoplasm and chloroplasts of the dinoflagellates. The
key role of DMSP is supported by the notion that sulfur incorporation is seven times higher
for DMSP-degrading bacteria compared to those that lack DMSP-degrading enzymes. In
another study, it has been shown that the bacterium Phaeobacter inhibens attaches to the
cells of the coccolitophore Emiliania huxley and exploits released DMSP as a source of
carbon and sulfur (Segev et al., 2016). Recently the concept of DMSP as essential metabolite
in sulfur cycling has been expanded by the description of the structurally related oxidized
metabolite dimethylsulfoxonium propionate (DMSOP). This metabolite, that is formed by
algae and bacteria can serve as precursor for oceanic dimethylsufoxide and is expanding the
oceanic sulfur cycle driven by the connected metabolism of algae and bacteria (Thume et
al., 2018). Another sulfur metabolite, 3-dihydroxypropane-1-sulfonate (DHPS), is released
in high amounts by Thalassiosira pseudonana (Durham et al., 2015) and it is influencing
Reugeria pomeroyi gene expression, which is adapting to the presence of diatom exudates
in order to grow better (Durham et al., 2017).

With the ongoing discovery of other widely-distributed organic osmolytes containing
reduced sulfur, including gonyol, dimethylacetate and DHPS, the field of algal / bacterial
sulfur shuttling is now expanding (Gebser and Pohnert, 2013; Durham et al., 2015). Initial
studies investigating the orchestrated regulation of these metabolites under osmotic stress
already suggest a novel degree of complexity (Gebser and Pohnert, 2013).

Another essential nutrient for both algae and bacteria is the inorganic nutrient iron. Iron is
one limiting factor in the formation of algal blooms (Coale et al., 1996). Its low solubility in
water and the resulting small concentration reduces its bioavailability. Consequently, large
regions of the oceans are depleted in iron and phytoplankton growth is limited in these areas.
Eukaryotic phytoplankton access iron via ferrireductases and Fe(II) transporters, while
bacteria excrete small organic molecules (siderophores) that bind iron with high affinity and
serve as shuttles into cells. Based on the contrasting requirements of algae and bacteria, a
“carbon for iron” mutualism evolved, in which algae release organic matter that supports the
growth of heterotrophic bacteria. In return, bacteria in the phycosphere produce siderophores

that make iron available to both partners (Amin et al., 2009). Among siderophores,
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vibrioferrin (Table 1) represents the best example for this function. It is produced by
Marinobacter algicola and shows a comparably low affinity for iron but a high sensitivity
to light. After complexation of Fe(III) with vibrioferrin, photolysis of the resultant complex
leads to the release of Fe(II) that can be readily taken up by algae (Amin et al., 2009).

Nitrogen in its different chemical species, both organic (e.g. amino acids) and inorganic (e.g.
nitrate and ammonium), is a fundamental nutrient for both for bacteria and microalgae. Most
microalgae, including diatoms, cannot directly acquire nitrogen from N>, but need inorganic
forms such as nitrate or ammonium that are delivered by nitrogen fixing bacteria and
cyanobacteria (Foster et al., 2011). In accordance, associations of algae with nitrogen fixing
bacteria or those that are able to transform other (in)organic nitrogen sources are observed.
For example, Methylobacterium sp. is able to break down amino acids, producing
ammonium that can be assimilated by Chlamydomonas sp. and in exchange exploit the
glycerol released from the microalga (Calatrava et al., 2018). A similar mechanism involves
methylamines. These compounds are typical degradation products of proteins that are
abundant in surface waters, but methylamines are not accessible for e.g. the benthic diatom
Phaeodactylum tricornutum (Suleiman et al., 2016). To overcome this limitation, a
mutualistic interaction with the methylamine-degrading alphaproteobacterium Donghicola
sp. is established. It degrades methylamine to ammonium that is readily taken up by the alga.
The bacterium benefits from the diatom exudates and grows faster. In other cases, bacteria
farm microalgae and exploit their production of amino acids, as in the case of Croceibacter
atlanticus, which is attaching to diatom cells and is able to block cell cycle progression and
rewire diatom metabolism towards production of amino acid biosynthesis (Van Tol ef al.,

2016).

1.2.4. Speak to me: signaling and response in bacteria-microalgae interactions

All molecular exchanges described in the previous section establish a chemical
communication between species which influences their genetic and metabolic expression,
causing a molecular response cascade that can trigger the production of several
infochemicals.

The best example of a response cascade involving infochemicals is the system Sulfitobacter-
P. multiseries (Amin et al., 2015). Tryptophan produced by the diatom triggers the
expression of bacterial transcripts associated to indole and tryptamine pathways (IAM and

TAM), inducing the synthesis and release of the phytohormone IAA. IAA sustains diatom
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growth and influences its metabolic gene expression. Cysteine dioxygenase, responsible for
taurine biosynthesis, is upregulated and the metabolite is taken up by the bacterium,
metabolized, and its byproducts are incorporated in the Calvin cycle. In addition,
Sulfitobacter increase nitrate import and degradation to ammonia, which is then used by P.

multiseries to grow (Figure 10).
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Figure 10: Interaction network between a diatom (Pseudo-Nitzschia multiseries) and a bacterium
(Sulfitobacter sp.). Depicted metabolites were measured in the medium. Genes/transporters/metabolic cycles
are shown as upregulated (red), downregulated (blue), or not differentially regulated (white) in co-culture
relative to monocultures. IAA potentially regulates expression of two cyclins that typically regulate the cell
cycle. Trp, tryptophan; DMS, dimethyl sulfide; PSI, PSII, photosystem I, II; CYC2, CYCS, cyclins 2 and 8;
TIAALD, indole-3-acetaldehyde. (From Amin et al., 2015, Copyright © 2015, Springer Nature).

A similar mechanism was found for E. huxleyi co-cultivated with P. inhibens (Segev et al.,
2017). Interestingly, this interaction changes during the growth of the microalga: the
bacterium can perceive microalgal senescence and increase the levels of IAA to cause cell
death by activation of oxidative stress pathways. A similar “Jekyll and Hyde” mechanism,
with a switch from a mutualistic to a pathogenic relationship, was also observed in P.
gallaeciensis |/ E. huxleyi interactions (Seyedsayamdost et al., 2011). Initially, P.
gallaeciensis produces phenylacetic acid to sustain algal growth and metabolize its exudates.

When E. huxleyi reaches senescence and starts releasing p-coumaric acid (Table 1), the
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bacterium responds with the production of algicidal roseobacticides (Table 1) to trigger algal
cell death.

Several studies also suggested that bacterial quorum sensing (QS), a well understood and
common bacterial signaling mechanism (Miller and Bassler, 2001), may play a role in inter-
kingdom signaling. Algal metabolites can stimulate bacteria QS molecule production
(Johnson et al., 2016). QS compounds can induce biofilm formation in diatoms (Yang et al.,
2016) or kill algae, as in the case of Alteromonas sp. that produces several quinolone
derivates that act as algicidal compounds towards dinoflagellates, like the harmful-bloom-
forming dinoflagellate Alexandrium tamarense (Cho et al., 2012). Moreover, microalgae
could mimic the quorum sensing molecular family of N-acyl homoserine lactones (AHLs)
to influence their microbiome. Chlamydomonas reinhardtii secrets a set of compounds
(riboflavin and its derivative lumichrome) that are interfering with quorum sensing of
bacteria and induce them to produce antibacterials to kill possible pathogens (Teplitski et
al., 2004).

The low concentrations and rapid uptake of several info- and allelochemicals (Box 1)
complicate their detection via standard analytical methods. However, genomics and
transcriptomics experiments allow for the detection of changes in genetic expression upon
inter-kingdom interactions and to understand inter-species signaling pathways.
Transcriptomics analysis of a co-cultivation of three different microalgal strains with their
natural bacterial consortium showed that many signaling pathways governing higher plant-
bacteria interactions are also present in algae-bacteria interactions such as secretion systems
type IV and V, flagellin, vitamin B12 and B1 synthetic pathways (Krohn-Molt et al., 2017).
In the presence of Ruegeria pomeroyi, T. pseudonana responds by upregulating the genes
for leucine-rich repeat (LRR) receptors, protein kinase systems, calcium-binding proteins
and cell cycle regulators (Durham et al, 2017). All these genes are known for immune
response and developmental signaling in plant-bacteria interactions. In addition, chitin-
binding and chitin metabolism were stimulated. Diatoms synthetize chitin as part of their
cell walls, while marine bacteria attach to chitinous regions of diatom cells. R. pomeroyi
proved to be a flexible, fast-adapting bacterium able to remodel its genomic expression under
different condition thanks to a quick response to signaling molecules. In a co-cultivation
experiment with the dinoflagellate Alexandrium tamarense and the diatom 7. pseudonana,
R. pomeroyi changed its metabolic requirements following a population shift from a
dinoflagellate dominated cultures to a diatom one (Landa et al., 2017). The response cascade

involved phosphorelay genes, flagellar assembly genes and gene transfer agent (GTA) genes
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when the dinoflagellate is present. This cascade triggered a metabolic response in the
bacterium that involves degradation of DMSP, transport and catabolism of taurine and N-
acetyltaurine, xanthine and purine metabolism and transporters for polyamines. Also
Marinobacter adhaerens can change its protein pattern to reduce amino acid synthetic
pathways and to facilitate the uptake of amino acids released by the diatom 7. weissflogii
(Stahl and Ulrich, 2016). These results are supported by the evidence that some algae change
their proteome to produce more proteins and amino acids in the presence of bacteria,
establishing a mutualistic relationship in exchange of e.g. vitamin B12 (Helliwell et al.,
2018) or iron (Beliaev ef al., 2014). All these mechanisms are not only found in the pelagic
environment, but also have an important role in biofilm formation in benthic environments.
A Roseobacter strain able to grow on secreted diatom exopolymers as a sole source of carbon
influenced the aggregation of Phaeodactylum tricornutum by inducing a morphotypic
transition from planktonic, fusiform cells to benthic, oval cells and by triggering the
production of mucin-like proteins involved in biofilm formation (Buhmann et al., 2016).
Other bacteria are necessary for biofilm formation and exopolymeric substances (EPS)

release in the freshwater diatom Achnanthidium minutissimum (Windler et al., 2015).

1.2.5. Inter-kingdom signaling shapes marine microbial communities

All the above-mentioned interactions between microalgae and bacteria have a crucial role in
shaping aquatic microbial communities. The diversity of phytoplankton and the
specialization in substrate utilization resulted in the diversification of the bacteria associated
to microalgae. Early mesocosm experiments first provided important insights into the
dynamics of natural bacteria populations during phytoplankton blooms (Riemann et al.,
2000) that were further tested in other experimental setups, for example by documenting
community shifts in bacterioplankton after addition of organic matter derived from different
phytoplankton species (Tada et al., 2017). Laboratory experiments demonstrated that
bacterial colonization strongly depends on the host and that bacterial communities change
over time (Crenn, Duffieux and Jeanthon, 2018; Behringer et al., 2018). Besides short term
associations, different diatoms establish on the long term specific relationships with selected
bacteria, creating a community that is stable across strains and unique for each species, thus
suggesting a careful choice of the microbiome based on chemical signaling (Behringer et al.,
2018). The involvement of chemical compounds in this process was further demonstrated

by documenting community shifts in bacterioplankton after addition of organic matter
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derived from different phytoplankton species (Tada et al., 2017). Lab findings were
confirmed by monitoring species- and functional diversity during spring phytoplankton
blooms (Landa et al., 2016). The observed succession of bacterial clades was indeed largely
explained by specific substrate availability. Remarkably, this succession pattern remained
consistent despite considerable inter-annual variation between spring phytoplankton blooms
(Teeling et al., 2016). Similar concepts emerged from the study of naturally iron fertilized
regions in the Southern Oceans, where the input of iron from island run offs initiates
phytoplankton blooms of variable composition (Landa et al., 2016). Heterotrophic bacteria
rapidly respond to these blooms and process a substantial fraction of primary production
with consequences for the entire pelagic ecosystem. Changes in algal primary production
thereby create ecological niches for distinct bacterial populations. This control by substrate
delivery leads to a succession of specialized bacteria that utilize different organic
components and influence carbon recycling (Landa et al., 2016; Teeling et al., 2016).

Beyond the aspect of succession, nutrient recycling also facilitates the stability of algal-
bacterial communities. The phototrophic picocyanobacterium Synechococcus sp. allocates
more resources to carbon and energy production when co-cultivated with R. pomeroyi. In
return, the bacterium switches to the preferential use of the photosynthate as a source of
organic phosphate, nitrogen and carbon, and re-mineralizes the leaked photosynthate to
maintain a feedback of inorganic nutrients to the photosynthetic producer (Christie-Oleza et
al., 2017). The phenomenon of fluctuating community compositions with defined annual
species successions in plankton was recognized early and motivated a series of theoretical
considerations as to how the homeostasis of the system is maintained (Hutchinson, 1961).
With the recognition of the close link between phytoplankton and microbial communities,
of functional species associations and of chemical factors mediating interactions we have
made enormous progress in the understanding of marine species richness and plankton
ecosystem functioning at a given time. However, we still lack fundamental knowledge of
how the observed annually re-occurring community patterns emerge, how they are stabilized
and how succession is triggered. Surveys such as the Tara Oceans expedition (Lima-Mendez
etal., 2015) that provide a comprehensive inventory of life in the ocean will surely contribute
substantially facilitating pattern recognition and correlations. High resolution time series
surveys will as well expand the knowledge on this rapidly changing microbial landscape by
monitoring the fast expansion and decline of short-lived communities that display a high
level of cohesion (Needham et al., 2017; Martin-Platero et al., 2018). However, the

metabolic landscape will also have to be documented in time and space providing an exciting
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challenge to link community dynamics directly with chemical mediators of interactions. The
metabolic complexity of microbial systems, coupled with the low concentrations of
molecules in water, their hitherto poorly documented steep gradients within the phycosphere
and open waters, and their rapid uptake pose interesting challenges that must be overcome

to take the next step in the understanding of ocean functioning.
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1.3 Omics techniques in chemical ecology and marine research

1.3.1 The omics approach in chemical ecology

In biology and life sciences, the suffix omics comprises all those approaches that aim to
universally detect molecules such as genes, transcripts, proteins or metabolites in a specific
biological sample in a non-targeted, non-biased and holistic manner (Horgan and Kenny,
2011). This suffix was first introduced in biology in 1986 by Thomas H. Roderick, a
geneticist at the Jackson Laboratory in Bar Harbor: starting from the word genome, which
was coined by Hans Winkler in 1920, he suggested the word “genomics” to describe the
global study of a genome, a term that was later adopted for a whole new science (McKusick
and Ruddle, 1987). Since then, the application of “omics” in biology and life science
research has grown exponentially and many new omics approaches were introduced (Yadav,
2007). The integration of different techniques, such as genomics, transcriptomics,
proteomics and metabolomics (see Box 4 and workflow Figure 11), is the foundation of
system biology (Westerhoff and Palsson, 2004).

Systems biology and omics experiments differ from traditional studies for their holistic
nature: while traditional approaches are largely hypothesis-driven or reductionist, systems
biology experiments consider a complex system as a whole, acquiring all the data with
different technologies without prior knowledge to generate a hypothesis that can be further
tested (Horgan and Kenny, 2001).

Genome: the total DNA of a cell, tissue or organism.
Genomics: the study of a genome.

Transcriptome: the total mRNA in a cell, tissue or organism and the template for protein
synthesis during translation.

Transcriptomics: the study of mRNA that is expressed in a precise moment under a precise

condition.
Proteome: the total proteins in a cell, tissue or organism
Proteomics: the study of proteins, including their structure and function, within a cell,

tissue or organism.

Metabolome: the total low molecular weight compounds (< 1kDa) present in a cell, tissue
or organism that participate in metabolic reactions.

Metabolomics: the study of all metabolites produced by an organism under a given set of
conditions.

Box 4: -Omics glossary. Table adapted from Horgan and Kenny 2001.
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Figure 11: System biology workflow. The numbers in each box indicate the average number of genes, proteins

or molecules found in each step for human studies. (Adapted from Horgan and Kenny 2001).

In the last thirty years this discipline made giant steps thanks to the fast-paced development
of technologies in different fields. DNA and RNA sequencing has been revolutionized by
further development of microarray methods (Rosa, De Leon and Rosa, 2017), introduction
of next-generation sequencing (NGS) technologies (Wang, Gerstein and Snyder, 2009;
Morozova and Marra, 2008) and single cell investigation approaches (Shapiro, Biezuner and
Linnarsson, 2013). Proteomics and metabolomics rapidly evolved especially thanks to the
introduction of novel, high-resolution mass spectrometry technologies (Bantscheff et al.,
2007; Liu, Ser and Locasale 2014; Schubert et al., 2017; Fuhrer and Zamboni, 2015).
Moreover, new methods for data analysis, such as machine learning approaches for data
mining, are constantly improving the way to analyze the huge amount of data coming from
omics experiments (Larranaga et al., 2006; Libbrecht and Noble, 2015; Yi et al., 2016).

One of the research fields that benefitted greatly from systems biology and omics approaches
is chemical ecology (Kuhlisch and Pohnert, 2015; Baudino, Lucas and Smadja, 2016).
Systems biology helped to describe chemical communication systems of different
organisms, like insects (Boerjan ef al., 2012), fungi (Keller, Turner and Bennet, 2005) and
bacteria (Giiell et al., 2011). Especially in plant chemical ecology, the integration of
proteomics, genomics, transcriptomics and ecology allowed for a deep understanding in
plant responses to abiotic stress (Urano et al., 2010), plant-fungi interactions (PerSoh, 2015),
plant-insect communications (Zebelo and Maffei, 2014) and defenses against predators
(Barah and Bones, 2014). Also, the rhizosphere, defined as the narrow region of soil that is
directly influenced by root secretions and associated soil bacteria, has been extensively
studied with —omics approaches (Badri et al., 2009; Mendes, Garbeva and Raaijmakers,
2013). The knowledge gathered in plant science has been successfully applied to algal
chemical ecology, helping to understand the reaction of algae to abiotic stress (Jamers, Blust
and De Coen., 2009; Holzinger and Pichrtova, 2016) and the interactions between algae and
bacteria (Hollants er al., 2014; Singh and Reddy, 2016), thereby paving the way to
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application of omics technologies in an industrial context (Guarnieri and Pienkos, 2015;
Arora et al., 2018).

In this thesis, transcriptomics and metabolomics were used to understand the interaction
between a diatom (Seminavis robusta) and its associated bacteria. I will therefore focus the
rest of this part of introduction on recent advances in transcriptomics and metabolomics in

microalgal research.

1.3.2 Transcriptomics approaches to study diatoms and other microalgae

The introduction of RNA sequencing and the development of next generation sequencing
technologies (NGS) (Morozova and Marra, 2008) has propelled transcriptomics application
in different scientific fields, from cancer research (Maher ef al., 2009) to molecular ecology
(Ekblom and Galindo, 2011). RNA sequencing is a technique that uses parallel sequencing
platforms to sequence an entire transcriptome with high sensitivity, allowing for the
detectection of both known and novel features in a single assay by the detection of transcript
isoforms, gene fusions, single nucleotide variants and other features without the limitation
of prior knowledge. It is therefore a fundamental technique for the study of non-model
species (species that do not have a sequenced and annotated genome). NGS technologies
allow the acquisition of huge amounts of reads with high speed and low costs, making
transcriptomics affordable for many laboratories. In particular, Illumina® sequencing-by-
synthesis technology (see Figure 12 for details) offers a broad dynamic range for more

sensitive and accurate measurements of gene expression and high throughput data.
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Figure 12: Illumina® sequencing by synthesis (SBS) technology. 1) Small fragment of RNA is converted
to cDNA by translation and random universal primer are attached. 2) cDNA is loaded into a glass flowcell and
each separated cDNA is amplified by PCR bridge amplifications generating millions of isolated clonal cDNA
clusters. 3) Each segregated clonal cluster is sequenced by synthesizing a complementary DNA strand. SBS is
a cyclic process where fluorescent, reversible-terminated nucleotides are added in each cycle. 4) At each cycle,
a fluorescent nucleotide is read by laser-imaging, one channel for each nucleotide type. 5) Finally, all intensity
quadruplets for each cluster are processed by a base-caller, which determines the most probable nucleotide that

was added during each cycle. (Copyright Illumina 2015 ®)

The increase in the number of microalga genomes, starting from those of the model diatoms
T. pseudonana (Armbrust et al., 2004) and P. tricornutum (Bowler et al., 2008) and the
unicellular green alga Ostreococcus lucimarinus (Palenik et al., 2007), paved the way for
sophisticated transcriptomics experiments that were used to elucidate different aspects of
microalgal life.

Especially diatoms have been extensively investigated with transcriptomic approaches and
many aspects have been elucidated. Many studies focused on nutrient uptake and pathways
for nutrient limitation in order to understand how this could affect their physiology and life
cycle, and therefore their ecological repercussion. Besides studies on carbon fixation
(Chauton et al., 2013), nitrogen starvation (Levitan et al., 2015) and phosphorous limitation
(Dyhrman et al., 2012), efforts were directed towards understanding the mechanism behind
iron uptake, a crucial nutrient to understand diatom blooms (Lommer ef al., 2012; Cohen et
al., 2018) and silicon metabolism, a unique and fascinating feature of diatoms that was
elucidated with extensive studies in 7. pseudonana and P. tricornutum (Mock et al., 2008;
Sapriel et al, 2009; Shrestha et al., 2012). Cell cycles of diatoms have been deeply

investigated in the model diatom S. robusta and in P. multiseries (see first section of this
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introduction and Huysman, Vyverman and Veylder, 2013), while light acclimation was
studied in P. tricornutum (Nymark et al., 2009). Transcriptomics plays an important role in
understanding how diatoms cope with global warming (Toseland et al., 2015), the increase
of CO; (Hennon et al., 2015) and water pollution (Hook and Osborn, 2012). All the data
taken from 7. pseudonana and P. tricornutum contributed to the “Diatom Expressed
Sequence Tag”, an online database containing differentially expressed genes under different
conditions. This database is a useful resource for in silico gene prediction and comparative
studies using non-model organism grown in the same conditions (Maheswari et al., 2008).
Also the coccolitophore Emiliania huxleyi, an ecologically relevant calcifying
phytoplankton, has been subjected to intensive transcriptomics studies (Read ef al., 2013;
Feldmesser et al., 2014): they provided important information on the genetic differences
between the haploid and diploid cells of this microalga (Von Dassow et al., 2009) as well as
on acclimation to changing climate conditions, especially regarding the calcifying
mechanism of this haptophyte (Bach et al., 2013). Apart from diatoms and E. huxleyi, several
transcriptomics studies have been performed on dinoflagellates (for an extensive review, see
Akbar et al., 2018), organisms that play a key role in marine ecology, especially in harmful
algal blooms.

In addition to its crucial contribution to ecological studies, transcriptomics is also a
fundamental approach in biotechnology. Hundreds of studies focused on unraveling the
mechanisms behind accumulation of lipids and high-value compounds, especially in green
algae belonging to Chlamydomonas (Merchant et al., 2012; Lu, 2013), Nannochloropsis
(Liu, Song and Qiu., 2017) and Haematococcus (Cheng et al., 2017) species and in the
oleaginous diatom Fistulifera solaris (Tanaka et al., 2015).

All these studies provided important insights into alga metabolism that will help metabolic
engineering of algae for oil accumulation (Goncalves et al., 2016), high-value compounds
(Harun et al, 2010) and other more unusual but fascinating applications, like silver

nanoparticles production from diatoms (Wishkerman and Arad, 2017).

1.3.3 From genes to molecules: metabolomics in microalgal research

In the last years, metabolomics provided important insights into algae and microalgae,
shedding light on molecules involved in defining different growth stages and intra- and

interspecific interactions (Kuhlisch and Pohnert, 2015).
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Endometabolite profiling studies expanded the knowledge of how algal metabolism changes
during different stages of their life (Barofksy, Vidoudez and Pohnert, 2009; Vidoudez and
Pohnert, 2012; Mausz and Pohnert, 2015) or when exposed to abiotic stresses (Jamers, Blust
and De Coen, 2009; Wordenweber et al., 2018). Development in metabolomics investigation
of microalgae were exploited in applied research (Liu, Pohnert and Wei, 2016), for example
to discover new biomarkers useful for industrial bio-processes (Courant et al., 2013) or to
improve the production of high valuable compounds, such as carotenoids (Lee et al., 2014;

Su et al., 2014), nutraceuticals (Li et al., 2014) and lipids for biofuels (Martin et al., 2014).

Metabolic fingerprinting:  screening tool to differentiate among samples of different
origin or treatment. It is a high throughput qualitative
screening of the metabolic composition of the system (no
identification or quantitation).

Metabolic footprinting: as above but monitoring metabolites secreted into
extracellular growth medium.

Metabolic profiling: identification and quantification of a group of related
compounds (frequently belonging to a specific metabolic
pathway or sharing common chemical features).

Target metabolite analysis: analysis of few metabolites related to a specific metabolic
reaction by using optimized extraction and
separation/detection techniques.

Box 3: Metabolomics glossary. (Goodacre ef al., 2004, Scognamiglio ef al., 2015).

Metabolomics also helped expand marine and algal chemical ecology research, although
several technical challenges are present. Fresh- and seawater represent a rather complex
matrix to detect waterborne signals that are often released in small concentrations and
additionally diluted by the aqueous environment. Salts from seawater constitutes one of the
major interfering compounds, especially affecting electrospray ionization (ESI) in liquid
chromatography (LC) (Goulitquer, Potin and Tonon 2012). Pre-selection of specific
compounds for enrichment and extraction, as done with volatiles mediating insect
communications, is not a suitable approach either, because, as seen in the previous chapters,
the physical nature of aquatic infochemicals can range from polar substances, like
zwitterionic metabolites (Wang et al., 2014), to hydrophobic hydrocarbons, like fatty acids
or oxylipins (Pohnert and Boland, 2002). In addition, the molecular weight of signaling
compounds can vary from gases (Vanelslander er al., 2012) to big polar molecules
(Seyedsayamdost et al., 2011), thus requiring very different extraction and detection

methods. A lot of research has therefore been done to optimize metabolomics experiments
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applied to marine chemical ecology, from sample preparation, especially solid phase
extraction (SPE) and solid phase microextraction (SPME), to analytical measurements,
mainly done with chromatographic techniques (liquid or gas chromatography) coupled to

mass spectrometry (MS) or nuclear magnetic resonance (NMR) spectroscopy (Figure 13).

Sample preparation
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Figure 13: Example of untargeted metabolomics workflow.

Comparative metabolomics allowed the exploration of several interaction mechanisms
between algae, for example allelopathy, a biological phenomenon by which an organism
produces one or more biochemicals that influence the germination, growth, survival, and
reproduction of other organisms (Legrand, 2003). A co-cultivation experiment using special
chambers separated by a permeable membrane showed that S. costatum promotes T.
weissflogii growth by releasing metabolites that are changing the endo- and exometabolome
of both diatoms (Paul ef al., 2009). The harmful-algal-bloom (HAB) forming dinoflagellate
Karenia brevis, which releases potent neurotoxins known as brevitoxins (Prince et al., 2010),
also produces compounds that negatively affect diatom competitors (Kubanek et al., 2005).
NMR-based metabolomics allowed to associate these effects to the presence of yet unknown
metabolites that could produce spectral features common to fatty acid-derived lipids or
polyunsaturated compounds. (Poulin et al., 2018b) and a lipidomic approach revealed that
thylakoid-associated lipids and cell membranes of the diatoms 7. pseudonana are affected
by the presence of the dinoflagellate exudates (Poulin et al., 2018c). Interactions between
microalgae and grazers, a mechanism that is fundamental to understand microalgal bloom

regulation in the ocean, has also been explored by metabolomics approaches. The changes
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of the exometabolome during the life cycle of the bloom forming diatom S. marinoi influence
the feeding behavior of copepods, which prefer to eat cells in the late stationary phase
(Barofsky et al., 2009), when higher concentrations of carbohydrates and lipids are available
(Ray et al., 2016). Other copepods feed on young cells from the benthic diatom S. robusta
and this preference might be connected both to the exudates from the diatom itself and from
the bacteria composition (De Troch ef al., 2012). On the other hand, grazers induced strain-
specific exometabolomic responses in the coccolitophore E. huxleyi (Poulson-Ellestad et al.,
2016) suggesting a broader range of interactions between predators and prey. Metabolomics
approaches also contributed to understanding of interactions between microalgae and
bacteria. Using dual co-cultivation chambers separated by a membrane, Paul et al. (2012)
used an untargeted metabolomics approach to study the effect of exuded chemicals from D.
shibae on T. pseudonana, finding out that the medium from D. shibae only increased the
amino acid production in the diatom. Another untargeted metabolomics approach proved
that Pseudomonas sp. is changing the nutrient removal behavior of Chlorella sorokiniana in
a wastewater treatment system (Chen ef al., 2017b). On the other hand, bacteria release
putative molecules that increase algal growth in the diatom Haslea ostrearia (Lepinay et al.,
2018) and in other microalgae (Wienhausen et al., 2017).

All these examples show that metabolomics plays a central role among the omics techniques
employed in microalgal research and the rapid evolution of sample preparation, especially
single-cell sampling (Sun, Yang and Wawrik, 2018), analytical technologies, as well as data
analysis, with the introduction of new pipelines (Chong et al., 2018; Liggi et al., 2018) and
programs to identify unknown features in LC/MS and GC/MS datasets (Misra and van der
Hooft, 2016; Barupal, Fan and Fiehn, 2018; Blazenovi¢ et al., 2018), will increase our ability

to explore the life of algae and will rise new, exciting research questions.

1.3.4 Two is better than one: metabolomics and transcriptomics integration in

microalgal research

Although transcriptomics and metabolomics are self-defined and self-sustaining approaches,
their integration enables one to combine biology and chemistry to have a broader and more
complete picture of inter-organism interactions. So far, few studies joining transcriptomics
and metabolomics are available for algal chemical ecology, despite this joint approach

having already proven to be useful both for ecological and applied research.
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A combined metabolomics-transcriptomics approach applied on the model diatom P.
tricornutum under iron starvation showed that the photosynthetic activity is dramatically
altered, with a higher production of chlorophyll, as proved both by upregulation of several
pathways connected to its biosynthesis and high concentration of intracellular glutamate
(Allen et al., 2008). The concomitant increase of tocopherol and amino acids like valine,
leucine and alanine and a steep increase in glycolysis and protein lysis suggested a big
rewiring of energy and protein metabolism, as well as a strong oxidative stress response
(Allen et al., 2008). A similar approach untangled the diatom reaction towards low nitrogen
uptake: under this condition, P. tricornutum increases nitrogen fixation, decreases
photosynthesis and changes its lipid metabolism by increasing triacylglycerol content
(Remmers et al., 2018).

-Omics approach provided interesting information on diatoms’ response to grazers. The
chain forming diatom S. marinoi reacted to the presence of copepods by reducing chain
length, changing cell cycle and division rate (Amato et al., 2018). Moreover, the presence
of predators trigger stress response mechanisms that increase the expression of transcripts
connected to NO production and heat-shock proteins (Amato et al, 2018). The
downregulation of lipoxygenase in the transcriptomic data and of its products in the
metabolomic data also indicate an involvement of oxylipins in this process (Amato et al.,
2018). The authors suggest that G-proteins coupled receptors may be involved in diatom
recognition of copepods.

Combined transcriptomics-metabolomics approaches allowed to elucidate the mechanism of
interaction between microalgae and bacteria or viruses (Cooper and Smith, 2015; Ramanan
et al., 2016). The effect viral infection on the metabolism of the coccolithophore E. huxleyi
were reconstructed with a combined weighted correlation network analysis that linked
clusters from transcriptomics to metabolite levels (Rosenwasser, Mausz et al., 2016).
Especially during the early stages of viral infection a dynamic modulation of the host
metabolism was observed. A viral up regulation of algal fatty acid biosynthesis to help viral
assembly, and a down regulation of host sphingolipid biosynthesis was observed, thus
proving that the virus is exploiting sphingolipids to propagate the infection. The alga
responded to this infection by reducing terpenes, as confirmed by the decrease in the
concentration of several terpenes and the concomitant reduction of all host genes related to
the production of isopentenyl-pyrophosphate in the mevalonate pathway. Targeted

metabolic analyses revealed that the suppression of steroid formation interferes with viral
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replication. Viral replication in E. huxleyi thus depends on the host metabolism to provide
sterols, fatty acids and sphingolipids as building blocks for infection propagation.
Evaluation of R. pomeroyi in co-culture with 7. pseudonana revealed that in exchange for
vitamin B12 released by the bacterium the alga produced the sulphur-containing compound
C3-sulfonate 2,3-dihydroxypropane-1-sulfonate (DHPS), which in turn could be
metabolised by R. pomeroyi, as shown by the upregulation, found both in transcriptomics
and metatranscriptomics data, of genes connected to transport and catabolism of this
compound and by the concentration of it both in lab cultures and in environmental samples.
The joint use of transcriptomics and metabolomics therefore provided a possible explanation
for the previously cryptic role for this molecule, which is produced in large amounts by many
marine algae (Duhram ef al., 2015).

Moreover, the combination of metabolomics and transcriptomics contributed to commercial
research on several economically relevant species. A recent study on the heterotrophic
microalga Crypthecodinium cohnii, a species that accumulates lipids with a high fraction of
docosahexaenoic acid (DHA), reconstructed the major part of the DHA biosynthetic
pathways and allowed to find the best growth condition to increase DHA production (Pei et
al., 2017). Similar experiments elucidated the lipid accumulation mechanisms of the
oleaginous microalgae Nannochloropsis oceanica (Li et al., 2014) and Chlamydomonas
(Winck, Melo and Barrios, 2013) and the reprogramming of fatty acid production under low
and high temperature of Auxenochlorella protothecoides (Xing et al., 2018).

All these works are an example of the successful integration of transcriptomics and
metabolomics approaches, showing that multiomics approaches are a necessary tool to

further understand the complex and fascinating world of microalgae.
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2. Thesis Objective

Understanding inter-kingdom communication between microalgae and bacteria is a key
element to understand the ecological role, as well as the potential industrial application, of
these organisms. These interactions are chemically mediated and they take place in the
phycosphere, a region surrounding a (unicellular) alga or an aquatic bacterium in which
gradients of exuded metabolites are maintained (Bell and Mitchell, 1972). Such relationships
influence the life of both interacting organisms and shapes community dynamics. In
consequence, these processes are affecting the marine food web and global elemental
cycling. Furthermore, the understanding of these relationships has become important for
algal aquaculture applied research in a sustainable development perspective.

This thesis aims at in-depth analysis of interspecific chemical communication between
microalgae and bacteria. A combination of targeted analytical chemistry, untargeted
metabolomics approaches, physiological bioassays and transcriptomic analysis shall be used
to disentangle mechanism underlying inter-kingdom relationships and to discover novel
signaling strategies. The benthic pennate diatom Seminavis robusta is selected as the model
organism used to investigate the effect of bacterial on an ecologically relevant algal species.
Moreover, the oleaginous microalga Nannochloropsis sp. is selected to test the influence of
bacteria on a commercially relevant species.

The following research questions will be addressed.

Effect of bacteria on pheromone chemistry and sexual reproduction of a benthic diatom

A fundamental characteristic of diatom’s life cycle is the short phase of sexual reproduction,
which is crucial to avoid population cell death. The benthic diatom Seminavis robusta uses
a complex system of pheromones to support synchronization of sexuality and mate finding
(Gillard et al., 2013; Moeys et al., 2016). The attraction pheromone diproline is stable in
water but nevertheless its concentration decreases over time (Frenkel et al., 2014b). Targeted
analysis of the concentration of this compound in presence and absence of S. robusta
associated bacteria will prove if they are directly involved in the degradation of this signal
molecule (Chapter 4). Furthermore, a bioassay on mating cultures of S. robusta will be used
to see what are the effect of isolated bacteria and of their spent medium on the sexual
efficiency of the diatoms. The spent medium of the bacteria with the highest positive or
negative effect on S. robusta sexual reproduction will be then selected for further

experiments, using a combination of physiological tests, targeted chemical analysis and a
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joint metabolomics-transcriptomics approach (Chapter 4). This will elucidate the molecular
mechanisms and potential molecules involved in bacteria-diatom communication in the
context of diatom sexual reproduction (Chapter 5), and thus provide fundamental knowledge
for the understanding of the behavior of benthic diatoms and the organization of intertidal

environments.

Bacterial impact on microalgal growth, metabolome and biofilm formation

Growth and metabolism of microalgae can be strongly influenced by bacteria. These
interactions have deep repercussions on the natural communities’ organization and on their
ecological role. Selected bacteria will be investigated to assess their impact on S. robusta
growth. Moreover, an untargeted metabolomics approach will be used to study bacteria
impact on the diatom metabolism and understand how bacteria can impact the life and
organization of benthic biofilms (Chapter 3).

Apart from their ecological relevance, the communication between bacteria and algae can
be used in algal aquaculture to increase yield, product quality and in the same time reduce
negative side effects, such as biofouling.

In collaboration with the private company Proviron® (Antwerp, Belgium), the effect of
bacteria isolated from S. robusta on the commercially relevant Nannochloropsis sp. will be
investigated with bioassays and an untargeted metabolomics approach in order to evaluate
the potential of microbial community engineering to increase biomass and high value
compounds productivity and decrease the formation of biofilm in a closed photobioreactor

system (Chapter 6).

Development of a non-disruptive method for extracting algal surface metabolites

Metabolites released from algal surfaces or other underwater surfaces, such as biofilms,
mediate interactions with many organisms. The extraction of such metabolites is a delicate
and challenging procedure. The methods developed so far provide for direct contact of the
surface with organic solvents that may damage the surface and lead to the release of
intracellular metabolites. Using the principles of solid phase extraction (SPE), we will
develop a fast and non-disruptive method that can extract only metabolites that are present
at surface of macroalgae (Chapter 7). The method could be adapted to different species of
algae as well as to other underwater surfaces, and it will allow to get more realistic
concentrations of signaling molecules at the interface where interactions between algae and

other organisms are taking place.
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3. Co-cultivation of a diatom with associated
bacteria — a metabolomic approach?

3.1. Introduction

Interactions between microalgae and bacteria cover a wide range of relationships, going from
mutualism (Seymour ef al., 2017) to pathogenicity (Meyer et al., 2017) (Chapter 1.2). These
interactions are fundamental for the co-evolution of phytoplankton and bacteria (Ramanan
et al., 2016); they are shaping population dynamics in the oceans (Azam and Malfatti, 2007;
Teeling et al., 2012) and are affecting biogeochemical cycles (Grossart and Simon, 2007;
Worden et al., 2015).

Such relationships are important not only for the pelagic zone but also for the benthic
environment (Haynes et al., 2007), where the high primary production is mainly due to the
formation of biofilm constituted by epipelic diatoms and bacteria (Smith and Underwood,
1998).

As explained in chapter 1.2, bacteria influence algal growth and metabolism in different
ways. This chapter focuses on the influence of bacteria on growth, endo- and exometabolome
of the biofilm-forming benthic pennate diatom Seminavis robusta (Chepurnov et al., 2004).
S. robusta was co-cultivated for 7 days with Roseovarius sp., Maribacter sp. or Croceibacter
sp., bacteria isolated from this diatom (MT" 85A, BCCM: DCGO0105) (Figure 16). Diatom
growth was monitored daily by counting cells under the microscope and at the end of the
growth period the diatom cells were extracted and the obtained samples were analyzed with
a gas-chromatography high-resolution mass spectrometry (GC-HR-MS) untargeted
metabolomics approach to investigate changes in the endometabolome (Figure 16).
Additionally, since MT" cells are producing a sexual inducing pheromone (SIP*) which is
causing cell cycle arrest and diproline production in MT" cells (Moeys et al., 2016), the spent
medium of MT" cells was extracted and pheromone chemistry was examined with a liquid
chromatography mass spectrometry (LC-MS) targeted analysis to understand if bacteria can

modulate SIP” concentration in the medium (Figure 14).

2 This chapter is adapted from: Cirri, E., Vyverman, W., & Pohnert, G. (2018). Biofilm interactions-bacteria
modulate sexual reproduction success of the diatom Seminavis robusta. FEMS microbiology ecology, 94(11).
And from: Cirri, E.*, Giraldo, J.*, Neupane, S., Willems, A., Mangelinckx, S., Roef, L., Vyverman, W.,
Pohnert, G Bacteria isolated from Seminavis robusta influence growth, biofilm production and the
metabolome of Nannochloropsis sp. Submitted to Algal Research.
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Figure 14: Co-cultivation of a diatom with associated bacteria — a metabolomics approach: experimental
setup. Cultures of S. robusta strain 85A (MT+) were grown for 7 days in presence of absence of bacteria. Each
day the cell number was evaluated under the microscope. At the end of the growth period, cells were extracted
with organic solvents, samples were derivatized and measured with a GC-HR-MS. Data were analyzed with
an untargeted metabolomics approach. For pheromone analysis, medium from the different co cultivations was

extracted on SPE cartridges and samples were analyzed with UHPLC-HR-MS.

3.2 Results

3.2.1 Growth of S. robusta in co-cultivation with 1solated bacteria

Axenic S. robusta MT" (strain 85A, cell size = 22.4 pm) was co-cultivated with Croceibacter
sp., Roseovarius sp. and Maribacter sp. for seven days (Figure 15). All cultures and the
control started from an identical cell density (10* cells/ml for both bacteria and diatoms).
Roseovarius sp. significantly supports algal growth already after two days of co-cultivation
(p =0.0021 compared to the control) and this effect is increasing over the days (p = 0.00029
at day 7). The culture reaches a cell density 1.5 times higher compared to axenic conditions
at day 7. These effects are supported by ANOVA analysis (P < 0.0001). Maribacter sp. is
promoting algal growth as well, although not as consistent as Roseovarius (significant up-
regulation at 3 out of 7 days, ANOVA interaction P = 0.0047). Croceibacter sp. does not
significantly affect growth of S. robusta, since both the multiple comparison and the
ANOVA interaction (P = 0.1847) are not significant. Marinobacter was not used in these

co-cultivation experiments due to problems in maintaining f/2 medium cultures for more
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than 12 days and due to frequent contaminations when co-cultivated with S. robusta for 7

days.
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Figure 15: S. robusta growth curve in presence of Croceibacter sp. (a), Maribacter sp. (b) and Roseovarius
sp. (¢). Two-way ANOVA, 0=0.05, Bonferroni’s correction for multiple comparisons. Asterisks refer to

multiple comparisons; boxes give results from the two-way ANOVA. Sr is an abbreviation for Seminavis

robusta.
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3.2.2 Endometabolome of S. robusta is changing in presence of bacteria

After seven days of growth, intracellular extracts of different bacteria-S. robusta co-
cultivations were prepared and analyzed with an untargeted metabolomics approach to
highlight changes in the metabolome of diatoms grown in presence of bacteria. It is
important to point out that data were normalized to cell number before statistical analysis,
thus preventing biomass difference bias in the evaluation of potential biomarkers. PCA
analysis (Figure 16) allows visualization of these changes: cultures treated with Roseovarius
sp. and Maribacter sp. have a different endometabolome than axenic cultures, while
Croceibacter sp. s causing minor changes and samples from this treatment are overlapping
with the control. This result is in line with the observation from the growth of S. robusta
under different treatments (Figure 15). We therefore focused on the first two bacteria to
search for endometabolites that are influencing the separation. PCA loadings plots (Figure
17) show some common features of the two treatments: in both cases, squalene (a precursor
of sterols in diatoms (Rampen et al., 2010)), sugars, alditols and a putative ornithine are
among the most upregulated metabolites in axenic treatment, while bacterial presence is
enhancing the concentration of several disaccharides, some amino acids (in particular

alanine) and amino acids derivates.
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Figure 16: PCA plot of bacterial effect on S. robusta endometabolome. Cultures co-cultivated with
Croceibacter don’t show a clear separation from axenic control cultures. Roseovarius and Maribacter have a
more pronounced influence on S. robusta endometabolome, grouping similarly and away from the controls. Sr

is an abbreviation for Seminavis robusta.
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Figure 17: PCA loadings plots for S. robusta axenic cultures vs co-cultivations with Roseovarius (a) and

Maribacter (b).

A t-Test (a = 0.05) confirmed the significance of these results, which are visualized by

heatmaps (Figure 18, only the 25 most significant analytes are reported). When Roseovarius

sp. is co-cultivated with S. robusta, the diatom produces less a-tocopherol (vitamin E) and

increases the production of arabinose and a putative aminomalonic acid, while Maribacter

sp. is stimulating the production of more disaccharides, as for example a putative

laminaribiose, and a reduction in phytol and oxalic acid concentrations.
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Figure 18: Heatmaps of S. robusta axenic cultures vs co-cultivations with Roseovarius (a) and Maribacter

(b). t-Test, a=0.05. Mass spectra with a reverse match factor (R Match) > 800 were considered to suggest a

reliable structure, tagged with "?" if the R Match was between 800 and 700, with "??" if the RM was between

700 and 600 and “???” if below 600. Red are upregulated features, blue are downregulated features. Sr is an

abbreviation for Seminavis robusta.
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3.2.3 Bacteria modulate sexual inducing pheromone (SIP") from S. robusta

During sexual reproduction, Seminavis robusta MT" under sexual size threshold (SST=22.4
um) is known to release a sexual inducing pheromone (SIP*) which is triggering cell cycle
arrest and attraction pheromone production in S. robusta MT" cells (Moeys et al., 2016). We
evaluate the relative concentration of SIP™ in different culture conditions to study the effect
of bacteria on this pheromone. As figure 19 shows, after 7 days of co-cultivation, the relative
concentration of SIP" is higher in axenic conditions if compared to non-axenic conditions.
Maribacter sp. shows the most important effect on SIP™ relative concentration, reducing it
significantly (p = 0.0068). Roseovarius sp. has also a significant influence on SIP*
concentration, even if lower than Maribacter sp. (p = 0.0180), while Croceibacter sp. (p =

0.0650) has a reduced, non-significant impact on it.
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Figure 19: SIP+ degradation by the bacteria isolated S. robusta. Relative quantities of SIP* are normalized
to the internal standard caffeine are given. For each bacterium, three biologically independent treatments are
evaluated (n=3). Data are normalized to cell count. Significance was evaluated with t-test (unequal variance,

a=0.05).
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3.3 Discussion

In recent years, the crucial role of diatom-bacteria interactions in the balancing of benthic
and pelagic ecosystems has become manifest (Amin et al., 2012).

As explained in the introduction to this thesis, these inter-kingdom communications can be
based on nutrient and growth factor exchange (Haines and Guillard, 1975; Cooper and
Smith, 2015) that take place in the so-called phycosphere (Seymour et al, 2017) and
facilitates algal-bacteria mutualism. These interactions have an impact on both players in
this relationship: bacteria can influence the phenotype of associated diatoms (Sison-Magnus
et al., 2014), stimulating changes in diatom metabolism (Paul, Mausz and Pohnert, 2013)
and inducing the production of substrates for attachment and proliferation, for example
exopolymeric substances (EPS) in biofilms (Bruckner et al., 2011, Moerdijk-Poortvliet et
al., 2018). The host, on the other hand, can deeply affect its microbial environment under
different environmental conditions (Grossart ef al.,, 2005; Sapp et al., 2007) by releasing
different exudates (Paul ef al., 2009).

These microscopic communications control population dynamics (Dang et al., 2016) and
organic carbon fluxes (Grossart and Simon, 2007), therefore reverberating on the
macroscopic world by affecting biogeochemical cycles (Falkowski, 1994).

Different bacteria have a wide range of effect on S. robusta growth over seven days of co-
cultivation. Roseovarius sp. is considerably supporting diatom growth, Maribacter sp. is
slightly enhancing it, while Croceibacter sp. is not affecting it significantly. Bacteria from
the Roseobacter clade are known to be associated with diatoms (Amin et al., 2012) and to
release metabolites that support algal growth and fitness (Wienhausen et al., 2017). Also
Bacteroidetes are often associated with diatoms (Bennke ef al., 2013) and they are major
players in algal blooms thanks to their ability to degrade polysaccharides (Unfried et al.,
2018). Their effects on algal growth is species dependent: for example, a Bacteroidetes from
the benthic freshwater diatom Cymbella microcephala supports algal proliferation (Bruckner
et al., 2008), while Croceibacter atlanticus is responsible for the decrease of cell division
and for major physiological changes in the pelagic diatom 7. pseudonana (Van Tol et al.,
2016). A Maribacter strain isolated from the Western English Channel showed algicidal
effect towards the diatom Skeletonema sp. and not towards other species (Wang et al.,
2016a), but no other information is available on the effects of this bacterium on microalgae.
It has been demonstrated that another Maribacter strain is releasing a morphogenetic

compound that is essential for the development of the green macroalga Ulva mutabilis
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(Weiss, Costa and Wichard, 2017), thus confirming its yet underestimated and potentially
species-specific importance in algae-bacteria interactions.

Bacteria are also affecting the endometabolome of S. robusta. The lower abundance of
squalene in comparison to axenic conditions, an important precursor of sterols in diatoms
(Fabris et al., 2014), suggests that sterol chemistry is rewired by the presence of bacteria,
probably as a response to stress.

The upregulation of many disaccharides may support the hypothesis of an oxidative stress
response caused by bacteria. This class of molecules could be an indication polysaccharides
breakdown, as it was already observed in the declining phase of some microalgae, like the
coccolitophore E. huxleyi (Mausz and Pohnert, 2015). The higher concentration of threonic
acid in presence of bacteria might result from the breakdown of ascorbic acid (Helsper and
Loewus, 1982), a cofactor in de-epoxidation steps of the xanthophyll cycle further
functioning in removal of free radicals and their precursors (Raven and Beardall, 2003).
However, the presence in axenic cultures of several unknown sugars and alditols could hint
to a stress response of the diatom during stationary phase, when glycolysis is activated due
to scarcity of resources (Allen et al., 2006.; Vidoudez and Pohner, 2012; Mausz and Pohnert,
2015). Also the presence of galactosylglycerol (Figure 19), a compounds derived from lipid
mobilization of galactolipids that occur in photosynthetic tissue of algae and higher plants
(van Hummel, 1975), supports this hypothesis. Furthermore, isoprenes like a putative phytol
and a putative tocopherol (see Figure 19) have a lower concentration in presence of bacteria.
An increased presence of tocopherol is usually correlated to an oxidative stress response
during stationary phase of microalgae (Mausz and Pohnert, 2015). These data seem to be
contradictory and a biological interpretation that matches the enhancing growth effect of
bacteria is not straightforward. Since glycolysis is active in diatoms under starvation or when
exposed to toxic substances, bacteria could have a beneficial effect in rewiring the
mechanisms that microalgae use to cope with stress. It can also be possible that bacteria are
releasing nutrients that reduce or slow down stress response during stationary phase,
therefore sustaining algal growth. However, these are highly speculative hypothesis that
would need additional experiments and more data to be supported.

Amino acids are only marginally affected by bacterial presence: a putative ornithine was
found upregulated in axenic conditions, while alanine and other unknown amino acids
derivate were upregulated in presence of bacteria. Ornithine, in particular, plays an important
role in diatoms’ urea cycle and proline biosynthesis (Bromke, 2013), which is also involved

in stress response mechanisms in many plants and some algae (Dar ef al., 2016).. Proline is
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a fundamental amino acid in diatoms, since it is supposed to be involved in synthesis of the
attraction pheromone diproline (Moeys et al., 2016) and it is an important osmoregulator
(Krell et al., 2007). The function of these amino acids, however, has not been yet connected
to inter-kingdom communications between microalgae and bacteria.

Finally, investigation on S. robusta exometabolome and in particular on its pheromone
chemistry give us more insights on bacteria effect on diatom’s metabolome. Using high
resolution mass spectrometry (HR-MS), we observed that cultures co-inoculated with
Maribacter sp. contain significantly less SIP” in comparison with axenic cultures. Also
Roseovarius sp. has a strong impact on pheromone concentration, while Croceibacter sp. do
not have any effect on it. Pheromone signaling is a target of interference and mimicry
strategies used by predators to attract or find their preys, or by plants to attract pollinators
(Bohman et al., 2016) or to mislead predators (Pregitzer et al., 2012). So far, no form of such
interference mechanisms has been found in algae-predators or algae-bacteria interactions.
These results, together with the findings of the two following chapters, present for the first
time the effect of bacteria on diatoms life cycle and introduce a novel inter-kingdom
chemical communication system that could explain complex biofilm organization in aquatic

environment.
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4. Bacterial modulation of sexual efficiency
of the diatom Seminavis robusta’

4.1 Introduction

Many species rely on pheromones to synchronize and optimize sexual reproduction. These
chemical signals are also frequent targets for interference strategies and guide predators to
their prey or help to misguide competitors (Haynes et al., 1999). Such sexual deception
strategies are most commonly known from the insect world where mainly attraction and
social synchronization pheromones serve as targets (Lehtonen et al., 2014).

In this chapter, we extend the concept of sexual deception to biofilm interactions, in which
pheromones play a central role in diatoms” sexual reproduction. In chapter 1.1 the unique
features of diatom morphology and physiology have been discussed, in particular their rigid
biomineralized silica cell wall with a “lid and box” structure, and their necessity to undergo
sexual reproduction in order to survive (Drebes, 1977). A well-studied system is the complex
pheromone chemistry of the model species Seminavis robusta (Chapter 1.1.3, Gillard et al.,
2013; Moeys et al., 2017). A remarkable feature of one of this pheromones, the attraction
pheromone diproline, is its stability in the aqueous medium where there is no sign of
pheromone degradation (Gilliard et al., 2013). Nevertheless, in non-axenic cultures of the
diatoms a daily rthythm in pheromone concentration is observed. The diatoms only produce
diproline within the first hours after the onset of light and subsequently its concentration
decreases. As a result, no further attraction of the opposite mating type occurs few hours

after daybreak (Gilliard et al., 2013).
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Figure 20: Target diproline analysis: general experimental setup. Medium of axenic and non-axenic MT-
cultures under different conditions at different time points (see paragraphs 9.3.2-9.3.5) were extracted on SPE
cartridges and the samples were measured with a single quadrupole GC-MS (Thermo Scientific ® ISQ).

Diproline was normalized to the internal standard caffeine.

3 This chapter is adapted from: Cirri, E., Vyverman, W., & Pohnert, G. (2018). Biofilm interactions-bacteria
modulate sexual reproduction success of the diatom Seminavis robusta. FEMS microbiology ecology, 94(11).
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In this chapter, we follow up the hypothesis that the cause of the decreasing pheromone
concentration is the metabolic activity of bacteria co-existing in the biofilm that modulate
pheromone signaling. Bacteria could utilize the pheromones as nutrient source or target the
reproductive chemistry to interfere with the proliferation of competing algae. Alternatively,
the degradation of an otherwise stable pheromone could support algal mate finding by
creating steeper gradients and by avoiding misguidance towards aged pheromone sources.
To explore the effect of bacteria on pheromone chemistry and sexual reproduction, different
experiments were performed. The concentration of diproline in MT" (strain 84A, BCCM:
DCGO0104) S. robusta medium in presence and absence of bacteria over time (6h, 10h, 13h
and 24h), as well as the ability of specific isolated bacteria to degrade the synthetic
pheromone were determined with GC-MS targeted analysis (Figure 20). Furthermore, a
bioassay to explore the effect of bacteria and bacterial medium on sex efficiency of S.
robusta was implemented. Briefly, axenic MT" and MT" from S. robusta were co-inoculated
in well plates and mixed with different concentrations of bacteria or bacteria spent medium.
After 24h, the number of cells in different sexual stages were counted under the microscope

and percentages of sexual efficiency were calculated (Figure 21).
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Figure 21: Sexual efficiency bioassay: general experimental setup. Axenic MT" and MT- were mixed
together and then bacteria or bacterial medium at different concentrations (OD= 0.1-0.05-0.01-0.005, see
paragraph 9.3.1) were added to the mating cultures. Assessment of sexual reproduction efficiency was done by
counting the number of cells at different sexual stages under the microscope after 24 hours of incubation. 3

replicates are done for each treatment.
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4.2 Results

4.2.1 Sexual reproduction efficiency of S. robusta in presence and absence of

bacteria

Dark-synchronized MT" (strain 85A) and MT- (strain 84A) cultures below the sexual size
threshold SST (cell size: MT' = 22.4 um, MT" = 23.5 um) were paired by inoculation in 24
well plates and treated with four different bacteria (Croceibacter sp., Roseovarius sp.,
Maribacter sp. and Marinobacter sp.). Each bacterium was administered in different
concentrations with optical densities in the range of 0.005 to 0.1. The effect on sexual
reproduction was evaluated after 24 h incubation by counting the number of cells in different
stages of reproduction (non-mating cells, mating cells, gametes/zygotes, auxospores)
(Chepurnov, 2002). Mating axenic cultures served as controls. The results are reported as
percentage of different reproductive stages normalized to the total number of cells (Figure
22 and 23). All treatments were done in triplicate and a two-way ANOVA (0=0.05,
Bonferroni’s correction for multiple comparison, see table ST1 and ST2 in the appendix for
statistical evaluation) was performed in order to test the significance of each treatment. All
bacterial strains affect sexual reproduction at an OD = 0.1, where the concentration of
bacterial cells exceeds that of S. robusta 1000 times (Figure 22, table ST1 in the Appendix).
In these cases, a significant reduction of auxospores and gametes / zygotes (P < 0.01) was
observed and the proportion of non-mating cells was increased. At lower bacterial
concentrations their different effects on S. robusta reproduction manifested. Maribacter sp.
is the strain with the strongest effect on sexual reproduction, causing significantly less
auxospores production (P < 0.01 at all concentrations down to OD = 0.01) and higher
percentages of non-mating cells (P < 0.01 at OD=0.05 at OD=0.01). Marinobacter sp. and
Croceibacter sp. also significantly impair sexual reproduction at OD=0.05 (P < 0.05 for all
mating stages for both bacteria), but these effects were not observed at lower bacterial
concentrations. Roseovarius sp. shows no significant negative effect on sexual reproduction
at an OD of 0.05. Surprisingly, this strain exhibits significant positive effect on auxospores
formation at OD=0.01 and OD=0.005 (P =0.0211 and P =0.0312). No activity was observed
in any strain at OD of 0.005, corresponding to cell concentrations below 10* cells/mL.

To evaluate if physical contact is required for the manifestation of the mating interference
or if exuded metabolites or dissolved enzymes mediate the interaction, we conducted an
additional set of experiments using bacterial spent medium. Therefore, bacteria were grown

in minimal medium to an OD = 0.1-0.3 and subsequently the medium was separated from
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the cells by sterile filtration, the filtered medium was diluted to obtain concentrations
corresponding to the ODs that were used for the experiments described above. These
medium preparations were added to S. robusta cultures after crossing them in 24-wells plates
as described above. The spent medium of three out of the four tested bacteria also inhibits
sexual reproduction of the diatoms (Figure 23 and Table ST2). As in the incubations with
bacterial cells, Croceibacter sp. and Marinobacter sp. medium resulted in a significant
negative effect at a concentration equivalent to an OD = 0.05 (P < 0.01 for all sexual mating
stages). The negative effect of Maribacter sp. medium on sexual reproduction is highly
significant as well at an OD = 0.05 (P = 0.0022 for auxospore formation, P = 0.00210 for
non-mating cells), but it is not observed at the lower OD of 0.01, where activity is still
evident for incubations with cells. As in the incubations with cells, Roseovarius sp. has a
significant positive effect on auxospore-formation observed in the incubation with cells at

0D = 0.01 (P = 0.0012).
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Figure 22. Mating efficiency of S. robusta in presence of different bacteria at different optical densities
(OD). Ca. 2,000 diatom cells/mL were exposed to 10%-10° bacteria cells/mL, Results are based on three
independent replicates, 9 pictures for each replicate were evaluated and counted. Different colors indicate
different stages in sexual reproduction: blue = non mating cells, red = mating cells, green = gametes / zygotes,
purple = auxospores. Results are expressed as percentage of the total counted cells. Significance was evaluated
with two-way ANOVA (o = 0.05, Bonferroni’s correction for multiple comparisons, complete statistical

information including error ranges are found in Supporting Table ST1).
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Figure 23. Mating efficiency of S. robusta in the presence of spent medium of different bacteria. Ca. 2,000
diatom cells/mL were exposed to 10*-10° bacteria cells/mL. Results are based on three independent replicates,
9 pictures for each replicate were evaluated and counted. Different colors indicate different stages in sexual
reproduction: blue = non mating cells, red = mating cells, green = gametes / zygotes, purple = auxospores.
Results are expressed as percentage of total counted cells. Significance was evaluated with two-way ANOVA

(0=0.05, Bonferroni’s correction for multiple comparisons, complete statistic information including error
ranges are found in Supporting Table ST2).
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4.2.2 Production of diproline by S. robusta and degradation by bacteria

A possible target for bacterial interference of S. robusta sexual reproduction is the attraction
pheromone diproline, which can be taken up as a nutrient. To elucidate the impact of bacteria
on pheromone mediated mate finding, we compared the concentrations of diproline in axenic
and non-axenic cultures. Therefore, axenic and non-axenic cultures of S. robusta MT" and
MT" below the SST were darkness-synchronized at comparable cell densities and combined.
The supernatant was extracted at different time points (8 h, 10 h, 13 h, 24 h) after the onset
of light and the pheromone was quantified with GC-MS relative to the internal standard
caffeine. The concentration of diproline is always higher under axenic conditions compared
to non-axenic cultures of similar cell densities (Figure 24a), and the difference between the
two treatments is significant from 13 h after the onset of light (Figure 24a). In presence of
bacteria, the concentration of diproline is decreasing over time while it is stable or even
increasing in axenic cultures. To exclude possible degradation of diproline by the diatoms,
we repeated the experiments after removing diatom cells by filtration 6 h after the onset of
light. Diproline concentration in these treatments is decreasing even more markedly with an
almost complete degradation after 24 h (Figure 24b). Diproline itself is stable in the medium
in the absence of bacteria (Gillard et al., 2013, Frenkel et al., 2014b). S. robusta associated

bacteria are thus efficient degraders of the algal attraction pheromone.
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Figure 24. Diproline degradation by the microbial community associated to S. robusta. Relative quantities
of diproline normalized to the internal standard caffeine are given. For each time point, three biologically
independent treatments are evaluated (n=3): a) naturally produced diproline is stable or increasing in the
presence of axenic diatom cells (light grey); naturally produced diproline in non-axenic conditions is readily
degraded (dark grey). b) Naturally produced diproline is degraded in presence of bacteria and absence of diatom
cells (light black). Data are normalized to cell count. Significance was evaluated with t-test (unequal variance,

a=0.05).
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4.2.3 Degradation of synthetic diproline by isolated strains

Selected bacteria isolated from S. robusta 85A cultures were tested for their ability to
degrade diproline. Bacteria were incubated in nutrient free f/2 medium containing 300 nM
diproline as sole carbon source (Figure 25a) and in modified f/2 medium supplemented with
300 nM diproline (Figure 25b). After 72 h, bacteria were removed and the culture medium
was extracted on solid phase and analyzed by GC/MS as described above. Significant
diproline degradation was observed when this diketopiperazine was administered as only
carbon source. Given the fact that racemic diproline was administered the ca. 50%
consumption could be explained with the metabolization of the natural stereoisomer. If other
carbon sources are available in excess as it was the case in cultures in full medium (Figure
25b), the diproline consumption was not significant, indicating preferred or simultaneous
use of alternative carbon sources. This experiment indicates that our isolates could

metabolize diproline, if limited in alternative carbon sources.
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Figure 25. Degradation of synthetic diproline by bacteria isolated from S. robusta. Bacterial strains were
grown in f/2 medium (a) or minimal medium (b) (OD = 0.1-0.3). Diproline was added to a final concentration
of 300 nM and incubated for 72 h (n=3). Relative quantities of diproline normalized to the internal standard
caffeine are given. As a control, minimal medium and f/2 with 300 nM of diproline were quantified.

Significance was evaluated with a t-test (unequal variance, a=0.05).

4.3. Discussion

Interactions between diatoms and bacteria are crucial in the balancing of benthic and pelagic
communities, as they can regulate entire population dynamics (Dang et al., 2016). Studies
revealed that mutual support based on nutrient exchange takes place in mixed communities
(Haines and Guillard, 1975; Kazamia et al., 2012; Segev et al., 2016; Suleiman et al., 2016).
Vitamins and growth factor exchange also facilitates mutualism between diatoms and

bacteria (Amin ef al., 2015; Johnson et al., 2016; Seymour et al., 2017). But bacteria can
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also negatively influence diatom performance as is most strikingly demonstrated in the case
of algicidal bacteria (Meyer et al., 2017). These cause the collapse of entire algal blooms
thereby directly controlling the marine food web in a bottom up process (Wang et al., 2014).
Here we demonstrate that also the subtler mechanism of signaling interference has evolved
in this cross-kingdom interaction with bacteria that inhibit or promote algal sexual
reproduction.

We studied the benthic pennate diatom S. robusta as model organism for marine biofilm
inhabiting diatoms, since we can reliably synchronize its sexual reproduction by sex-
inducing pheromones (SIPs) (Moeys ef al., 2017). Further, it is the only diatom for which
the chemical structure of the attraction pheromone is known (Gillard et al., 2013), thereby
enabling a targeted analytical monitoring of pheromone chemistry in the presence and
absence of bacteria.

In order to observe ecologically relevant interaction partners we obtained and purified
bacterial strains from a S. robusta field isolate.

By supplying the four different isolated bacteria to axenic, mating S. robusta in a controlled
set-up we could show that all four bacterial isolates tested affected S. robusta sexual
reproduction. In high concentrations (1:1000 ratio of diatom:bacteria cells) all isolates
blocked sexuality and nearly exclusively vegetative algal cells were observed in the cultures
while efficient mating occurred in controls. If diluted (1:100-1:10 ratio of diatom:bacteria
cells), three of the four tested bacteria still inhibited sexuality with Maribacter sp. having
the strongest, most significant effect. The reduced efficiency of sexual reproduction
manifested in an increase in non-sexual cells and a decrease of gametes and auxospores.
When the diatom:bacteria cell ratio was below 1:1000, an increased proportion of pairing
cells was observed (red bars in Figure 22), indicating that mate finding is still active, but all
further stages of the sexual cycle are inhibited. Croceibacter sp. and Marinobacter sp. show
similar but less pronounced activities compared to Maribacter sp., causing small shifts in
sexual behavior as shown by the higher number of mating diatom cells at higher bacterial
concentration and reduced amounts of auxospores and zygotes / gametes only in the case of
very high bacterial densities.

Roseovarius sp. represents a remarkable exception. Like all other bacteria it inhibits
reproduction at the high OD of 0.1 (>10° cells/mL) but surprisingly, a significant increase of
the proportion of auxospores was induced at lower bacterial concentrations. The bacteria
thus specifically promote a sexual state, which indicates a direct influence on the diatom life

cycle. The fact that the effects of bacteria on S. robusta are species dependent suggests that
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complex networks within natural biofilms are established where competition, mutual support
and antagonism are driven by chemical communication (Leach et al., 2017). In addition to
the diversity of species specific effects also cell densities determine the outcome of the
interaction. However, it is difficult to estimate the bacterial densities in diatom dominated
biofilms, the actual habitat of S. robusta. It was estimated that up to 20 % of the biomass of
the biofilms can be attributed to bacteria, thereby cell concentrations of up to 10 cells/mL
as utilized in our study are plausible (Barranguet et al., 2005).

Algal bacterial interactions can be classified into two major categories. The direct attachment
of bacteria on the algae can cause contact interactions mediated by physical as well as
(bio)chemical signals. Alternatively, a chemically mediated interaction caused by diffusible
factors can mediate the interaction. To distinguish these modes of action, we performed a
set of experiments with spent bacterial medium containing the chemical mediators but
excluding the cells. Similar effects compared to those caused by the bacterial cultures were
observed in all cases, supporting the concept of a chemically mediated mechanism of
interaction.

An additional mode of interference could involve the degradation of the attraction
pheromone diproline that supports the mate finding process in diatoms. In fact, the
concentration of diproline was always higher in axenic conditions compared to co-cultures
with bacteria. Analytical quantification revealed that bacteria reduce the concentration of
naturally produced as well as of synthetic diproline over time while the compound is stable
over 24 hours in axenic cultures. The microbiome associated to S. robusta thus actively
degrades signaling metabolites from the co-occurring algae. It is likely that bacteria
metabolize diproline and use it as carbon and/or nitrogen source since bacterial isolates from
S. robusta degrade synthetic diproline only in the absence of alternative carbon sources. In
accordance, diketopiperazine metabolism and utilization of the liberated amino acids is
generally known from bacteria (Tamura ef al., 1964; Adams et al., 1978; Kanzaki et al.,
1997; Perzborn et al., 2012). This is also supported by the fact that only ca. 50% of the added
racemic diproline is degraded (Figure 25a). The remaining D-amino acid derived diproline
would not feed the canonical amino acid metabolism as it would be the case for the natural
L-proline derived diproline (Figure 25a). It is thus evident that bacteria target both, the
attraction pheromone itself as well as the production of sexual cells, thereby affecting diatom
sexual reproduction on multiple levels.

Interference with signaling molecules from co-occurring species is well understood for

bacterial communication where quorum sensing mediators from competing species are
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degraded enzymatically to interfere with the signal mediated synchronization of the
competitors (Grandclément et al., 2015). Inter-kingdom signal interference, as it is observed
here, is however rather poorly documented. Especially for the highly vulnerable pheromone
communication of algae that relies on release, diffusion and perception of chemical signals,
interference strategies are not reported.

Our study clearly documents that bacteria play a substantial role in the life cycle of diatoms,
especially on sexual reproduction. We further demonstrate that the involved mechanisms are
triggered by chemical mediators that most likely contribute to the delicate balance of species

in the often highly complex biofilms.
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5. Molecular insights into the bacterial effect
on sexual reproduction of S. robusta®

5.1 Introduction

The previous chapter was showed that two bacteria associated with S. robusta are able to
modulate the concentration of SIP™ and the attraction pheromone diproline and the spent
medium of both bacteria have different effects on the reproductive success of S. robusta.
Medium of Maribacter sp. negatively affects sexual reproduction, while Roseovarius sp.
medium slightly enhances it. This novel cross-kingdom interaction adds to the already
multifaceted aspects of diatom - bacteria interactions (Amin ef al., 2012; Seymour ef al.,
2017). In order to gain mechanistic insights into the effect of these two bacteria on S.
robusta, a combination of physiological, metabolomics and transcriptomic approaches was

employed (Figure 26).
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Figure 26. Molecular insights into the effect of bacteria on sexual reproduction of Seminavis robusta:
experimental setup. Axenic MT cells were dark-synchronized for 24h and then half of them were induced to
sexuality by replacing their medium with 10-times diluted medium from MT" (containing sexual inducing
pheromone SIP"). A third of the cultures was left axenic as a control, a third treated with Roseovarius sp.
medium and a third with Maribacter sp. medium. Each treatment was done in five replicates. After 10 h of

incubation, samples were harvested for different analyses (see section 9.5 for the specifics).

4 This chapter is based on: Cirri, E.*, De Decker, S.*, Bilcke, G., Osuna, C., Werner, M., Werz, O., Van
Delpoole, K., De Veylder, L., Vyverman, W., Pohnert, G. Associated bacteria affect sexual reproduction by
altering gene expression and metabolic processes in a biofilm inhabiting diatom. Submitted to Molecular
Ecology.
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Axenic MT (84A, BCCM: DCGO0104) S. robusta cells were dark synchronized for 24 hours
prior to undergo different treatments (Gillard e al., 2013; Moeys et al., 2016). Some cultures
were induced to sexuality using spent MT" medium containing SIP", while others remained
untreated. Two different bacterial media were added to some cultures, leading to a total of
six different treatments (Figure 26). After 10 hours of incubation, different analyses were
performed.

To investigate the effect of bacterial exudates on the cell cycle, we measured aliquots of each
culture with flow cytometry to assess changes in cell cycle progression. A temporary cell
cycle arrest is fundamental for a synchronized switch to meiosis in both mating partners
(Frenkel et al., 2014a) and sex-inducing pheromones (SIPs) play a pivotal role in this
mechanism in S. robusta. After 24 h dark-synchronization, control cultures that are not
treated with SIP of the opposite mating type (MT) show a peak in the number of cells in
S/G2 phase 8-10 h after re-illumination. In cultures treated with SIP of the opposite MT, the
cell cycle is temporarily arrested in G1-phase and cultures do not show this peak (Moeys et
al., 2016).

Furthermore, RNA was extracted from diatom cells and sequenced. Moeys et al., (2016)
identified several genes that might be involved in the early switch from mitosis to meiosis
and in cell signaling (especially guanylate cyclase signals). Moreover, they found an
upregulation in the proline biosynthetic pathway, which might be connected to the yet
unknown process of diproline biosynthesis. In the present experiments, sequences were
analyzed with a transcriptomic approach to confirm these genes and to check if bacteria are
influencing them, as well as to find new up- and downregulated pathways corresponding to
the bacterial treatments.

In parallel, spent medium from the cultures was extracted on SPE cartridges and the samples
were analyzed both with targeted analysis to measure the concentration of diproline and of
stress markers, like oxylipins, and with an untargeted UHPLC-HR-MS metabolomics
approach to unravel putative signaling molecules and unknown compounds released both
from S. robusta and from the bacteria.

Given the fundamental importance of sexual reproduction in diatoms, unravelling the
molecular mechanism laying behind this cross-kingdom interplay is highly relevant to better
understand the effect of bacterial presence on diatom performance and how diatoms react to

the presence of other organisms during a delicate phase of their life cycle.
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5.2 Results

5.2.1 Bacterial exudates do not influence cell cycle arrest during sexual

reproduction

We first tested if the effect of the bacterial exudates on sexual reproduction is due to an
interference with the regulation of the cell cycle during the initial sexual stages.

The relative number of MT" cells in G1- and S/G2-phase of the cell cycle in six different, all
dark-synchronized, treatments (Figure 28): control (not SIP'-treated, axenic, C), SIP*-
treated cultures (axenic, SIP), Roseovarius sp.-treated cultures (not SIP'-treated, R),
Maribacter sp.-treated cultures (not SIP*-treated, M), Roseovarius sp.+ SIP"-treated cultures
(SIP+R) and Maribacter sp.+ SIP*-treated cultures (SIP+M).

Ten hours after re-illumination, the percentage of cells in S/G2 phase was significantly lower
(p <0.001) in the SIP*-treated cultures compared to controls, confirming that SIP" is indeed
blocking cell cycle progression (Figure 27). The presence of bacterial spent medium only
(without SIP* induction) does not reduce the peak in S/G2-phase cells, suggesting that the
exudates do not affect the cell cycle progression in mitotic cells. Most importantly, the
presence of the bacterial medium does not influence the SIP*-induced cell cycle arrest. This
is supported by post-hoc multiple contrasts (SIP vs SIP+M and SIP vs SIP+R) that do not
show significant effects of bacterial medium on cell cycle progression compared with SIP™-

treated cultures (p=0.8 and p=0.91, respectively).
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Figure 27: Cell cycle analysis. Flow cytometry measurements of the percentages of cells that have progressed
through S-phase for all six experimental treatments. C is the axenic, non-induced control, M is non-induced
control + Maribacter sp. medium, R is non-induced control + Roseovarius sp. medium, SIP is induced axenic
control, SIP+M is induced culture + Maribacter sp. medium, SIP+R is induced control + Roseovarius sp.
medium. Proportion post-S-phase cells differed significantly between all non-conditioned cells (“a””) and SIP+-

conditioned cells (“b”).
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5.2.2 Bacterial medium does not drastically influence expression of known

sexual reproduction genes

To study the bacteria-induced transcriptional changes in sexualized MT" cells, we extracted
mRNA of SIP"-induced and non-induced cultures; both untreated and treated with bacterial
spent medium after 24h dark-synchronization followed by 10h of illumination (Figure 28).
We obtained expression data for 25.557 genes. 4.225 unique genes (16,6% of the expressed
genes) were differentially expressed (DE) in at least one treatment (Table 2, |log> fold
change| > 1, FDR < 0.05) and more than half of these genes were functionally annotated (>

59% in each comparison).

SIPvwC SIPtMvsM SIPHRvsR Mvws C SIP+Mvs SIPRvs C SIP+R vs SIP
Up 983 484 613 268 406 105 180
Not Sign 22305 23716 23344 25226 25027 25450 25367
Down 2269 1357 1600 63 124 2 10

Table 2: Summary of the number of significantly differentially expressed genes in different

comparisons.

A multidimensional scaling (MDS) plot of all RNAseq libraries (Figure 28) shows that the
biggest separation between samples is caused by the induction of sexuality (SIP*-treatment).
This was confirmed by the high number of DE genes in induced cultures compared to non-
induced cultures (Table 2 and Appendix Figure S4, SIP vs C: 983 up-regulated and 2269
down-regulated genes; SIP+M vs M: 484 up-regulated and 1357 down-regulated genes;
SIP+R vs R: 613 up-regulated and 1600 down-regulated genes).
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Figure 28: Multi-dimensional scaling plot for transcriptomic data. Distance between samples is calculated
with based on log, fold changes. C is axenic non-induced control, M is non-induced control + Maribacter sp.
medium, R is non-induced control + Roseovarius sp. medium, SIP is induced axenic control, SIP+M is induced

culture + Maribacter sp. medium, SIP+R is induced control + Roseovarius sp. medium.

a Upregulated genes b Downregulated genes

SIPvsC SIP+M vs M SIPvs C SIP+M vs M
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Figure 29: Venn diagrams of up- (a) and downregulated (b) S. robusta genes under SIP+ influence. The

up- and downregulated genes thresholds are: log, fold change (LFC)= 1, false discovery rate (FDR)= 0.05

Moreover, comparisons of control cultures (C), Maribacter-treated cultures (M) and
Roseovarius-treated cultures (R) with their SIP'-treated equivalents (SIP, SIP+M and
SIP+R, respectively) showed that a high amount of genes that are up- or downregulated in
the presence of SIP* are shared in all three comparisons (329 upregulated genes, 28% of the
total upregulated genes and 1059 downregulated genes, 40.1% of the total downregulated
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genes) (Figure 29). Of this shared set of 329 genes that are SIP+-upregulated despite
bacterial presence, some are related to early meiosis-related processes (Table 3), especially
dsDNA break repair, DNA duplex unwinding and DNA replication. We also found
upregulation of cAMP/cGMP signaling and phosphodiesterase activity (PDE) (Table 3). It
has been shown that cGMP signaling likely plays an important role during the onset of sexual
reproduction in pennate diatoms (Moeys et al., 2016; Basu et al., 2018). The upregulation
of these genes was not unambiguous, with some GC/PDE genes showing higher upregulation
in axenic conditions (Sro991 g228730, LFC=4.09, Table 4) while others being more
upregulated either in presence of Roseovarius sp. (Srol233 g254830) or in presence of
Maribacter sp. (Sro218 g090200, Sro1656 g289030). The transcriptional patterns of these
genes suggest a complex involvement of different cGMP-related signaling pathways during
sexual reproduction and the perception of bacterial presence.

Interestingly, expression of several receptor-type guanylate cyclase with PDE activities was
triggered by the bacteria, especially by Maribacter sp. spent medium (upregulation of 8
guanylate cyclase SIP+M vs SIP, two of which containing a PDE domain in, Appendix Table
ST6). This bacteria-elicited receptor-type guanylate cyclase are different from those
involved in SIP*-induced signaling in S. robusta MT", thus hinting to a broader and bacteria-
specific response of S. robusta receptor-type guanylate cyclase towards compounds of
bacterial origin.

Moreover, the proline biosynthetic pathway was strongly upregulated in all SIP*-induced
treatments (Table 3). Moreover, the proline biosynthetic pathway was strongly
upregulated in all SIP"-induced treatments, despite the presence of either bacterial
exudate. Interestingly, the upregulation was stronger in the presence of Roseovarius sp.
A Al-pyrroline-5-carboxylate synthetase (P5CS, Sro2012 g310890), a key enzyme in
proline biosynthesis (Hu, Delauney, & Verma, 1992), was upregulated in SIP vs C,
SIP+M vs M and SIP+R vs R, but the strongest upregulation was observed in presence of
Roseovarius sp. medium (LFC = 6.89, FDR < 10°), while upregulation was less strong in
axenic conditions (LFC = 3.64, FDR < 10*) and in presence of Maribacter sp. medium (LFC
=4.94, FDR < 107°). Another gene of this pathway, Al-pyrroline-5-carboxylate reductase
(PC5, Sro216 g089310), was upregulated in SIP vs C, SIP+M vs M and SIP+R vs R.
Also here, upregulation was stronger in the presence of Roseovarius sp. medium (LFC =
4.46, FDR < 107) than in presence of Maribacter sp. medium (LFC = 3.15, FDR < 10°®) or
in axenic conditions (LFC= 3.84, FDR < 10%).
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In conclusion, of the known SIP"-triggered processes, early meiosis and cGMP signaling are
not significantly affected by either bacterium, while proline synthesis is more strongly
induced in presence of Roseovarius sp. exudates. Expression of proline biosynthesis genes

is less affected by Maribacter sp. exudates.
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GO ID |GO Function |Genes|p-value
Biological function
G0:0006561 |proline biosynthetic process 2 0.0002
G0:0032508 |DNA duplex unwinding 4 6.10E-04
G0:0007535 |donor selection 2| 6.80E-04
G0:0009154 |purine ribonucleotide catabolic process 12| 2.50E-03
G0:0061028 |establishment of endothelial barrier 8| 2.69E-03
G0:0019933 |cAMP-mediated signaling 8| 3.48E-03
G0:0006302 [double-strand break repair 5| 5.25E-03
G0:0002109 [maturation of SSU-rRNA from tricistronic rRNA transcript 1] 5.83E-03
G0:0045005 |DNA-dependent DNA replication maintenance of fidelity 2| 7.76E-03
G0:0000718 |nucleotide-excision repair, DNA damage removal 2 0.00914
G0:0010777 |meiotic mismatch repair involved in reciprocal meiotic recombination 11 1.16E-02
G0:0006284 |base-excision repair 2| 1.30E-02
Molecular function
G0:0030552|cAMP binding 8| 2.80E-03
G0:0004115(3',5'-cyclic-AMP phosphodiesterase activity 8| 2.80E-03
G0:0004735 |pyrroline-5-carboxylate reductase activity 1] 5.90E-03
G0:0004505 [phenylalanine 4-monooxygenase activity 1] 5.90E-03
G0:0034617 |tetrahydrobiopterin binding 1| 5.90E-03
G0:0008094 IDNA-dependent ATPase activity 3| 8.00E-03
G0:0017084 |delta1-pyrroline-5-carboxylate synthetase activity 1 1.18E-02
G0:0004147 |dihydrolipoamide branched chain acyltransferase activity 11 1.18E-02
G0:0004528 [phosphodiesterase | activity 1 1.77E-02
Cellular component
G0:0000795 |synaptonemal complex 2 0.0023
G0:0043073 |[germ cell nucleus 2 0.0044
G0:0005856 |cytoskeleton 11 0.0154

Table 3: Upregulated pathways shared by all SIP+-induced cultures compared to non-induced controls
(SIP vs C, SIP+M vs M, SIP+R vs R).

Function Gene ID Description| SIP* |SIP*+M|SIP*+R
Proline Sro2012_g310890 A1-pyrroline-5-carboxylate synthetase [ 3.64
biosynthesis Sro216_g089310 Pyrroline-5-carboxylate reductase 3.15

. Sro371_g128600 MCM8| 2.00 NF 2.06
M't°;';':'sated Sr0552_g165070 MSH4| 225 |28 NF
Sro13_g010240 Double-strand break repair protein MRE11| 2.73 2.63 2.88

Sro931_g221400 Affinity cAMP-specific and IBMX-insensitive 3',5'-cyclic phosphodiesterase

Sro382_g131010 Inhibited 3',5'-cyclic phosphodiesterase B

Sro931_g221440 Receptor-type guanylate cyclase gcy
Sro218_g090200 Guanylate cyclase type - natriuretic peptide receptor 2 3.22

Guanylate Sro1656_g289030 Receptor-type guanylate cyclase gcy
cyclase Sro1233_g254830 Receptor-type guanylate cyclase gey|  2.21 2.25 3.06

Sro804_g204860 Receptor-type guanylate cyclase gcy
Sro141_g065940 Receptor-type guanylate cyclase gcy 3.24 3.49
Sro109_g054500 Receptor-type guanylate cyclase gcy|  3.35 3.43 3.15
Sro991_g228730 Receptor-type guanylate cyclase gcy NF NF

Table 4: Upregulated genes involved in sexual reproduction and diproline production shared by all
SIP+-induced cultures compared to non-induced controls (SIP vs C, SIP+M vs M, SIP+R vs R). Mitotic-
related genes explanation: MRE!I (Srol3 g010240) is part of the Mrel1-Rad50-Nbsl complex involved in
repairing DNA double-strand breaks and homologous recombination during meiosis (Ajimura et al., 1993).
MSH4 (Sro552 _g165070) is a meiosis-specific mismatch repair protein (Kolas and Cohen, 2004). MCM8
(Sro371_g128600) is involved in meiotic recombination (Blanton et al., 2005).
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5.2.3 Maribacter sp. causes major transcriptional changes in S. robusta

The second major separation observed in the MDS plot corresponds to the presence or
absence of bacterial medium in MT" cultures (Figure 28). Interestingly, the replicates of
SIP"-induced samples treated with bacterial medium (SIP+M and SIP+R) cluster together
more closely compared to the replicates of non-induced samples (M and R), suggesting that
the transcriptional changes induced by the bacterial exudates are more coherent when SIP*
is present. Additionally, the number of DE genes was higher when bacterial spent medium
was added to SIP"-treated cultures compared to when the bacterial medium was added to
non-sexualized cultures (M vs C: 331 DE genes; SIP+M vs SIP: 530 DE genes; R vs C: 107
DE genes; SIP+R vs SIP: 190 DE genes). Moreover, there is only limited overlap between
genes that are DE in response to bacterial exudates in presence and absence of SIP*
(Appendix Figure S5).

Since Maribacter sp. and Roseovarius sp. affect sexual reproduction of S. robusta, we
focused on transcriptional changes induced by these bacteria in sexualized cultures (SIP+M
vs SIP and SIP+R vs SIP). Venn diagrams showing the numbers of shared and unique up-
and downregulated genes between SIP+M vs SIP and SIP+R vs SIP are respectively shown
in Figure 32 a and b, while Venn diagrams in Figure 32 ¢ and d display up-and
downregulated genes in M vs C and R vs C, respectively.

Both in sexualized and non-sexualized cultures, Maribacter spent medium triggered
significantly more transcriptional changes compared to Roseovarius sp. spent medium
(Table 2, Figure 32 and Appendix Figure S4 and S5). This confirms the stronger negative
effect of Maribacter sp. on both the physiology and sexuality of S. robusta compared to the
mild positive effect of Roseovarius sp. (Chapter 4). GO enrichment of a set of genes that is
only upregulated by Maribacter sp. exudates in the presence of SIP* (SIP+M vs SIP) showed
induction of a number of redox processes involving sterols and fatty acids, as well as sulfite
reductase NHDP dependent functions (Table 5). These processes were not induced by

Maribacter sp. in the absence of SIP* (M vs C).
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q Upregulated genes

SIP+M vs SIP SIP+R vs SIP
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Figure 30: Venn diagrams of up- (a and c¢) and downregulated (b and d) S. robusta genes under bacterial

influence. a) and b) refers to SIP* induced treatment, ¢) and d) refer to non-induced conditions. The up- and

downregulated genes thresholds are: log, fold change (LFC)= 1, false discovery rate (FDR)= 0.05
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GO ID |G0 Function | Genes |p-va|ue
Biological functions
G0:0006779 |porphyrin-containing compound biosynthetic process 9| 8.40E-09
G0:0009768 |photosynthesis, light harvesting in photosystem | 4| 2.50E-05
G0:0015994 |chlorophyll metabolic process 5| 2.70E-05
G0:0010218|response to far red light 4| 4.60E-04
G0:0010114 |response to red light 4| 8.40E-04
G0:0016116 |carotenoid metabolic process 3| 1.44E-03
G0:0055114 |oxidation-reduction process 23| 1.79E-03
G0:0009637 [response to blue light 4 2.43E-03
G0:0042374 |phylloquinone metabolic process 2| 3.43E-03
G0:0070127 |[tRNA aminoacylation for mitochondrial protein translation 2| 6.27E-03
G0:0000103 [sulfate assimilation 2| 7.98E-03
G0:0031388 |organic acid phosphorylation 1 1.55E-02
G0:0019424 [sulfide oxidation, using siroheme sulfite reductase 1| 1.55E-02
G0:0007225 |patched ligand maturation 1 1.55E-02
G0:0042049 |cellular acyl-CoA homeostasis 1 1.55E-02
G0:0009704 |de-etiolation 1| 1.55E-02
G0:0006427 |histidyl-tRNA aminoacylation 1| 1.55E-02
G0:1900160 |plastid DNA packaging 1 1.55E-02
Molecular Functions
G0:0004783 |sulfite reductase (NADPH) activity 2| 0.00023
G0:0042286 |glutamate-1-semialdehyde 2,1-aminomutase activity 2| 2.30E-04
G0:0016634 |oxidoreductase activity, acting on the CH-CH group of donors, oxygen as acceptor 2| 2.22E-03
G0:0010181 [FMN binding 2| 3.30E-03
G0:0004500 |dopamine beta-monooxygenase activity 2| 1.15E-02
G0:0050311 |sulfite reductase (ferredoxin) activity 1 1.52E-02
G0:0004853 |uroporphyrinogen decarboxylase activity 1 1.52E-02
G0:0015390 |purine-specific nucleoside:sodium symporter activity 1| 1.52E-02
G0:0050561 |glutamate-tRNA(GIn) ligase activity 1 1.52E-02
G0:0004631 |phosphomevalonate kinase activity 1 1.52E-02
G0:0004821 |histidine-tRNA ligase activity 1| 1.52E-02
G0:0030248 [cellulose binding 1| 1.52E-02
G0:0004160 |dihydroxy-acid dehydratase activity 1 1.52E-02
G0:0015389 |pyrimidine- and adenine-specific:sodium symporter activity 1] 1.52E-02
G0:0016162|cellulose 1,4-beta-cellobiosidase activity 1 1.52E-02
G0:0047012 |sterol-4-alpha-carboxylate 3-dehydrogenase (decarboxylating) activity 1 1.52E-02
G0:0008685 |2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase activity 1| 1.52E-02
G0:0016002 |sulfite reductase activity 1 1.52E-02
G0:0009976 |tocopherol cyclase activity 1 1.52E-02
G0:0003864 |3-methyl-2-oxobutanoate hydroxymethyltranferase activity 1 1.52E-02
G0:0003854 | 3-beta-hydroxy-delta5-steroid dehydrogenase activity 1| 1.52E-02
G0:0000252|C-3 sterol dehydrogenase (C-4 sterol decarboxylase) activity 1 1.52E-02
G0:0050421 |nitrite reductase (NO-forming) activity 1 1.52E-02
Cellular component
G0:0044434 |chloroplast part 55 6.6E-29
G0:0009337 |sulfite reductase complex (NADPH) 2| 0.00027
G0:0048046 [apoplast 7 0.00028
G0:0020011 |apicoplast 8 0.00093
G0:0009509 |chromoplast 2| 0.00389

Table 5: Upregulated pathways induced by Maribacter sp. medium in SIP*-induced cultures (SIP+M vs
SIP).
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GO ID |GO Function |Genes|p-va|ue
Biological function
G0:1902000 [homogentisate catabolic process 2| 8.50E-07
G0:0006572 |tyrosine catabolic process 2| 4.20E-06
G0:0006527 |arginine catabolic process 2| 4.20E-06
G0:0006559 |L-phenylalanine catabolic process 2| 7.90E-06
G0:0008205 [ecdysone metabolic process 1| 6.10E-04
G0:0008210|estrogen metabolic process 11 4.29E-03
G0:0008209 [androgen metabolic process 11 6.13E-03
G0:0033327 |Leydig cell differentiation 1| 8.57E-03
G0:0019433 [triglyceride catabolic process 1| 1.04E-02
G0:0009083 |branched-chain amino acid catabolic process 11 1.47E-02
Molecular function
G0:0004334 |fumarylacetoacetase activity 2| 1.20E-06
GO0:0008709 |cholate 7-alpha-dehydrogenase activity 1| 7.40E-04
G0:0047022|7-beta-hydroxysteroid dehydrogenase (NADP+) activity 1| 7.40E-04
G0:0001540 [amyloid-beta binding 1| 1.48E-03
G0:0004303 |estradiol 17-beta-dehydrogenase activity 11 1.48E-03
G0:0018454 [acetoacetyl-CoA reductase activity 11 3.71E-03
G0:0003857 | 3-hydroxyacyl-CoA dehydrogenase activity 1| 6.67E-03
G0:0004806 |triglyceride lipase activity 1| 1.04E-02
Cellular component
G0:0012511 |monolayer-surrounded lipid storage body | 1| 2.00E-03

Table 6: Downregulated pathways shared by control and SIP*-induced cultures treated with
Maribacter sp. medium (SIP+M vs SIP, M vs C).
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GO ID |GO Function |Genes|p-value
Biological function
G0:0009083 [branched-chain amino acid catabolic process 7| 5.20E-12
G0:0006559 |L-phenylalanine catabolic process 4| 2.20E-08
G0:0006570 |tyrosine metabolic process 4  1.00E-07
G0:0051262 |protein tetramerization 4 3.20E-05
G0:1902000 |homogentisate catabolic process 2| 5.70E-05
G0:0006637 |acyl-CoA metabolic process 4 1.10E-04
G0:0006527 |arginine catabolic process 2| 2.80E-04
G0:0006567 |threonine catabolic process 2| 4.00E-04
G0:0033539|fatty acid beta-oxidation using acyl-CoA dehydrogenase 2| 5.30E-04
G0:0000098 |sulfur amino acid catabolic process 2| 2.50E-03
G0:0010188 |response to microbial phytotoxin 1| 4.45E-03
G0:0044524 |protein sulfhydration 1| 4.45E-03
G0:0018272|protein-pyridoxal-5-phosphate linkage via peptidyl-N6-pyridoxal phosphate-L-lysine 1| 4.45E-03
G0:0008205 |ecdysone metabolic process 1| 4.45E-03
G0:0007563 |regulation of eclosion 1| 4.45E-03
G0:0048830 |adventitious root development 1| 4.45E-03
G0:0009684 |indoleacetic acid biosynthetic process 1| 8.89E-03
G0:0002047 |phenazine biosynthetic process 1| 8.89E-03
G0:0019343 |cysteine biosynthetic process via cystathionine 1| 8.89E-03
G0:0046951 |ketone body biosynthetic process 1| 8.89E-03
G0:0001560 |regulation of cell growth by extracellular stimulus 1| 8.89E-03
G0:0019346 |transsulfuration 1] 1.33E-02
Molecular functions
G0:0004485 |methylcrotonoyl-CoA carboxylase activity 2| 2.10E-05
G0:0016937 |short-branched-chain-acyl-CoA dehydrogenase activity 2| 2.10E-05
G0:0004085 |butyryl-CoA dehydrogenase activity 2| 6.20E-05
G0:0004334 |fumarylacetoacetase activity 2| 6.20E-05
G0:0004121 |cystathionine beta-lyase activity 2| 6.20E-05
G0:0016833 |oxo-acid-lyase activity 2| 1.20E-04
G0:0050897 |cobalt ion binding 2| 4.51E-03
G0:0044540 |L-cystine L-cysteine-lyase (deaminating) 1| 4.64E-03
G0:0047982 |homocysteine desulfhydrase activity 1| 4.64E-03
G0:0080108 |S-alkylthiohydroximate lyase activity 1| 4.64E-03
G0:0033855 |nicotianamine aminotransferase activity 1| 4.64E-03
G0:0047022|7-beta-hydroxysteroid dehydrogenase (NADP+) activity 1| 4.64E-03
G0:0004505 |phenylalanine 4-monooxygenase activity 1| 4.64E-03
G0:0004490 |methylglutaconyl-CoA hydratase activity 1| 4.64E-03
G0:0034617 |tetrahydrobiopterin binding 1| 4.64E-03
G0:0004838 |L-tyrosine:2-oxoglutarate aminotransferase activity 1| 4.64E-03
G0:0008709 |cholate 7-alpha-dehydrogenase activity 1| 4.64E-03
G0:0001540 |amyloid-beta binding 1 9.26E-03
G0:0004474 |malate synthase activity 1| 9.26E-03
G0:0004658 |propionyl-CoA carboxylase activity 1| 9.26E-03
G0:0004303 |estradiol 17-beta-dehydrogenase activity 1| 9.26E-03
G0:0009374 |biotin binding 1] 1.39E-02
G0:0008418 |protein-N-terminal asparagine amidohydrolase activity 1] 1.39E-02
G0:0004123 |cystathionine gamma-lyase activity 1] 1.39E-02
G0:0033938|1,6-alpha-L-fucosidase activity 1] 1.39E-02
Cellular component
G0:0005759 |mitochondrial matrix 8| 9.00E-06
G0:0012511 |monolayer-surrounded lipid storage body 1| 1.30E-02

Table 7: Downregulated pathways in SIP*-induced cultures treated with Maribacter sp. medium

(SIP+M vs SIP).
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Surprisingly, among the genes that are only upregulated in this specific treatment, forty are
associated with photosynthetic functions and the light-harvesting complex (LHC) (Table 5,
Appendix Table STS5). Twenty-two of these are fucoxanthin-chlorophyll a-c binding proteins
(FCPs), intrinsic proteins of the thylakoid membrane that bind chlorophyll a and ¢ and play
arole in energy transfer for photosynthesis (Appendix Table ST6). In addition, we also found
upregulation of genes involved in carotenoid biosynthesis (carotene desaturase,
Sro536 g162170) and chlorophyll biosynthesis (one glutamate tRNA ligase:
Sro20 g014070 and two glutamate-1-semialdehyde 2,1-aminomutases: Sro479 g151140
and Srol1597 g284880) (Appendix Table ST6). The latter two genes are involved in
porphyrin biosynthesis, converting L-glutamate 1-semialdehyde to 5-aminolevulinate
(Baele, 1990).

Several amino acid catabolic pathways were downregulated in presence of Maribacter spent
medium (in SIP+M vs SIP and in M vs C), especially those of tyrosine (two genes), arginine
(two genes) and phenylalanine (two genes) (Table 6). The downregulation of these pathways
seems stronger in presence of SIP* (SIP+M vs SIP, Table7, four downregulated genes
involved in tyrosine metabolism, four for phenylalanine catabolism and two for arginine
catabolism). The strongest Maribacter-induced downregulation concerned a tyrosine
aminotransferase (Sro379 g130480) and a fumarylacetoacetase (Sro341 g121520) (LFC <
- 3.9 and LFC < - 3.4, respectively, in SIP+M vs SIP, Appendix ST8). Both are involved in
phenylalanine catabolism: the former catalyzes the conversion of tyrosine to 4-
hydroxyphenylpyruvate, the latter breaks down fumarylacetoacetate into fumarate and
acetoacetate (Santucci et al.,, 2017), thus influencing the citrate cycle. Interestingly, the
phenylalanine-to-tyrosine pathway is one of the processes that is actively upregulated by
SIP™ (Table ST8: phenylalanine 4-monooxygenase activity).

In addition to amino acid metabolism, fatty acid metabolism was also affected when
Maribacter sp. medium was added to SIP'-treated cultures (SIP+M vs. SIP). The
Maribacter-induced downregulation of fatty acid catabolism (fatty acid beta oxidation) and
ketone body synthesis, combined with changes in acetyl-CoA metabolism (Table 7) and
downregulation of fumarylacetoacetase activity (leading to a decreased fumarate pool,
involved in the TCA cycle), all together suggest a shift from catabolism to intracellular
accumulation of fatty acids (Shi and Tu, 2015). This observation is further supported by the
downregulation of enoyl-CoA hydratase (Sro2125 g315680, LFC < - 3.3, ST9), an enzyme
responsible for hydrating the double bond between the second and third carbons of Acyl-
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CoA and involved in fatty acid catabolism to produce acetyl-CoA and energy (Bahnson et
al., 2002).

Compared to the changes induced by Maribacter sp., Roseovarius sp. medium triggers less
radical transcriptional changes in S. robusta. Although Roseovarius sp. medium also induces
downregulation of tyrosine, phenylalanine and fumarate synthesis (SIP+R vs SIP, Table
ST5), these effects are less strong compared to what is triggered by Maribacter sp. and the
number of total downregulated genes connected to these pathways is lower. Interestingly,
several proteins localized at the cell surface were upregulated by addition of the Roseovarius
sp. exudates in the presence of SIP*, which might hint to active perception of the bacteria by

the diatom (Table ST4).

5.2.4 Both bacteria trigger detoxification and oxidative stress responses

Apart from bacteria-specific transcriptional changes, both Maribacter sp. and Roseovarius
sp. exudates trigger an upregulation of metabolic processes related to oxidative stress
responses, detoxification and defense mechanisms (appendix Table ST6, ST7, STS).
Several genes that were upregulated in response to both Roseovarius sp. and Maribacter sp.
treatments in the presence of SIP* encode proteins that contain a flavodoxin-like fold, like a
putative NADPH:quinone oxidoreductase (Sro481 gl151580, LFC > 7) and a putative
alcohol dehydrogenase (Sr0989 g228490, LFC > 5). These proteins are involved in energy
metabolism and in response mechanisms to reactive oxygen species (ROS)-induced stress
(Sies, Berndt and Jones, 2017; Poirier et al., 2018).

Moreover, both bacteria triggered strong upregulation of glutathione S-transferases (GST)
(Sro1751 g295250 and Sro945 g223090) and glutathionyl-hydroquinone reductases (GS-
HQR) (Sro596 _g172810 and Sro2126 _g315740) (Table ST8). These enzymes are important
for detoxification reactions in plants. GSTs transfer GSH to electrophilic centers of toxic,
hydrophobic compounds, and the resulting conjugates are more soluble and therefore less
toxic (Sheenan et al., 2001). GS-HQRs are a particular type of GSTs that reduce GS-
hydroquinones and are believed to play a maintenance role for an array of metabolic
pathways in photosynthetic organisms (Belchik and Xun, 2011).

Furthermore, sterol and fatty acid biosynthetic pathways are affected by both bacteria. A
putative 12-oxophytodienoate reductase (OPR) (Sro250 g098890) was strongly upregulated
in all bacterial treatments (LFC > 6) (Table ST6). OPRs are flavoprotein enzymes that

regulate jasmonic acid biosynthesis from the fatty acid linolenic acid, a crucial mediator of
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chemical defense mechanisms and plant-microbe interactions in plants (Erb, 2018, Koo,
2018). Diatoms are also known to produce different oxylipins, derivatives of fatty acids, as
defense molecules (Pohnert, 2002). We detected a general upregulation in some acyl-CoA
metabolic pathways different from those reported above, which are more consistent in
presence of Maribacter sp., and can support the hypothesis of fatty acid derivates as a
defense mechanism against bacteria. Cholesterol catabolism and concomitant upregulation
of tocopherol cyclase activity (Table 8) indicate an additional defensive mechanism against
oxidative stress, employing Vitamin E as an antioxidant (Havaux and Garcia-Plazaola,

2014).
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GO ID |G0 Function | Genes |p-value
Biological function
G0:0006805 |xenobiotic metabolic process 3| 6.80E-04
G0:0042049 |cellular acyl-CoA homeostasis 1| 3.84E-03
G0:0007225 |patched ligand maturation 1| 3.84E-03
G0:0015864 |pyrimidine nucleoside transport 1| 7.66E-03
G0:0090155 |negative regulation of sphingolipid biosynthetic process 1 1.15E-02
G0:0090156 |cellular sphingolipid homeostasis 1 1.15E-02
G0:0060539 |diaphragm development 1 1.15E-02
G0:0015855 |pyrimidine nucleobase transport 1 1.15E-02
GO0:0006707 |cholesterol catabolic process 1 1.15E-02
G0:0031024 |nterphase microtubule organizing center assembly 11 1.15E-02
G0:0031025 |equatorial microtubule organizing center disassembly 1| 1.15E-02
G0:0071397 |cellular response to cholesterol 1| 1.53E-02
G0:0042694 |muscle cell fate specification 1] 1.53E-02
G0:0021984 |adenohypophysis development 1] 1.53E-02
G0:0006863 |purine nucleobase transport 1] 1.53E-02
Molecular functions

G0:0010181 [FMN binding 2| 1.90E-04
G0:0015390 |purine-specific nucleoside:sodium symporter activity 1| 3.71E-03
G0:0016162|cellulose 1,4-beta-cellobiosidase activity 1| 3.71E-03
G0:0030248 |cellulose binding 1| 3.71E-03
G0:0009976 |tocopherol cyclase activity 1] 3.71E-03
G0:0015389 |pyrimidine- and adenine-specific:sodium symporter activity 1| 3.71E-03
G0:0050662 |coenzyme binding 3| 5.94E-03
G0:0008123 |cholesterol 7-alpha-monooxygenase activity 1| 7.41E-03
G0:0004064 |arylesterase activity 11 1.11E-02

Table 8: Upregulated pathways elicited by bacterial medium in SIP*-induced cultures (SIP+M vs SIP,

SIP+R vs R).
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5.2.5 Comparative metabolomics reflects the different effects of Roseovarius

and Maribacter

Spent medium of S. robusta cultures in different treatments was analyzed with a
metabolomics approach to get insights into chemical responses of the induced S. robusta
cells exposed to bacterial exudates. A principal component analysis (PCA) with all
treatments in induced conditions (SIP+M, SIP+R, SIP) shows that the exometabolome of S.
robusta is changing under the influence of bacterial medium, but the separation of the groups
is small (Appendix Figure S6). We therefore decided to analyze the Roseovarius and
Maribacter datasets separately, in order to highlight potential differences between the two
bacterial treatments.

SIP+M and SIP+R samples are clearly separating from S. robusta induced axenic samples
(SIP) and from bacterial spent medium (Figure 31a and 31c), thus confirming that both
bacterial media affect the S. robusta exometabolome. To check if these differences were due
to presence of molecules from bacterial exudates or in fact caused by S. robusta
exometabolites, features found in bacterial media were removed from the feature list of
SIP+M and SIP+R. The PCA plots in Figure 31b and 31d show a clear separation of
Maribacter sp.-treated induced cultures (SIP+M) from the axenic controls (SIP), while
cultures treated with Roseovarius sp. medium (SIP+R) are largely overlapping with SIP*
treated controls. When we compared the metabolome of non-induced cultures in presence of
bacterial medium (R and M) to the axenic controls (C), both Roseovarius- (R) and
Maribacter-treated cultures (M) are overlapping with the controls (Appendix Fig S7). These
results corroborated the outcome of our transcriptomic analysis, with Maribacter sp. having

a stronger effect on the metabolism of sexually induced MT" S. robusta cells.
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Figure 31: PCA of exometabolome samples of SIP+-induced cultures and bacteria spent medium. a) PCA
of SIP axenic control, induced cultures + Maribacter sp. medium and Maribacter sp. exudates, b) PCA of SIP
axenic control and induced cultures + Maribacter sp. medium with subtraction of features from Maribacter sp.
exudates, ¢) PCA of SIP axenic control, induced cultures + Roseovarius sp. medium and Roseovarius sp.
exudates, d) PCA of SIP axenic control and induced cultures + Roseovarius sp. medium with subtraction of

features from Roseovarius sp. exudates.

We therefore used a comparative metabolomics approach to investigate the spent medium
of Maribacter sp. and the exometabolome of sexualized S. robusta when exposed to
Maribacter sp. exudates (SIP+M) to search for putative signaling molecules. We performed
a one-way ANOVA (FDR cutoff = 0.05, Fisher LSD post-hoc analysis) to select for
significant features and chose the top 25 among them (ranked by FDR). Although most of
the molecules were identified as unknown, retention times helped us to classify them based
on their polarity (Figure 32, upregulated metabolites in red and downregulated metabolites

in blue). Most of the upregulated compounds in SIP+M treatment range from mid-polar to
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unpolar, eluting between 4.5 and 9 minutes (from 45% of acetonitrile to 100% of acetonitrile
solvent composition), while many of the upregulated molecules in SIP medium are unpolar,
eluting after 9 minutes. If we include molecules from bacterial exudates in the analysis
(Figure 33), several compounds released in the medium by Maribacter sp. show a high
chromatographic peak intensity that is significantly decreased in SIP+M treatment,
suggesting the potential involvement of a signaling mechanism in which the bacterial
compound is degraded by the diatom. In particular, two compounds, eluting at 2.95 min.
(MW= 165.06493 Da, putative chemical molecular formula CsH7Ns0O) and at 8.45 min.
(MW= 224.08345 Da, putative molecular formula C;sH120>), are very intense in Maribacter
spent medium (peak intensity=10°), while their intensities are respectively three and one
order of magnitude lower in SIP+M treatments. Moreover, these compounds are not present
in high amount in Roseovarius medium (Appendix, SF8). After obtaining a fragmentation
tree from our MS/MS data and comparing it to public and in-house libraries, we obtained
putative structure for the two compounds: the first one was annotated as a presumed
methylguanine, a methyl derivative of the nucleobase guanine, while the second one was

annotated as a small weight flavanone (Figure 33).
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Mw RT p-value Formula
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293.19853| 5.348| 5.71E-05|Ci7H,;NOs
321.22993| 6.040| 9.14E-05|C19H3;NO;
229.07137| 3.957| 4.18E-04|CeH16NOsP
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591.29129( 4.367| 3.48E-04
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652.25879| 4.390| 2.51E-04|Cy3H4101,P
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Figure 32: Heatmaps of up- and downregulated S. robusta exometabolites in presence or absence of
Maribacter spent medium after subtraction of Maribacter sp. features. Significance evaluated with a t-Test
(0=0.05), hierarchical clustering is based on Euclidean distances and using Ward’s method. Red is for

upregulated metabolites, blue is for downregulated metabolites.
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Figure 33: Heatmaps of up- and downregulated S. robusta exometabolites in presence or absence of
Maribacter spent medium and up- and downregulated exometabolites from Maribacter sp. Significance
evaluated with a One-Way Anova (adjusted p-value after Fisher LSD post-hoc test=0.05), hierarchical
clustering is based on Euclidean distances and using Ward’s method. Red is for upregulated metabolites, blue

is for downregulated metabolites.

5.2.6 The oxylipin precursor arachidonic acid is produced in response to both

bacteria

A targeted metabololipidomics analysis for fatty acids and oxylipins was performed to check
if the production of these compounds was increased in presence of bacterial medium and
oxidative stress conditions. The amounts of released arachidonic acid was significantly
higher in both SIP+M and SIP+R when compared to induced axenic conditions (SIP) and
also in the presence of Roseovarius spent medium without SIP™ (R) compared to the axenic
control (C) (Figure 34a). polyunsaturated fatty acid involved in cell signaling (Piomelli,
1993) and inflammation (Calder, 2011). It is also synthesized by diatoms (Dunstan et al.,
2013) and it is a crucial precursor in oxylipin production involved in defenses mechanisms
(Pohnert 2002; Rettner ef al., 2018). No other investigated oxylipin (the same investigate by

Rettner et al., 2018) was significantly upregulated in any treatment.
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5.2.7 Diproline production is influenced by Maribacter, not by Roseovarius

Among the metabolites released by induced S. robusta MT" cells, the attraction pheromone
diproline plays a fundamental role in sexual reproduction (Gillard ez al., 2013). We measured
its concentration in the medium of induced cultures to check if bacterial exudates could have
an influence on its production (Figure 34b). These measurements confirm that only SIP-
induced cultures are producing diproline and bacteria are not triggering its production. More
interestingly, we observed that the concentration of diproline in the presence of Maribacter
sp. medium is significantly lower (p<0.012) compared to axenic induced cultures and to
Roseovarius sp. medium-treated cultures, which show no differences in diproline

concentration in comparison to control cultures.
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Figure 34: a) Arachidonic acid (AA) and b) diproline relative concentration. Arachidonic acid is
normalized to cell number. Internal standard (IS) is caffeine (15 nmol). One-way ANOVA (adjusted p-value
after Bonferroni’s correction for multiple comparisons=0.05). SIP* is taken as control for assessing significant
differences in diproline concentration in SIP+M and SIP+R treatments. C is the axenic, non-induced control,
M is non-induced control + Maribacter sp. medium, R is non-induced control + Roseovarius sp. medium, SIP
is induced axenic control, SIP+M is induced culture + Maribacter sp. medium, SIP+R is induced control +

Roseovarius sp. medium.

5.3. Discussion

Interactions between diatoms and bacteria cover a wide array of inter-kingdom relationships
(Chapter 1.2). We showed that bacteria can not only influence diatom growth but can also
interfere sexual reproduction (Chapter 4). Sex is an essential step in nearly all diatoms life
cycles (Frenkel ef al., 2014a) and contributes to the often extraordinary genetic diversity of
natural populations. S. robusta is a well-studied model due to the knowledge of the chemical
signaling involved in mate finding (Gillard et al., 2013; Moeys et al., 2016). Bacteria
associated to S. robusta are able to modulate diproline concentrations in the medium and

two of them (Roseovarius sp. and Maribacter sp.) have an opposite effect on the sexual
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efficiency of S. robusta, with Maribacter sp. reducing mating efficiency and Roseovarius
sp. slightly improving it (Chapter 4). Following these findings, we now provide the first
insights into the bacterial effect on sexual reproduction of S. robusta on a molecular level
using a combination of physiological, metabolomic and transcriptomic approaches.

When a suitable mating partner is present, S. robusta cell cycle is temporarily arrested in G1
phase by the SIP of the opposite mating type to synchronize the switch to meiosis in both
partners (Gillard et al., 2014; Moeys et al., 2016). A few studies reported that algicidal
bacteria can have an effect on microalgal cell cycle progression (Pokrzywinski et al., 2017).
In this chapter, we show that bacterial exudates of Maribacter sp. or of Roseovarius sp. do
not impede mitosis nor the temporary SIP*-induced cell cycle arrest of MT" cells during
mating (Figure 27). SIP" triggers substantial changes in gene expression in S. robusta.
Moeys et al. (2016) showed that SIP" induces the switch from mitosis to early-meiotic
processes. Here, we confirm this result and, more importantly, we show that upregulation
of SIP*-induced early meiotic processes is not significantly influenced by bacterial
exudates. Furthermore, our experiment corroborates the involvement of cGMP signaling
during the initial phase of sexual reproduction (including one GC/PDE already found in
2016 by Moeys et al.). Interestingly, upregulation of a number of receptor-type guanylate
cyclase was elicited by Maribacter sp. specifically, suggesting a role of cGMP signaling
in the interaction of S. robusta with the bacterium. It has been shown that cyclic nucleotide
signaling is crucial for an array of physiological processes in diatoms, from regulation of
silicon cycle (Aline ef al., 1984; Smith et al., 2015) to acclimation to CO2 (Hennon et al.,
2015). Moreover, this mechanism was also suggested to be involved during the onset of
the sexual reproduction also in the diatom Pseudo-nitzschia multistriata (Basu et al.,
2018). In plants, signaling by cyclic nucleotides (cGMP and cAMP) is well studied (Isner
and Maathuis, 2018) and cAMPs was suggested to play a role in plant-bacteria
interactions (Tian ez al., 2012). In diatoms or other algae, a similar role of cGMP in inter-
kingdom crosstalk has not been described so far.

One of our main research questions is whether the positive effect of Roseovarius and
negative effect of Maribacter on sexual reproduction is linked to a change in diproline
production by the diatom. Moeys et al. (2016) hypothesized that the upregulation of
proline biosynthesis is crucial for diproline synthesis, increasing the proline pool that can
be used for diproline production. Our transcriptomic data revealed that the proline
biosynthetic pathway was strongly upregulated in all SIP"-treated cultures. A slightly
higher expression of Al-pyrroline-5-carboxylate synthetase (Sro2012 g310890) and A1l-
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pyrroline-5-carboxylate reductase (Sro216 g089310) was shown in the presence of
Roseovarius sp. exudates while no substantial differences in gene expression between
axenic cultures and cultures treated with Maribacter sp. spent medium were observed
(Table 3). Targeted measurements of diproline in the medium of SIP+-treated cultures
indicate that the pheromone concentration was significantly lower in presence of
Maribacter. As suggested by the transcriptome data, an increase in diproline
concentration after treatment with Roseovarius exudates was found, however, the increase
is small and not significant (Figure 36b). Although this seems like a discrepancy between
our transcriptomics and metabolomics data, one has to consider that the exact mechanism
of diproline production remains unknown and that a significant amount of S. robusta
genes lack a good annotation. Hence, it is possible that the lower diproline concentrations
in Maribacter-treated samples are caused by up-or downregulation of other pathways that
are directly related to diproline production but yet unknown or indirectly related to the
synthesis of the attraction pheromone. As we will discuss in the following paragraphs,
our transcriptomic data support this latter hypothesis.

In our experiments, phenylalanine and tyrosine catabolic pathways are slightly affected
by Roseovarius medium and this effect is stronger in response to Maribacter (Table 6).
Both processes are upregulated by SIP™ (in SIP vs C, SIP+M vs M and SIP+R vs R, Table
8), while they are downregulated compared to axenic conditions when Maribacter spent
medium is present (SIP+M vs SIP and M vs C, Table 6), especially in presence of SIP*
(SIP+M vs SIP, Table 4). In higher plants, phenylalanine and tyrosine are produced via
the shikimate pathway (Tzin and Galili, 2010) and it has been suggested that downstream
products like tyramine are involved in defense responses (Trezzini et al., 1993). In
diatoms, less is known about the importance of the metabolism of these two amino acids.
However, their biosynthesis is strongly connected to the biosynthetic pathway of
tryptophan (Bromke, 2013), an amino acid that has a fundamental role in algae-bacteria
interactions (Amin ef al. 2015).

Interestingly, in the presence of SIP*, Maribacter sp. (and not Roseovarius sp.) induces
upregulation of several light-harvesting complex (/hc) genes (Table 5, Bailleul et al.,
2010a). Many of these encode fucoxanthin-chlorophyll a-c binding proteins (FCPs),
thylakoid membrane-intrinsic proteins responsible for the absorption of the blue-green
wavelengths in aquatic environments (Schellenberger Costa et al., 2012; Kuczynska,
Jemiola-Rzeminska, & Strzalka, 2015). FCPs are also involved in non-photochemical

quenching (NPQ) (Kunczynska et al., 2015), a mechanism that protects plants and algae
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from high light stress (Horton and Ruban, 2004; Dong et al. 2016). So far, nothing was
known about possible effects of bacteria on diatom FCPs or NPQ, and the biological
significance of this observation requires more in-depth photophysiological studies.
Regardless of the biological implications, we found that three enzymes involved in
porphyrin synthesis (a glutamate tRNA ligase, Sro20 g014070, and two glutamate-1-
semialdehyde 2,1-aminomutases, Sro479 g151140 and Srol1597 g284880, Table 5) are
strongly upregulated in response to Maribacter. These enzymes are fundamental for the
Baele cycle (Baele, 1990), which converts glutamate to S5-aminolevulinate that is
afterwards used to synthesize the porphyrinic ring of chlorophyll. The strong upregulation
of these enzymes, combined with the downregulation of the arginine catabolic pathway
(Table 7), could diminish the availability of glutamate and arginine, two important
substrates for proline biosynthesis in diatoms (Bromke, 2013).

Taken these results into account, we hypothesize that Maribacter sp. exudates do not
negatively influence the sexual reproduction of S. robusta by directly targeting proline
production. Instead, we suggest that the upregulation of photosynthetic pigment
production, combined with the diminishing glutamate availability, reduces the
intracellular pool of proline precursors (glutamate, arginine) and thereby indirectly
influences diproline biosynthesis (Figure 33). In Roseovarius sp.-treated samples, we did
not find upregulation of photosynthetic pigment production. Hence, the glutamate pool is
not further reduced to produce these pigments and can be used for proline biosynthesis
(which is upregulated in presence of Roseovarius, see ST4) and, eventually, diproline
production. Our metabolomics shows only slightly higher extracellular diproline
concentrations in Roseovarius sp.-treated samples, which is comparable to axenic cultures
(Figure 34b). In addition to the annotated DE genes discussed here, several highly up-
and downregulated genes in all treatments were lacking a functional annotation. Better
annotations will provide future studies with more knowledge to unravel the influence of
Maribacter sp. on diatom sexuality and metabolic regulation.

Despite our incomplete knowledge of the diproline biosynthesis pathway regulation, we
hypothesize that the higher intracellular proline concentration in the presence of
Roseovarius sp. could result in an increased or prolonged diproline production and
release, explaining the enhancement of sexual efficiency observed in chapter 4 and the
concentration of diproline comparable to that of axenic cultures. However, further
investigation at different time points of both proline biosynthesis gene expression and

diproline concentration in presence of Roseovarius are needed to support this hypothesis.
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Besides the bacteria-specific responses of S. robusta, we also found that a general
oxidative stress response is induced by both Roseovarius sp. and Maribacter sp. exudates,
especially in SIP'-induced cultures (SIP+M vs SIP, SIP+R vs SIP) (Table 8 and STR).
Several of the upregulated genes encode flavin mononucleotide (FMN) binding proteins,
which are generally involved in energy metabolism and electron transfer and act as
important anti-oxidant species (Quijano et al., 2016). Also glutathione-related enzymes,
such as glutathione S-transferase (GST) and glutathionyl-hydroquinone reductase (GS-
HQR), were upregulated in the presence of bacterial spent medium (Table STS).
Glutathione is a tripeptide acting as fundamental antioxidant in many eukaryotes,
including phytoplankton (Vikoert et al., 2018; Poirier et al., 2018). A similar role is
fulfilled by tocopherols, antioxidants that are present in in plastids of all lineages of
photosynthetic eukaryotes and that are involved in different stress responses in diatoms
(Lauritano et al., 2015). The increase of cholesterol catabolism and the simultaneous
upregulation of tocopherol cyclase activity in response to Maribacter sp. and Roseovarius
sp. (Table 8) suggests that also in S. robusta tocopherol may act as an anti-oxidant.

Fatty acid metabolism is also affected by the bacteria, especially by Maribacter sp. in
presence of SIP* (SIP+M vs SIP, Table 7). Reduction of the citric acid cycle by a decrease
of the intracellular of fumarate pool, combined with downregulation of ketone bodies
synthesis (Table 4) and of enoyl-CoA hydratase (Sro2125 g315680, Table ST9), an
enzyme involved in fatty acid catabolism (Bahnson ef al., 2002), all hint to a shift from
energy consumption by fatty acid degradation to an accumulation of these compounds for
other purposes, such as defensive mechanisms. Interestingly, one gene, a putative 12-
oxophytodienoate reductase (OPR) (Sro250 g098890), was upregulated in all bacterial
treatments (SIP+M, SIP+R, M and R). OPR is a flavoprotein enzyme with a key function
in the biosynthesis of jasmonic acid, a regulator of stress responses in plants (Koo, 2018).
More generally, OPRs function in a-linolenic acid metabolism and oxylipin biosynthesis
(Weber, 2002), well-studied derivates of fatty acids known for their function as defense
molecules in algae (Wasternack, 2007; Pohnert, 2002). In our study, targeted metabolic
analysis showed that the concentration of arachidonic acid, an important intermediate in
oxylipin production (Pohnert and Boland, 2002), was significantly higher in the
exometabolome of cultures treated with bacterial spent medium (Figure 34a). Together
with the transcriptomic evidence for fatty acid accumulation (Table 7, Table 8), this
suggests that S. robusta increases production of sterols and fatty acids, probably as a

defense mechanism, in response to Maribacter sp. and Roseovarius sp.
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Arachidonic acid was the only detectable oxylipin in our metabolomics analysis. One
possible explanation lies in the fact that arachidonic acid is an important precursor for a
range of oxylipins (Fischer et al., 2016). Significant differences in the levels of this
precursor will eventually also lead to differences in the downstream products. Oxylipins
were so far only detected from lysed or damaged diatom cells (Pohnert and Boland, 2002),
but recently it was suggested that this compound could have a role in diatom resistance
against algicidal bacteria (Meyer et al., 2018). Further experiments performed on a longer
time scale and targeted analysis on endometabolites from S. robusta cells are necessary
to elucidate diatom defensive mechanism against bacteria and the actual involvement of
oxylipins.
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Figure 35: Overview of metabolic changes in S. robusta when exposed to SIP+ and Maribacter sp.
exudates. In green are the upregulated processes, red the downregulated ones. Maribacter sp. exudates do not
directly influence early meiotic processes. Stress induced by bacterial medium induces cGMP signalling
cascades an upregulation of photosynthetic pigment production and an oxidative stress response (by tocopherol
and glutathione biosynthesis). Flux through the urea- and TCA cycle is reduced, reducing intracellular arginine,
fumarate, malate and glutamate pools. Glutamate, precursor for proline synthesis, is used for porphyrin
synthesis, so the upregulated porphyrin synthesis could affect proline biosynthesis and thus also diproline
production. Abbreviations: Phe: phenylalanine, Tyr: tyrosine, Trp: tryptophane, Glu: Glutamate, Pro: Proline,
GSH: Glutathion, FA: Fatty acid, PEP: Phosphoenolpyruvate.

The effect of both bacterial exudates on sexually induced S. robusta cultures, and especially
the stronger effect of Maribacter sp., is confirmed by our exometabolome data. Among the
bacterial treatments, cultures treated with Maribacter sp. medium show the clearest
deviation from axenic control cultures. We compared the exometabolomes of SIP -induced

S. robusta cultures (SIP), induced cultures with Maribacter exudates (SIP+M) and



Molecular insights into the bacterial effect on sexual reproduction of S. robusta 92

Maribacter spent medium only (M) and we found several unknown molecules, mostly non-
polar (Figure 32). Some of these compounds have higher concentrations in the bacterial
spent medium compared to co-cultivation treatments with diatoms and bacteria, suggesting
potential degradation of the bacterial compound by S. robusta. Some other molecules are
only present in co-cultivation treatments, suggesting they too are possible chemical
responses of the diatom to the bacterial exudates. Unfortunately, the low concentration of
many of these compounds prevented us to identify them by MS/MS and library matching.
Interestingly, among the few identified molecules, a putative methylguanine (MW=
165.06493 Da, RT=2.95 min, C¢H7Ns0) and a flavanone-like molecule (MW= 224.08345
Da, RT=7.35 min, Ci5sHi202) were only found in Maribacter sp. medium and their
concentration decreased in presence of the diatom (Figure 33 and S8). Methylguanines are
naturally occurring modified purines from tRNA in humans but they are not known to be
produced by bacteria as exometabolites. Flavanones are a type of flavonoids that often occur
in plants and have several functions, from antioxidants to antimicrobial (Cushnie and Lamb,
2005), and were also found in a Pseudovibrio sp. (Crowley et al., 2014). However, flavanone
production by other marine bacteria as well as a function in inter-kingdom crosstalk has not
yet been described. Further metabolomics experiments using large volumes of bacterial
exudates and S. robusta are needed to better elucidate the nature of these compounds.
Moreover, fractionated-guided bioassays may explain their biological function.

In conclusion, the present study provides first insights into the influence of bacteria on
diatom sexual reproduction by combining physiological, transcriptional and metabolomics
evidence. With the integration of different approaches, we were able to highlight several
responses of the model benthic diatom S. robusta towards bacterial exudates from the
naturally associated bacteria Maribacter sp. and Roseovarius sp. These results will pave the
way to a better understanding of diatoms life cycle regulation in natural environments and
more generally of the importance of inter-kingdom signaling diatom reproduction and

survival.
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6. From ecology to applied research: effect of
bacteria on a commercial microalga’

6.1. Introduction

In recent years, the study of inter-kingdom communication between microalgae and bacteria
has moved from a pure ecological interest to applied research for industrial purposes
(Kouzuma and Watanabe, 2015). Microalgae-bacteria consortia have been fruitfully
employed in several fields, from bioremediation (Abinandan ef al., 2018) to aquaculture and
cultivation in photobioreactors (Lian ef al., 2018; Natrah et al., 2014) for the production of
high value compounds (Fuentes et al, 2016) and biofuels (Wang et al., 2016b). Also
biofilms formed by these organisms can be successfully exploited for industrial purposes,
for example in wastewater treatment (De-Bashan ef al., 2004; Ji et al., 2018; Liu, Song, and
Qiu, 2017). On the other hand, biofilm formation on technical surfaces, a phenomenon called
biofouling, has a negative economic impact on many human activities (Schultz et al., 2010;
Fitridge et al., 2012), since huge investments are needed to reduce and control fouling. Anti-
fouling research has directed its efforts not only to the development synthetic products to
counteract biofilm development (Almeida, Diamantino, and de Sousa, 2007; Yee et al.,
2016) but also to use interspecific natural interaction mechanisms to inhibit fouling using
ecologically robust approaches (Dahms and Dobretsov, 2017). This research is particularly
important in industrial microalgae production in closed bioreactors, as this is typically
conducted in non-axenic conditions. Alteration in the algal microbiome may induce biofilm
growth on solid surfaces of the bioreactors, leading to a reduced productivity due to
reduction of light penetration and increasing contamination (Zeriouh et al., 2017). Recent
studies have employed high throughput analysis, such as genomics, transcriptomics,
proteomics and metabolomics (Abinandan ef al., 2018; Chen et al., 2017b; Krohn-Molt et
al., 2017; Lépinay et al., 2018) to better understand the mechanism behind biofilm
formation.

Giraldo et al. (submitted) isolated several bacteria associated to the oleaginous

eustigmatophyte Nannochloropsis sp. from closed bioreactor samples and found out that the

5 This chapter is adapted from: Cirri, E.*, Giraldo, J.* Neupane, S., Willems, A., Mangelinckx, S., Roef, L.,
Vyverman, W., Pohnert, G Bacteria isolated from Seminavis robusta influence growth, biofilm production and
the metabolome of Nannochloropsis sp. Submitted to Algal Research.
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alphaproteobacterium Poseidonocella sp. is strongly inducing biofilm formation on this
microalga. In this project, we studied the effect of bacteria isolated from another
Stramenopile, the model benthic pennate diatom Seminavis robusta, on growth, metabolome
and biofilm formation of Nannochloropsis sp.

In chapter two, Maribacter sp., Roseovarius sp. and Croceibacter sp. were shown to have a
different influence on the growth of S. robusta. Following this result, in this chapter their
potential industrial application as a beneficial engineered microbiome was tested on
Nannochloropsis sp., a commercially relevant microalga (Liu, Song and Qiu, 2017;
Rebolloso-Fuentes et al., 2001). Nannochloropsis sp. is an industrially-promising candidate
due to its high protein and lipid content — particularly eicosapentaneoic acid (EPA) — (Hulatt,
et al., 2017) which makes it important to be used for aquaculture high quality feed (Yaakob
et al.,2014), as well as a promising candidate for replacing fish oil as eicosapentaenoic acid
(EPA) source (Lenihan-Geels, Bishop, and Ferguson, 2013). This work has been done in
collaboration with Proviron © (Antwerp, Belgium), a chemical company that, since many
years, is investing in microalgal cultivation research and development, both from an
engineering and biological point of view. Different combinations of bacteria were tested
(Poseidonocella sp. alone, Roseovarius sp. alone, Maribacter sp. alone, Poseidonocella sp.
and Roseovarius sp., Posedoinocella sp. and Maribacter sp.) to evaluate the effects on
microalgal growth, on the endometabolome of Nannochloropsis sp. and their influence on
biofilm development. For growth and endometabolomics analysis, Nannochloropsis sp. was
co-cultivated with various bacterial strains for 7 days and each day algal growth was
monitored with UV analysis. At the end of the growth period, algae were extracted and
analyzed with a GC-HR-MS untargeted metabolomics approach. In parallel, biofilm
formation was investigated in a bioassay. Algae were co-cultured with different bacteria at
different ODeoo (for their combination see Figure 36) in 96 well plates for 10 days and at the

end of this period absorption was measured to assess biofilm thickness.
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Nannochloropsis +
Poseidonocella sp.+ Minimal
medium

Nannochloropsis +
Poseidonocella sp.

Figure 36: Experimental design of biofilm formation of Nannochloropsis sp. in presence of different

bacteria.

6.2. Results

6.2.1 Growth of Nannochloropsis sp. in co-cultivation with isolated bacteria

from S. robusta

As seen in chapter 3, different bacteria from S. robusta showed a different effect on diatom
sexuality and growth, with Roseovarius sp. enhancing it and Maribacter sp. only having a
limited positive influence. We therefore tested these bacteria to check if they were able to
enhance growth and induce metabolic changes in another organism belonging to the
Stramenopiles phylum, the commercially relevant Nannochloropsis sp. Nannochloropsis sp.
(initial ODg30=0.620+0.050) was co-cultivated with different bacteria for seven days (Figure
37). Growth was monitored every day by measuring ODeg3o (chlorophyll maximum,
Kandilian ef al., 2013) and OD75o (standard measurement for algal biomass, Griffiths et al.,
2011). Both measurements gave similar results, so only ODs30 outcomes are reported. All
bacteria are significantly supporting Nannochloropsis sp. growth at the end of the seven
days’ cultivation period (two-way ANOVA interaction p-value < 0.0001 in all conditions)
but the extent of this positive effect on growth are different depending on bacterial species.
Poseidonocella sp., an alphaproteobacterium isolated from Nannochloropsis sp. capable of
inducing biofilm formation (Giraldo et al, subm.), is significantly supporting
Nannochloropsis sp. growth only after 7 days of co-cultivation (p < 0.0001 on the seventh
day of co-incubation in comparison to the control) (Figure 37 ¢ and d, orange line).

Bacteria isolated from S. robusta have different effects on Nannochloropsis growth if
compared with the results observed in Chapter 4 (Figure 15): Roseovarius sp., which is

supporting S. robusta growth, has on Nannochloropsis sp. an influence similar to
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Poseidonocella, but the positive effect at day seven is slightly less significant if compared
to the control (p=0.001). Also the combination of the two bacteria is not improving algal
growth. On the contrary, Maribacter sp. is significantly enhancing Nannochloropsis sp.
growth already after three days of co-cultivation (p=0.001) and it is constantly increasing
until day seven. The presence of Poseidonocella sp. is partially reducing the Maribacter
effect at the beginning of the growth curve, but the algal cell concentration at the end of the

seven-day cultivation is the highest among the treatments (ODg30=1.84+0.12).
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Figure 37: Nannochloropsis sp. growth curves. Co-cultivation with Maribacter sp. (a), Maribacter sp. and
Poseidonocella sp. (b), Roseovarius sp. (c), Roseovarius sp. and Poseidonocella sp.(d). Two-way ANOVA,
0=0.05, Bonferroni’s correction for multiple comparisons. Asterisks refer to multiple comparisons to the

control cultures (red line); boxes give results from the two-way ANOVA.

6.2.2 Bacteria are changing the endometabolome of Nannochloropsis sp.

After seven days of growth, extracellular extracts of Nannochloropsis sp. under different
treatments were prepared and analyzed with an untargeted metabolomics approach to
highlight changes in the metabolome in presence or absence of bacteria. Figure 38a shows a
PCA plot with all the treatments. Principal component one and 2 explains over the 70 % of
the total variation of the features. However, the separation between the different treatments
is not significant, especially because of the effect of Roseovarius sp. co-cultivation, which

is showing a big spread between the samples, thus dominating the samples variation. We
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therefore decided to divide the analysis in sub-groups in order to better visualize potential
separation between treatments. The PCA plot in figure 38b displays the changes in the
metabolome of Poseidonocella - Nannochloropsis co-cultivation: the samples are partially
overlapping, thus confirming that the mild effect of Poseidonocella sp. alone on

Nannochloropsis sp. growth.
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Figure 38: PCA plot of bacterial effect on Nannochloropsis endometabolome. PCA analysis (a) between

all treatments, between Nannochloropsis (red) and (b) Nannochloropsis + Poseidonocella co-cultivation

(yellow), (c¢) Nannochloropsis + Poseidonocella + Maribacter co-cultivation (light green), (d)

Nannochloropsis + Poseidonocella + Roseovarius co-cultivation (light blue), (e) Nannochloropsis +

Maribacter co-cultivation (green) and (f) Nannochloropsis + Roseovarius co-cultivation (blue).
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Looking at PCA plots a and ¢ in Figure 38, we can see that Roseovarius sp. is causing a
substantial variation between biological replicates, thus highly overlapping with the control.
The presence of Poseidonocella is reducing this effect, leading to a better clustering and a
better separation from the control. When Nannochloropsis is grown in presence of
Maribacter (figure 38b and 38d), the samples are separating better from the control and they
are clustering togheter, with small differences between the treatment with and without
Poseidonocella. All these results confirm that the effects of bacteria on growth are reflected

on a metabolic level.
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Figure 39: Heatmaps of Nannochloropsis endometabolites abundance under different treatments. For
two way comparisons, a t-test with 0=0.05 was used. For multiple comparisons, a two-way ANOVA analysis
with adjusted p-value (FDR) cutoff = 0.05 and FisherLSD post-hoc analysis was used. Color code legend is
the same as Figure 40. Red metabolites are upregulated, blue are downregulated. Mass spectra were considered
identical with a reverse match factor (R Match) >800, tagged with "?" if the RM was between 800 and 700,
with "??" if the RM was between 700 and 600 and “???” if below 600.

We therefore used a t-test for two way comparisons (0=0.05) and a two-way ANOVA
(adjusted p-value (FDR) cutoff = 0.05 and FisherLSD post-hoc analysis) to highlight the

most significant up- and downregulated metabolites in different treatments. As heatmaps in
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figure 39 shows, most of the metabolites influenced by bacteria presence or absence are
shared among all treatments. Many amino acids (especially aliphatic ones, like valine,
leucine, glycine and tyrosine, and charged one, like lysine) were less abundant in presence
of bacteria. Also putrescine, a product of amino acid metabolism (Bender, 2012), was
upregulated in absence of bacteria, while spermidine (a direct product of putrescine
metabolism, Tabor and Tabor, 1976) was higher in presence of bacteria, especially
Maribacter sp. (Fig 39 c). Maribacter is also affecting pyrroline acids derivates, which are
part of proline cycle. Interestingly, the presence of Poseidonocella sp. induced a higher
production of amino butyric acid, an amino acid which has neurotrasmitting functions in
vertebrates, and a higher presence of proline and glutamine when other bacteria are present
(Figure 39 d). a-tocopherol is always downregulated in presence of bacteria, while sterols
exhibit no uniform behavior, sometimes being upregulated (e.g. in presence of Maribacter)

and sometimes downregulated (e.g. in presence of Poseidonocella).

6.2.3 Bacteria isolated from S. robusta enhance biofilm formation of

Poseidonocella sp. on Nannochloropsis sp.

Following the studies of Giraldo et al., (submitted) on bacterial-induced biofilm formation
in Nannochloropsis sp. cultivated in closed bioreactors, we tested if bacteria isolated from
S. robusta could induce or reduce biofilm formation in the same system. The high throughput
biofilm assay established by Giraldo et al., allowed us to test up to 20 different combinations
of bacteria and bacteria spent medium co-inoculated with Nannochloropsis sp. (the
experimental design is shown in figure 36). One-way ANOV A with Bonferroni’s correction
for multiple comparison was used to test the significance of each treatment compared to the
control sample (Nannochloropsis sp. alone).

Our experiment confirmed that Poisedonocella sp. is inducing biofilm formation when co-
cultivated with Nannochloropsis sp. (p=0.025) (Figure 40). Roseovarius sp., Maribacter sp.
and Croceibacter sp. are not inducing significant biofilm formation when they are added to
the wells as single strains, but their combination with with Poseidonocella sp. results in a
significant increse of the absorbance of the biofilm, which reaches its maximum in presence
of all strains (ODs30=1.2-1.3, p <0.0001). Interestingly, the most significant effects are seen
when bacterial exudates are added to Poseidonocella sp. and Nannochloropsis sp. co-

cultivation.
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Glucose and glycerol seem to have a big impact on biofilm formation: Nannochloropsis sp.
inoculated with f/2 modified medium with glucose and glycerol forms biofilm even without
inoculation of bacteria (p<0.0001). The same effect is seen when Poisedonocella sp. is added
to the well plate.

Since our Nannochloropsis sp. cultures are not axenic, it could be that bacteria are taking
advantage of the income of fresh carbon resources and they are overgrowing, causing an
increase production of biofilm.

However, the effect of residue glucose and glycerol on biofilm formation in co-cultivation
of bacteria from S. robusta, Poseidonocella sp. and Nannochloropsis can be exluded, since
the spent medium of these bacteria is not triggering any significant biofilm formation (Figure

40).

1.4 kkkk  kkkk
*kkk i ool ***:***
1.2 falaleled I Kk
I F*kk
1.0 !
Jedek
2 0.8 l .
a
O 06 * *
04 |
0.2
- 1
0.0
+ 3 D 5N NN N N N NN >
S LS TS EELES TS E R EE LSS
®§Z’bo§§ ,§°§ < L > é‘z;bQQQ_Q'QQ bQ D § > éfobgq QP'\QQbQ o g @‘b
O *° 0O RN
O XX O I L DG o @@b@%OQC)
£ LT EEEFRITTSEY ¥ g
FF EFFTELEFELIIETELEESSYYS T €
F F5 SIS SEEEFS $
I & TS S

Figure 40: Biofilm formation of Nannochloropsis sp. in presence of different bacteria: red indicates
controls with no bacteria, orange indicates Poseidonocella sp. only, blue Roseovarius sp. treatment, light blue
Poseidonocella sp. + Roseovarius sp., green Maribacter sp. treatment, light green Poseidonocella sp. +
Maribacter sp, purple Croceibacter sp. treatments and light purple Poseidonocella sp. + Croceibacter sp.
(experimental design Fig 3). Each treatment was made in triplicates. Data were statistically evaluated with a
one-way ANOVA, 0=0.05, Bonferroni’s correction for multiple comparisons. Asterisks refer to multiple
comparisons to Nannochloropsis sp. control sample. Poseidonocella sp. (P), Roseovarius sp. (R), Maribacter
sp. (M), Croceibacter (C). 0.01 and 0.1 are the ODggo values for inoculated bacteria. Med stands for bacterial

spent medium only. MinMed is the algae growth medium enriched with glucose and glycerol.
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6.3. Discussion

Chemically mediated interactions between microalgae and bacteria have been
underestimated for a long time, but in the last fifteen years many studies have proved their
importance from an ecological and an industrial point of view (Ramanan et al., 2016). A
better understanding of microalgae-bacteria interactions could help enhance the production
and the quality of microalgal cultivation (Fuentes ef al., 2016), as well as the development
of new technologies for several industrial applications (Rizwan et al., 2018). Moreover,
these inter-kingdom communications are a key to decipher biofilm formation, both from an
ecological (Van Colen et al., 2014; Wabhl et al., 2012) and industrial perspective (Berner,
Heimann, and Sheehan, 2015). Many studies focused on ways to reduce biofilm onset in
order to improve microalgal production in photobioreactors (Zeriouh et al., 2017), while
other works concentrate their efforts on finding ways to produce stable biofilms, for example
to improve wastewater treatment (Gongalves, Pires and Simdes, 2017). The understanding
of bacteria-algae interactions can also lead to the development of synthetic microbial
communities that are enhancing microalgal production. Microbiome engineering is a
relatively novel concept that is attracting growing attention not only from human health
research (Foo et al,, 2017), plant science (Quiza et al., 2015) and agriculture (Bender, Wagg
and van der Heijden, 2016), but also from aquaculture (Charrier et al., 2017). Some studies
have tested the effect of indigenous bacteria from wastewater on microalgae growth
(Toyama et al., 2018), while other have employed growth-promoting bacteria from plant
rhizosphere to improve microalgal productivity in confined environments (Gonzalez and
Bashan, 2000).

Following the observation of chapter 4, we decided to test the effect of these bacteria isolated
from a natural sample on a different, commercially relevant species belonging to the class
of Stramenopile, the oleaginous microalga Nannochloropsis sp. This work was done in
collaboration with Proviron © (Antwerp, Belgium), a chemical company that since then
years has started to invest in microalgal biomass production to create high quality feed for
aquaculture. Recently, Giraldo ef al. (submitted) have found that Poseidonocella sp., a gram
negative alphaproteobacterium from the Rhodobacteraceae family and phylogenetically
close to the Roseobacter clade (Romanenko et al., 2012), is inducing biofilm formation in
closed bioreactors for Nannochloropsis sp. culturing. We therefore tested different bacterial

combinations to explore changes in microalgal growth, endometabolome and biofilm
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formation in order to understand if an engineered microbiome could enhance biomass
productivity while reducing biofouling side effects.

In co-cultivation experiments, we observed different effect of bacteria on Nannochloropsis
growth (Figure 37). The presence of Poseidonocella sp. and Roseovarius sp. do not affect
Nannochloropsis sp. biomass increase until seven days of cultivation. On the other hand,
Maribacter sp. significantly supports algal growth already 3 days after inoculation. This
effect is reduced when Maribacter sp. is co-inoculated with Poseidonocella sp.: in this
treatment the growth is significantly increased only at the end of the seven-day co-
cultivation, but the cell density reaches its maximum if compared to all the other conditions.
The effects on the non-associated alga are thus different to those on algae with which the
bacteria co-exist in nature (Chapter 3). Many studies confirmed that bacteria are able to both
support microalgal growth (Seymour ef al., 2017), for example by releasing auxins (Amin
et al., 2015), and reduce it (Van Tol et al, 2016). Some of them may exhibit a two-faced
behaviour, first promoting and then inibithing algal growth, until becoming pathogenic
(Seyedsaymdost et al.,, 2011). Our work demonstrates that this effect is highly species-
specific and it is dependant on both the organisms that are interacting.

To understand if bacteria also have an impact on Nannochloropsis sp. endometabolome, we
analyzed the different co-cultivations using a GC-MS-based untargeted endometabolomics
approach.

Amino acids were the most affected metabolites in Nannochloropsis sp. (Figure 39), with
many of them being downregulated in the presence of bacterial strains, especially glycine,
valine, leucine, isoleucine and tyrosine. Interestingly, glutamate and proline were
upregulated in presence of Poseidonocella sp. in combination with one of the two bacteria
from S. robusta. Moreover, Maribacter sp. displayed a particular effect on intermediates of
the proline cycle: in its presence, pyrrole-2-carboxylic acid is accumulated while pyrroline
hydroxycarboxylic acid is decreased. Several studies showed that bacteria have a significant
impact on microalgal amino acid metabolism, inducing the production of specific
compounds to sustain their own growth (Amin et al., 2015; Chen et al., 2017a; Paul, Mausz,
and Pohnert, 2013). This interaction mechanism could be of particular interest for applied
purposes, in regard to nutritional value of algae for animal and human consumption
(Rebolloso-Fuentes et al., 2001). The increase of proline and intermediates of its
biosynthetic pathways may suggest a response of the alga to stress, since proline is involved
in active response towards toxicity in plants and in some algae (Szabados and Savourg,

2010).
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The hypothesis of amino acids breakdown under stress conditions is confirmed by the
presence of several degradation byproducts. Spermidine, a polyamine that is a catabolic
product of amino acids (especially arginine, Hildebrandt ez al., 2015) and putrescine pathway
(Tabor and Tabor, 1976) and involved in abiotic stress response in plants (Gupta, Dey, and
Gupta, 2013), was higher in Nannochloropsis sp. when Maribacter sp. was present (Figure
39). Since putrescine was higher in non-treated Nannochloropsis sp. cultures, these results
show a species-specific stress response of the microalga towards bacteria that involves
polyamines. Remarkably, the presence of Poseidonocella sp. is increasing the concentration
of aminobutyric acid (Figure 39a), another product of amino acids transformation. Among
the aminobutyric acids family, y-aminobutyric acid (GABA) is a fundamental
neurotransmitter in mammals and humans (Watanabe et al, 2002) and an important
defensive molecule in plants (Gupta et al., 2013) that has been found also in several
microalgae (Brown, 1991). A study by Pal et al. (2013) correlated the increase of GABA
concentration in Nannochloropsis oculata to osmotic stress response adaptation. This
finding hints to a different effect of Poseidonocella sp. on amino acids metabolism and
microalgae signaling.

Sterol and fatty acids, two of the main products from Nannochloropsis sp., were only slightly
influenced by bacteria. Cholesterols levels are higher in microalgal monoculture samples,
while Maribacter sp. seems to have an enhancing effect on sterols and fatty acid
biosynthesis. However, our experimental setup did not show a big influence of bacteria on
lipid metabolism. We see clearly that the modulation of growth also goes ahead with the
modulation of the cellular metabolism. As demonstrated earlier bacteria have a most
pronounced activity on the amino acid content of the algae, confirming the role of these
metabolites in cross kingdom nitrogen shuttling (Williams, 2007; Amin ef al., 2015). It is
important to note that in aquaculture applications not only the growth promoting effect of
bacteria but also their putative effect on the concentration of the targeted value product has
to be considered. The unbiased metabolomic survey presented here demonstrates that
different pathways including amino acid metabolism, lipid and sterol metabolism and
saccharide metabolism are influenced by bacteria and most likely cascading effects on
targeted value products have to be considered. This consideration is confirmed by the finding
that the commercially important a-tocopherol is down regulated in presence of bacteria
(Figure 39). Nannochloropsis is known to produce Vitamin E in relative high amount

depending on nutrient availability and growth stage (Durmaz, 2007), and studies on different
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microalgae (Vidoudez and Pohnert, 2012; Mausz and Pohnert, 2015) have shown that its
concentration increases during stationary phase as a response to oxidative stress.

All these observations suggest a broad metabolic rewiring of microalgae in presence of
bacteria, particularly their stress response.

Finally, bacteria were tested in bioassay to investigate their contribution to biofilm formation
of Nannochloropsis sp (Figure 40). Although biofilm formation mechanism and dynamics
in marine environments are still a subject of intense study, the mostly general accepted
theory is that bacteria are initiating biofilm formation by releasing exopolymeric substances
(EPS) in the so-called surface conditioning phase (Lorite et al., 2011). EPS are usually
composed of exopolysaccharides (40-95%), protein (1-60%), nucleic acids (1-10%) and
lipids (1-40%) (Davey and O’toole, 2000; Flemming and Wingender, 2001). These
substances create a protecting and resource-rich environment for both bacteria and
microalgae (Xiao and Zheng, 2016) and shape multifaceted communities (Bohoérquez et al.,
2017) that have an important and broad ecological role (Van Colen ef al., 2014).
Interestingly, Maribacter sp. (or its spent medium) did not significantly increase biofilm
formation when co-cultivated with Nannochloropsis sp., while Roseovarius sp. induced
biofilm development only at high cell concentration (Figure 40). However, when these
bacteria (or their spent media) were added to microalgal cultures in the presence of
Poseidonocella sp., biofilm formation was significantly higher as compared to
Nannochloropsis sp. control cultures and the effect was even larger when compared to the
presence of Poseidonocella sp. alone. The same promoting effect was seen when only saline
medium, enriched in glucose and glycerol, was added to a co-cultivation of Nannochloropsis
sp. and Poseidonocella sp. Glycerol has been used to enhance biomass productivity of
Nannochloropsis sp. in mixotrophic conditions (Poddar, Sen, and Martin, 2018), while
glucose has been recently employed to increase productivity in mixotroph cultivation of
Chlorella vulgaris on biofilms (Roostaei, Zhang, Gopalakrishnan, and Ochocki, 2018; Ye et
al., 2018). Carbon sources (especially glucose) are important to sustain biofilm formation in
various bacterial species, such as gram-positive bacteria from the Bacillaces order (Mhatre,
Monterrosa, and Kovacs, 2014). Dissolved sugars appear therefore to be a strong trigger for
biofilm formation and have to be precisely monitored in closed bioreactor cultures of
Nannochloropsis sp. in order to prevent unwanted growth of thick biofilm. Further
experiments on bacterial exudates, both with fractionation assays and metabolomics
approach, will give us more information about putative signaling molecules that are

sustaining microalgae growth and biofilm formation. This study already provides new
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instruments to control culturing conditions in closed photobioreactors but reducing the
manipulation from introduction of bacteria to the application of a pure growth or production
stimulator might be an attractive alternative, increasing biomass productivity and reducing
contaminations and biofilm formation.

Our study evaluates the opportunity to use bacteria isolated from a natural microalgal species
(Seminavis robusta) to influence the growth, the metabolome and the biofilm formation of a
different, commercially relevant microalgal species (Nannochloropsis sp.) in an attempt to
design a productive engineered microbiome by microbial transfer. These results demonstrate
that further efforts are necessary to study bacteria-algae interactions, using both indigenous
and transplanted bacteria, as well as employing —omics approaches (metabolomics,
transcriptomics, proteomics) and real-time test in production sites, in order to better
understand bacteria-algae interactions and employ them to develop new technological

applications.
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7. A SPE-based, non-disruptive method to
investigate macroalgal surface chemistry®

7.1 Introduction

Microbe-microbe communications and the interactions of microscopic organisms with
environmental chemical gradients defines a patchy organization of microbial communities,
as for example microalgae-bacteria biofilms that are forming on wet surfaces (Maclntyre,
Geider, and Miller, 1996). Natural products play a fundamental role in ecological
interactions on biotic surfaces under water. Surface metabolites can for example act on the
interface of water and macroalgae, corals, sponges and also epilithic and epiphytic biofilms.
Such compounds control settling processes, regulate predator/prey relationships, mediate
infection processes (Wahl 2009; Dobretsov et al., 2013; da Gama et al., 2014), and may also
control competitors by means of allelochemical activity (Gross 2003; Lu et al., 2011; Rasher
et al., 2011). Furthermore, regulation of fouling is influenced by these natural products
(Dobretsov et al., 2013; da Gama et al., 2014). In the last years, extensive efforts have been
done to discover novel antifouling products from algae (Dahms and Dobretsov, 2017) and
microbes associated to algal surfaces (Satheesh, Ba-akdah and Al-Sofyani, 2016). However,
the study of metabolites released from these patchy environments poses difficult technical
challenges. In this chapter, we introduce a novel method to investigate the molecules
released from patchy surfaces, focusing on algae-bacteria interactions that happen at the
surface of macroalgae. Simple mechanistic considerations suggest that surface metabolites
are highly concentrated and thus most active in a very small diffusion-limited laminar-
boundary layer of water in the immediate vicinity of the producing organism (Hurd, 2000;
Grosser et al., 2012). Knowledge about surface concentrations is thus relevant for the
investigation of the ecological role of metabolites (Dworjanyn et al, 1999, 2006).
Nevertheless, until now most investigations on the effect of surface metabolites have been
based on bioassays with extracts of whole organisms, or with compounds applied in
concentrations found in whole tissue extracts (eg see Hellio ef al., 2000). Such experiments

do not reflect the real ecological relevance of surface active substances, because only

® This chapter is based on: Cirri, E., Grosser, K., & Pohnert, G. (2016). A solid phase extraction based non-
disruptive sampling technique to investigate the surface chemistry of macroalgae. Biofouling, 32(2), 145-153.
And on: Cirri, E., & Pohnert, G. (2017). Disruption-free solid phase extraction of surface metabolites from
macroalgae. Protocols for Macroalgae Research, 20, 311-321.



A SPE-based. non-disruptive method to investigate macroalgal surface chemistry 108

metabolites at the surface or in the immediate vicinity of a producer should be considered
(Nylund et al., 2007). The determination of metabolites within the laminar boundary layer
around an aquatic organism, a thin film of about 100—200 um that determines the transition
between the surface and the surrounding water, is thus crucial for planning and evaluation
of experiments.

Studies performed with resonance Raman microspectroscopy allowed visualization of the
gradient of carotenoids in the boundary layer around the macroalgae Fucus vesiculosus and
Ulva mutabilis. A pronounced decline in concentration from up to millimolar values in the
immediate vicinity of the algal surface to concentrations below the detection limit at a 100
um distance was observed (Grosser et al., 2012). However, this elaborate method is limited
to a few Raman active metabolites. Most investigations of algal surface chemistry rely on
the extraction of secondary metabolites by so-called ‘dipping’ methods (de Nys et al., 1998;
Lachnit ef al., 2009). Here, algae are immersed in a solvent for a brief period, during which
the metabolites are partially extracted from the surface. After concentration in vacuum, the
extracts can be analyzed by analytical methods such as gas chromatorgraphy-mass
spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-MS). Although
useful, dipping methods are rather problematic since solvent exposure can cause cell lysis
and thereby contamination of the surface extract with intracellular metabolites. Algae only
tolerate exposure to rather non-polar solvents such as hexane for a few seconds. However,
these solvents only extract a very limited range of non-polar metabolites and do not penetrate
surface associated water. If solvent mixtures containing methanol are employed, massive
damage of the algae can be observed, thereby questioning the validity of results.

To overcome these limitations, a non-destructive, solvent-free and universal method for
extracting secondary metabolites from marine macroorganisms based on C18 solid phase
extraction principles was developed (Figure 41). The macroalga Fucus vesiculosus was used
as a model organism for method development. F. vesiculosus is a common, well-studied
brown alga that can be found at the coasts of the North Sea, the western Baltic Sea, and the
Atlantic and Pacific Oceans. Due to its important ecological role, this alga has been the
subject of numerous investigations of its chemical defense and antifouling capacity (Lachnit
et al., 2009, 2013; Saha et al., 2011, 2012; Rickert et al., 2015). In addition, the green alga
Caulerpa taxifolia and the red alga Gracilaria vermiculophylla were extracted to test the
application range of the method, which could be potentially useful to analyze metabolites
from other wet surfaces, as epilithic and epiphytic biofilms biofilms or underwater technical

surfaces colonized by marine organisms.
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Extract

Figure 41: Schematic workflow of the C18 method. (1) Algal fronds are removed from the water and left
for 2 min to remove excess water by dripping; (2) fronds are transferred to Petri dishes and covered with
absorption material; (3) the C18 material is washed off with excess seawater and collected in an empty solid
phase extraction cartridge equipped with a frit; (4) the material is washed with deionized water to remove salts;

(5) elution with organic solvents finalizes sample preparation.

7.2 Results

7.2.1 Development of the extraction procedure

The optimum extraction method for surface metabolites is the one that maximizes extraction
efficiency while minimizing damage to the alga. The available solvent dipping methods
exhibit shortcomings in both respects. Dipping of algae in hexane causes little to no damage
of cells, but this highly unpolar solvent allows only extraction of unpolar metabolites (de
Nys et al., 1998). Dipping in a mixture of hexane and methanol extracts metabolites with a
broader polarity range but causes significant stress (Lachnit et al., 2009; Saha et al., 2011).
We therefore developed an extraction method that covers a broad range of metabolites but
causes no damage to the algae. This method relies on the absorption capabilities of solid-
phase extraction material. By powdering the algal surface with this material, metabolites in
the boundary layer around the alga and on its surface can be absorbed (Figure 43). To cover
a broad range of metabolites C18-material was selected for method development. Initially,
different materials were tested for recovery, purity and ease of handling. Non-endcapped
silica Gel 100 C18 reversed phase material (100 A pore size, 40-63 um particle’s

dimensions) could be easily handled and was suitable for the extraction of surface



A SPE-based. non-disruptive method to investigate macroalgal surface chemistry 110

metabolites. However substantial impurities that could not be removed by conditioning
interfered with the detection of algal metabolites (Figure S10 in Appendix). Fully endcapped
silica Gel 100 C18 reversed phase material (100 A pore size, 15-25 um particle’s
dimensions) was suitable for extraction of surface metabolites exhibiting low background
(Figure S11 in appendix) but the very fine powdered material proved to be problematic in
the handling (see appendix). The small particles attached poorly to the algal surface and
could only be transferred incompletely into the extraction cartridges. Fully endcapped
silicaGel 90 C18 material (90 A pore size, particle’s dimensions 40-63 pum, Sigma-Aldrich,
Germany) proved to be superior with respect to the low background and the ease of handling
(Figure S12).

The different methods for application tested included distribution of the powder with a sieve,
dusting the material on the alga and shaking the alga gently in a Petri-dish with silica gel.
Even if application using a sieve consumed less material, coverage was higher using the
“Petri-dish method” that was further pursued. For F. vesiculosus a thallus piece of 36.5 +
6.5cm? proved to be sufficient for the generation of GC-MS and LC-MS samples. However,
smaller sample sizes can be used in cases of limitation of biological material since only few
microliters are required for chemical analysis. The amount of C18 material recovered in the
cartridge, weighted at the end of the experiment after the complete evaporation of the
remaining elution solvent, was 0.13 + 0.01 g. Again, in case of limitation of biological
material sensitivity could be increased by more quantitative washing off and recovery of the
material. Even if the loss of absorbing material is high, this method gives the most uniform
coverage of the alga and allows an easy handling. The incubation time of 60 s represents the
best compromise between a good interaction and absorption of metabolites with C18

material and an easy recovery of the powder from the alga.

7.2.2 Microscopic observation

It is essential for a method focused on the determination of surface metabolites that cellular
integrity is maintained throughout the entire procedure. Otherwise the overlaying effects of
metabolites released from lysed cells would be detected and no estimation of surface
concentrations would be possible. To monitor for surface cell integrity, the algal surfaces
were documented in microscopic pictures after applying the C18 extraction method for 5, 60
and 300 seconds as indicated above (Figure 42 and Figure S9 in appendix). For comparison,

surfaces of algae from the same batch were investigated after applying the "hexane/methanol
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dipping" treatment performed as described in (Lachnit ef al., 2009). Additionally, a control
group that was taken out of the aquarium for the same time without being extracted was
evaluated. Independent of the incubation time with C18 material, visual inspection revealed
that surface cells were not damaged or otherwise altered. In strong contrast, even after only
5 seconds of extraction with the "dipping" method, the colour of the F. vesiculosus surface
changes from the typical yellow-brown to green, which is indicative for damage and pigment
loss of the surface cells. Also, fronds of C. taxifolia did not show any signs of damage after
C18 treatment as examined by light microscopy (Figure S9 in appendix). To visualize dead
cells, staining with Evans Blue (Weinberger et al., 2005) and RGB (red, green, blue)
evaluation of the recorded microscopic images was carried out. This test confirmed that
already after 5 seconds of hexane / methanol dipping, cells were damaged as indicated by a
substantial change in red/green ratio, while values did not differ significantly from controls
when using the C18 method (Figure 42). Despite its broad application, the Evans Blue
staining method is not without problems for the investigation of algal surfaces, since
oxidation of the algal pigment after chloroplast rupture cannot be clearly distinguished from

the effects of Evans Blue staining.
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Figure 42: Evaluation of surface damage by different extraction methods. (a) Photographs of F.
vesiculosus surfaces (scale bars 100 um). Top row: control after removal from water for 5, 60 and 600 s. Middle
row: algae after C18 extraction. Bottom row: after hexane/methanol dipping for the same time spans. (b)
Evaluation of cell damage after Evans blue staining by red/green ratio analysis at 5, 30, 60, 120, 300, 600 s
exposure to C18 material (gray), hexane/methanol dipping (white) and control (black), (n =5 = SD).
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7.2.3 UPLC-MS measurements of extracted metabolites

The methanolic surface extracts resulting from the C18 method can be directly submitted to
HPLC or UPLC-MS analysis without any further concentration step. In initial experiments
we monitored for the presence of the carotenoid fucoxanthin, a dominant pigment of brown
algae such as Fucus spp. This metabolite is ideally suitable for method development and
comparison since earlier studies using the hexane / methanol dipping method as well as
Raman-imaging already indicated that this compound is released from the surface of Fucus
species (Grosser et al., 2012; Saha et al., 2011). Fucoxanthin was identified in UPLC-MS
measurements by comparing its retention time and ESI mass spectrum with a commercial
standard ((M+Na] =681 m/z at 2.43 min). Fucoxanthin can be clearly detected in the samples

extracted with the C18 absorbing material.

7.2.4 Quantification of surface metabolites

For quantitative determination, canthaxanthin, another carotenoid pigment that is not found
in F. vesiculosus, was used as standard. Figure 43 shows the average chromatographic area
of fucoxanthin extracted from F. vesiculosus with the C18 method in relation to the average
chromatographic area of the internal standard canthaxanthin. Values are given for extracts
of five specimens, with an average extracted surface of 36.5 + 6.4 cm”. Since extracts were
split into two equal parts for GC-MS and LC-MS determination the values determined
correspond to an 18.25 cm? surface area. The standard deviations of fucoxanthin and
canthaxanthin determinations are similar (5.66 and 5.26 of mean peak area). Since
canthaxanthin was introduced after the extraction protocol was performed this indicates a
very good reproducibility of the extraction procedure. Only minor additional variability in
comparison to sample drying, re-dissolution and measurement is introduced by the C18
extraction procedure. The C18 method was compared to the established hexane / MeOH
dipping. Recovered fucoxanthin in dipping experiments is significantly higher compared to
C18 experiments (Figure 43a and b). This can be due to overall better extraction success, or
to contributions of fucoxanthin released by the lysed cells in the hexane / MeOH treatment.
An external calibration based on the evaluation of the peak areas of the standard
canthaxanthin in relation to areas resulting from different amounts of fucoxanthin (Figure
S13 in appendix) allowed estimating the extracted fucoxanthin. Even if quantification is
problematic since no reference method for the determination of absolute amounts of surface

chemicals is available the procedure allowed the comparison between the extraction success
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of this study to other studies in the literature. C18 extraction gives ~ 1.4 + 0.28 (SD) ug
fucoxanthin cm while the hexane / methanol dipping recovers absolute amounts of ~ 22 +
18.95 (SD) pg fucoxanthin cm™. Previous studies using the dipping method gave similar
values (0.7-9 pg fucoxanthin cm™) and it can be concluded that algae in our study and the
analytical work-flow are matching those in the literature within the margins of error and
natural and experimental variability (Saha et al., 2011). The hexane dipping procedure alone
did not result in any detectable fucoxanthin (data not shown). It became clear that the
absolute values detected using dipping methods are highly dependent on the polarity of the
solvent, thus a quantitative comparison of the methods is not advised. It also cannot be finally
answered whether the C18 method quantitatively extracts surface metabolites and whether
the hexane/methanol overestimates the content due to cell lysis, or whether the C18 method
underestimates surface metabolites due to non-quantitative extraction. The reproducibility
of'the C18 method, however, suggests a highly reliable measurement. The standard deviation
of signals in the C18 extract is substantially lower than that in hexane / methanol extracts.
Given the facts that the C18-method is by far better reproducible and that it does not
introduce cell damage this method has to be considered as superior. Lower recovery is not
problematic, since even small thallus fragments provide sufficient extract for the entire
analytical process. Extraction and measurement can be easily carried out without additional
concentration steps using routine instrumentation.

To test the universal applicability of the C18-method we also investigated two macroalgae
with hitherto unknown surface chemistry. No adaptation in the protocol was required for
surface extraction of the green alga Caulerpa taxifolia and the red alga Gracilaria
vermiculophylla. In the case of C. taxifolia, 45.8 +4.0 cm? (n = 3) algal surface was extracted
without cell damages. LC-MS revealed the presence of caulerpenyne (identified by
comparison to authentic material; Jung and Pohnert, 2001). Again, elevated amounts were
detected using the hexane / methanol dipping protocol. Since caulerpenyne is a very
dominant intracellular metabolite, this elevated value can be interpreted as a result of
unwanted extraction of algal cells. Caulerpenyne is involved in chemical defense (Weissflog
et al., 2008) and wound closure (Adolph et al., 2005) by the alga. This is the first report
demonstrating that caulerpenyne is also present at the surface of the alga (Figure 43¢ and d)
and motivates further investigation of its potential role as surface defense compound or
natural anti-fouling metabolite. As with F. vesiculosus extracts, hexane / methanol dipping
resulted in overall higher caulerpenyne recovery, but also in substantial cell damage (data

not shown) and very high standard deviation (Figure 43). Quantitative differences might
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again be explained by substantial damage after hexane/methanol extraction, as was observed
by visual inspection. Damage was not quantified since a substantial amount of algal material
was physically degraded during the dipping procedure. However, a poor extraction
efficiency with C18 powder could result in reduced recovery. Finally, initial experiments
with G. vermiculophylla revealed ion traces corresponding to previously identified oxylipins
from whole tissue extracts of the alga (data not shown) (Nylund et al., 2011; Rempt et al.,
2012; Jacquemoud and Pohnert, 2015).
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Figure 43: Quantification of extracted compounds from macroalgae. (a, b) Average chromatographic areas
of fucoxanthin extracted from F. vesiculosus surfaces in relation to cantaxanthin as internal standard (Std): (a)
C18 method, n = 5, surface extracted = 36.5 + 6.4 cm2; (b) hexane/methanol dipping method, n=5, surface
extracted = 29.3 + 3.0 cm2. (¢, d) Average chromatographic areas of caulerpenyne extracted from C. taxifolia
surfaces and cantaxanthin as internal standard: (¢) C18 method, n=3, mean surface extracted=45.8 + 4.0 cm2;
(d) hexane/methanol dipping method, n=3, mean surface extracted=36.0 + 7.3 cm2. Note the difference in scale

of the y-axis for a, ¢ and b, d.
7.2.5 GC-MS detection of free fatty acids

Since the C18 material is suitable to extract a broad range of non-polar and medium polar
compounds, its capability to extract structurally diverse surface metabolites was tested. Since
LC-MS techniques do not allow for simple compound identification the exploratory power
of GC-MS supported by library identification of metabolites was used to test for additional

compound classes picked up by the C18 method. The major metabolites that were extracted
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from F. vesiculosus surfaces were fatty acids that were transformed by the solvent MeOH to
their methyl esters during elution. This transformation was verified by control measurements
where EtOH instead of MeOH as elution solvent was used and where ethyl esters instead of
methyl esters were detected in the extracts. Characteristic fragments of 79 m/z ([CsH7]"
indicative for polyunsaturated fatty acids) and 74 m/z (a McLafferty ion indicative for
saturated fatty acids) were detected and structure elucidation was performed by comparison
with authentic standards (FAME, Sigma- Aldrich®, Germany). A representative
chromatogram and the assigned metabolites can be found in Figure 44. Fatty acids are
common in brown algae (Pereira et al, 2012; Schmid and Stengel, 2015), but were
previously never detected as surface metabolites. Their presence in surface extracts can be
explained with an active release mechanism of free fatty acids or alternatively with a partial
hydrolysis of surface lipids on the surface of the alga. The fact that fatty acids as surface
metabolites were overlooked till now might be due to limitations of previous experimental
approaches. In accordance, samples that were generated with the hexane / methanol dipping
method contained only few fatty acids in trace quantities (GC/MS after derivatisation; data
not shown). In addition to free fatty acids, substantial amounts of phytol and a not further
identified sterols were found, confirming the broad extraction potential of the C18-method.

100,

90

23 ~ o]
o o o
L L 1

Relative abundance (%)
o
o

40 - D
30 1
C
20 1 A
10 1 B
13 14 15 16 17 18

Retention time (min)
Figure 44: GC-MS run of a C18 extract of F. vesiculosus performed with the C18 method and with
MeOH as elution solvent. The range of elution of fatty acid methyl esters is shown. A) myristic acid methyl
ester (C14:0); B) C15:0; C) Cl16:1 ((Z)9-hexadecenoic acid (palmitoleic acid) methyl ester); D) C16:0,
*phthalate (contamination); E) C18:3 9,12,15-octadecatrienoic acid (o-linolenic acid) methyl ester; F) C18:2
(9,12-octadecadienoic acid (linoleic acid) methyl ester); G) C18:1 (9-octadecenoic acid (oleic acid) methyl
ester); H) C18:0 (octadecanoic acid (stearic acid) methyl ester); I) C20:4 (5,8,11,14-eicosatetraenoic acid
(arachidonic acid) methyl ester); J) C20:5 (5,8,11,14,17-eicosapentaenoic acid methyl ester). All fatty acid

methyl esters were confirmed with synthetic standards.
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7.4 Discussion

Investigation of the algal surface chemistry is central for the understanding of ecological
interactions on and around these organisms, for example to understand invasion success of
allochton species (Schwartz et al, 2017) or the interaction between algae and epiphytic
bacteria (Persson et al., 2011). The search for new, natural and sustainable antifouling
compound and biofilm disruptors, as well as the understanding of their mechanism of action,
represent another major field of research (Dahms and Dobrestov, 2017; Chen and Qian,
2017). The most commonly used methods involve solvent dipping of the specimens and
investigation of the resulting extracts (de Nys et al.,, 1998; Lachnit et al., 2009). However,
these methods pick up compounds in a very limited polarity range and cause substantial
damage to the algal tissue. Alternatively elaborate instrumentation as it is required for
desorption electrospray MS (Lane ef al., 2009) or Raman techniques (Grosser et al., 2012)
is needed for surface investigations. The introduced method that is based on covering the
algal surface with C18 extraction sorbent and collecting the material for subsequent
extraction does not cause stress to the investigated algae. It is universal and suitable for
detecting a wide range of natural substances of different polarity. Its ease of handling and
the reliable results reflected by low standard deviations make it a universal tool for future
investigations, for example to study algal surfaces in different conditions, such as healthy
versus infected specimens. Another application could allow to study surface metabolites in
presence or absence of epiphytic biofilms (mainly formed by bacteria, cyanobacteria and
diatoms) to understand how the surface metabolism of algae is changing and which
compounds are important in interactions between biofilm-forming organisms and
macroalgae. The method that was validated for algal surface extraction in this study is
potentially easily transferred to the investigation of other aquatic organisms and even
submerged technical surfaces: for example, the study of molecules released by biofilm
colonizing surfaces could expand the understanding about the chemical signaling among
bacteria during biofilm formation or employed as biofilm defensive mechanisms, thus

leading to new ecological discoveries and technological applications.
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8. Conclusive discussion and perspectives

Chemical language is the oldest communication system and its adaptation to diverse
environments and ecological conditions, as well as its differentiation in several species, have
fascinated many bringing to the foundation of a dedicated branch of science: chemical
ecology.

In this thesis, I present the study of the complex inter-kingdom cross-talk between
microalgae and bacteria, focusing both on its ecological role and its potential industrial
applications. To decipher the molecular mechanisms behind these interactions, I used a
combination of physiological assays and modern omics techniques and I was able to identify
novel interactions that can help us to better understand the crucial relationships between

aquatic microbes that shape Earth’s ecosystems.

8.1 New methodologies and —omics techniques to study signalling

between marine microorganism

The study of microbial communication has many challenges to face, and this is particularly
true for marine chemical ecology (Goulitquer, Potin and Tonon, 2012). The high complexity
of the matrix, the dilution of exuded metabolites, the high concentration of salts and the
complicated dynamics that regulates marine microbial communities make the isolation and
quantification of chemical cues particularly difficult. The detection of secondary
metabolites, usually released in small amounts from micro- and macroorganisms, is aided
by advanced extraction and enrichment techniques. In case of algal pheromones, for
example, a large and dense culture of cells is necessary to isolate more than 100 pg of the
active molecule and structurally identify it (Lembke, 2018). Sometimes the extraction
techniques are not suitable to generate an extract that can be used to answer a specific
ecological question (Chapter 7). For example, if we consider the isolation of metabolites
that regulate the interactions of macroalgae with other organisms, investigations have been
often done using whole cell extractions (Carvalho et al., 2017) and testing the potential
antifouling and antibacterial activity of extracted metabolites in bioassay. However, to
determine a realistic ecological concentration of such compounds, techniques to extract
metabolites released at algal surfaces or biofilm interfaces are necessary (Nylund et al,

2007). The classical “dipping” technique, which involves immersing wet macroalgae in an
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organic solvent, is a simple and powerful method for extracting surface metabolites (de Nys
et al., 1998; Lachnit ef al., 2009). A major drawback of this method is the damage to the
algal surface provoked by the solvents. In order to overcome this problem, I developed a
non-disruptive technique that use solid-phase extraction principles to extract surface
metabolites (Chapter 7). The method is fast, easy to handle, does not harm the surface of
the alga. From this work I have established a flexible protocol for algal research (Cirri and
Pohnert, 2017) can be applied to different macroalgal specimens and potentially to other wet
surfaces, as for example epilithic biofilms. By changing the extraction resin, different
metabolites can be targeted, from carotenoids to lipids up to polar compounds, like
osmolytes and sugars. Moreover, by extracting multiple surfaces in parallel and combine the
resin in a single SPE cartridge, the concentration of interesting metabolites can be
incremented. A combination of this method with novel sensitive analytical instruments
(LC/GC-HR-MS) allows for the detection of known and unknown metabolites excreted at
exceedingly low concentrations directly from algal surfaces.

Apart from novel sample preparation techniques and metabolites concentration protocols, a
breakthrough in studying algae-bacteria interactions are represented by the introduction of -
omics approaches to algal ecology. Transcriptomic analyses allow the identification of an
organism’s response towards stimuli and its acclimation along time (Jamers, Blust and De
Coen, 2009), thus giving useful information about evolutionary adaptation (Caron et al.,
2017). Metabolomics approaches gives an important alternative to the bioassay-guided
fractionation, overcoming some of the limits of this traditional methodology, like the long
preparation time and the risk of losing unstable chemical cues (Kuhlisch and Pohnert, 2014).
The introduction of highly sensitive high-resolution mass spectrometry techniques (Fuhrer
and Zamboni, 2015) and the integration with NMR spectroscopy (Markley et al., 2017) make
metabolomics a powerful tool to narrow down the selection of chemical signals or
metabolites characteristic for a certain treatment within a short time, thus speeding up the
procedure that brings a chemical cue from its extraction to its identification.

The potential information that could be obtained by the integration of these technologies
brings new opportunities to systems biology research and many studies have demonstrated
the power of omics techniques in marine ecology, for example in the context of nutrient
deprivation of diatoms (Allen et al., 2008; Alipanah et al, 2015), viral infection of
coccolitophores (Rosenwasser, Mausz et al., 2016) or the influence of bacteria on diatoms
(Durham et al., 2015). The application of these approaches is still relatively new and it is

yielding an unprecedented number of data. It is therefore crucial to carefully plan a large-
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scale multiomics experiment, because the decisions taken during planning large-scale
multiomics experiments have a huge impact on data quality. Quality assessment is a pivotal
step in omics experiments as it assesses beforehand the possible causes of errors and it helps
to minimize them (Dudzik et al., 2018). The use of quality controls, for example, is a
powerful approach to control the reproducibility of the measurements, to correct for possible
signal drifts within and between analytical batches and control for unwanted variances
(Dudzik et al., 2018). In metabolomics, sample stabilization is also crucial in order to prevent
the degradation of labile compounds, such as those involved in chemical interactions. Blank
samples are fundamental to identify signals coming from impurities coming from the
complex marine medium or introduced during the sample preparation procedure. Test
measurements are necessary to understand the volume of spent medium (for
exometabolomics) or the cell concentrations (for endometabolomics) needed to obtain
samples that are not too diluted nor too concentrated. Internal standards for normalization
(Sysi-Aho et al., 2007) and retention time index standards for identification (Vinaixa et al.,
2016) are additional important tools, considering the high number of unknowns and the big
concentration differences in aquatic samples. Also, the decision for the right statistical
methods to be applied, even prior to the actual experiment, is crucial to interpret data in a
meaningful way (Y1 et al., 2016; Kupferschmidt, 2018).

In this thesis, I have adapted transcriptomics and metabolomics methods in order to the
effects of bacteria on diatoms and other microalgae. In particular sample preparation was
optimized in order to have enough volume to extract a detectable amount of metabolites.
Medium blanks were used to remove, during data analysis, all possible interferences coming
from artificial sea water. With a combination of transcriptomics, exometabolomics and
targeted analysis, it was possible to reconstruct the broad effect of bacterial medium on the
metabolism and on sexual reproduction of Seminavis robusta (Chapter S). Moreover, by
comparing the exudates of control samples (axenic S. robusta and bacterial spent medium)
to samples of S. robusta treated with bacterial spent medium, it was possible to select for
potential signaling molecules produced by the bacteria that may induce the rewiring of
diatom’s metabolism (Chapter 5).

Furthermore, by using an endometabolomic approach, a complex metabolic rewiring of S.
robusta (Chapter 3) and Nannochloropsis metabolism (Chapter 6) in a 7 days co-
cultivation with bacteria was observed. In this case, metabolomics gave a snapshot of the
effect of bacteria on algae metabolism and it proved to be a powerful tool to assess the quality

of algae growth for industrial purposes.
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New technologies, like single cell transcriptomics (Sandberg, 2014) and single cell
metabolomics (Zenobi, 2013), new tools for the in-silico identification of unknown
molecules (Blazenovi¢ et al., 2018), as well as the implementation of minimum reporting
guidelines (Sumner et al., 2007; Considine et al., 2018), will lead aquatic chemical ecology
(bacteria-microalgae interaction research included (Cooper and Smith, 2015)) into a new era
and will change the perspective of many other applications, like aquatic risk assessment

(Brockmeier et al., 2017) and ecotoxicology (Revel, Chatel and Mouneyrac, 2017).

8.2 Understanding metabolic interactions between microalgae and

bacteria

In aquatic environments, microbe-microbe interactions define patchy microscale
communities which are characterized by gradients of chemical cues (Stocker, 2012). Within
these gradients, microbes can select suitable environmental niches, forage on nutrients, find
mating partners, defend against predators and interact with other organisms. The
phycosphere is one of these microscopic regions rich in organic molecules surrounding algal
cells (Bell and Mitchell, 1972). It provides nutrients and protection necessary for the survival
and proliferation of microbes in open oceans, benthic zones and freshwater environments.
Within this region, algae-bacteria communication takes place and create a complex network
of interactions, as explained in chapter 1.2.

In this thesis, I explored the many influences that bacteria have on the model benthic diatom
Seminavis robusta. 1 started by testing the effect of different bacterial isolates on algal
growth and found that different species have a different impact on it (Chapter 3).
Roseovarius sp. significantly supported diatom proliferation. This effect is not unexpected,
since many studies demonstrated that microbes from the Roseobacter clade are usually
associated to diatoms (Amin et al., 2012) and that many of them are exuding substances that
are beneficial for microalgae (Wienhausen et al., 2017). On the other hand, Croceibacter sp.
did not enhance diatom growth and also didn’t decrease cell number after 7 days. This result,
which seems to contradict the findings of van Tol et al. (2017) of this bacterium on 7.
pseudonana, supports the assumption that the effect of bacteria on algae is species-specific.
This hypothesis holds true even more for Maribacter sp., a bacterial genus belonging to the
Flavobacteriaceae (Nedashkovskaya et al., 2004) family. Although being found in
association with diatoms, its influence on microalgae has been to date poorly assessed. One

study reports its algicidal effect on the ubiquitous diatom Skeletonema sp. (Wang et al.,
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2016a), while other studies show that its presence is essential for the complete
morphogenesis of the green macroalga Ulva mutabilis (Weiss et al., 2017). In my work, a
Maribacter sp. showed a mild, positive influence on S. robusta growth, thus rising
interesting questions about this understudied genus and its effects on algae. Remarkably, the
same effect is seen on the commercially relevant microalga Nannochloropsis sp. Maribacter
sp. is supporting the growth of the microalga already during the first days of cultivation
(Chapter 6) and it is therefore an interesting candidate to be used also in applied aquaculture
research.

Novel —omics techniques allowed us to investigate the effect of bacteria on algae at a
metabolic level. Metabolomics approaches allow the comprehensive and quantitative
investigation all small molecules produced by an organism under a given set of conditions
(Fiehn 2002). The endometabolome of S. robusta was signifanctly affected by seven days of
co-cultivation with either Roseovarius sp. or Maribacter sp., while the endometabolome of
Croceibacter sp. was not affected by tested bacterial associations (Chapter 3).
Disaccharides are the most abundant metabolites induced by the two bacteria. Sugars are
among the compounds that are known to be upregulated in a co-cultivation of 7.
pseudonana and D. shibae (Paul, Mausz and Pohnert, 2013), but disaccharides have never
been described as induced in microalgae by bacterial influence. These compounds hint to an
increased breakdown of polysaccharides in order to face a high requirement of energy
(Mausz and Pohnert, 2015). Transcriptomics data obtained after 10 hours of S. robusta —
bacterial spent medium co-cultivation (Chapter 5) showed that oxidative stress response,
like tocopherol synthesis and glutathione S-transferase activity, are strongly upregulated in
the presence of bacteria, thus hinting to a general stress induced by bacteria on microalgae.
However, during stationary phase the higher concentration of unknown sugars and
galactosylglycerol in axenic cultures suggest that the absence of bacteria causes even higher
level of stress and energy deficiency during stationary phase as already observed in various
other studies (Allen et al., 2006.; Vidoudez and Pohnert, 2012; Mausz and Pohnert, 2015).
Elevated stress levels are implied also by the higher concentration of a-tocopherol, an
important antioxidant employed by algae (Havaux and Garcia-Plazaola, 2014), in axenic
cultures compared to xenic ones. These on the first view contradictory results could be
explained as a mechanism of adaptation of the alga towards bacteria. Roseovarius sp. and
Maribacter sp. may induce in S. robusta an initial strong stress response. After this first
interaction, the diatom will likely adapt to the presence of bacteria and start a beneficial

communication and interaction. During stationary phase, when resources become scarce,
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axenic cultures will face alone this stressful situation, while the non-axenic cultures will
benefit from the protection and the fruitful exchange with bacteria, that may partially slow
down oxidative and metabolic stress. Detoxification mechanisms of marine bacteria, like
ROS scavenging, can increase the fitness and growth rate of microalgae, as in the case of the
cyanobacterium Prochlorococcus (Morris et al., 2011) or of the artic diatom Amphiprora
kufferathii (Hiinken et al., 2008). A combination of transcriptomic, endo- and
exometabolomic investigations of S. robusta sampled at different time points along the
growth phases will give more insights to the changes of concentration of these molecules
and their regulation. Moreover, specific bioassays to test the effective detoxification
mechanisms, for example using flow cytometry experiments (Franklin, Stauber and Lim,
2001) and advance electrobiology techniques (Bailleul ef al., 2010b), will help to understand
the effect of the presence or absence of bacteria on the photosystem of the diatoms.
Additional transcriptomics analysis will also allow to confirm the involvement of cGMP
signaling in perception of bacterial exudates. cGMPs are not only involved in diatom mating,
as already described by Moeys et al., (2016) and Basu ef al., (2018), but they seem to be
implicated in recognition of bacterial signal molecules (Chapter 5). Up to now, this mode
of action was only found in the system Reugeria pomeroyi — Thalassiosira pseudonana
(Durham et al., 2015). Further studies on this process may bring novel understanding in

bacteria-diatom recognition mechanisms.

8.3 Physiological and molecular insights into the bacterial effect on

sexual reproduction of diatoms

Apart from interspecies communication such as bacteria-algae interactions, intraspecies
exchanges of signaling molecules play a fundamental role in maintaining ecological
diversity and in assuring the survival of the species (Venuleo, Raven and Giordano, 2017).
One of the most important life cycle aspects that is regulated by intraspecies interactions is
sexual reproduction. In diatoms, sexual reproduction is a necessary step for population
survival, as introduced in chapter 1.1. This process is regulated by chemical signaling, like
in the well-study benthic pennate diatom Seminavis robusta.

In this thesis, I observed that bacteria associated to S. robusta are able to modulate sexual
activity and percentage of sexual reproducing cells of the diatom using different strategies.

Maribacter sp. is negatively influencing S. robusta sexual efficiency by reducing the
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percentage of gametes and auxospores, while Roseovarius sp. is slightly enhancing the
auxosporulation process (Chapter 4). Transcriptomics investigation and targeted analysis
of diproline concentration led me to formulate the hypothesis that Maribacter sp. affects
intracellular amino acid concentrations by rewiring several metabolic pathways involving
glutamate, phenylalanine and tyrosine biosynthesis (Chapter 5). This process may reduce
the pool of proline, which is hypothesized to be involved in the yet unknown biosynthetic
process of diproline (Moeys et al., 2016). A reduction of diproline may therefore lead to a
lower sexual efficiency of the diatom (Chapter 4). This effect is not present with
Roseovarius sp., which on the other hand lightly enhances proline synthesis, thus potentially
leading to an increased pool of this amino acid that may feed diproline production over a
longer time period and increase the reproduction success. These results, together with the
evidence of a reduction of diproline concentration in non-axenic cultures compared to axenic
ones and the evidence of diproline degradation by bacteria over time (Chapter 4) may
explain the dramatic drop of the attraction pheromone concentration 12 hours after sexual
induction and onset of light, despite the stability of diproline in water (Gillard ef al., 2013).
These findings, however, do not completely elucidate the reason why bacteria should
modulate pheromone systems of algae. This process could be a side effect of other
interactions that are more beneficial for the bacteria: for example, the influence of amino
acid production could be exploited by bacteria to induce diatoms to release useful resources.
The observed upregulation of photosynthetic activity with the consequent consumption of
glutamate (necessary for proline synthesis in diatoms) could be an additional defense
mechanism of S. robusta towards bacteria, a means to overgrow them and preclude a
potential swamping effect due to the over-proliferation of bacteria. Such effects have been
observed in a relatively short time frame (10 hours of co-incubation) and could give an
explanation to the very first stress-response reaction of sexually induced diatoms towards
bacteria and to the complete disappearance of the stable diproline after 24 hours of co-
incubation.

Another possible explanation could be that bacteria may use diketopiperazines (DKPs), like
diproline, as a source of carbon and nitrogen. The presence of DKPs in bacteria culture
medium (Tamura et al., 1964) and studies on bacterial degradation of DKPs (Perzborn et al.,
2013) support this hypothesis. However, bacterial isolates from S. robusta show degradation
of diproline only in extremely starved conditions (Chapter 4). In a high nutrient medium,
as in the productive epilithic biofilms formed by diatoms, bacteria would have enough

organic matter to survive without the need of degrading diproline. Nevertheless, the high
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concentration of the attraction pheromone found in sexually induced S. robusta medium may
increase the accessibility of this nutrient and induce the bacteria to degrade it. The decline
of diproline over time appears therefore as a combination of influence on metabolic
production and active degradation processes from bacteria.

Interestingly, a reduction in SIP" concentration was observed in co-cultures compared to
axenic cultures over a growth period of 7 days (Chapter 3), and the process was more
pronounced in the presence of Maribacter sp compared to other bacteria. The identity of this
molecule is still unknown. However, it was shown that SIP" contains sulfonated moieties
(Moeys et al., 2016) and a putative carbohydrate structure (Lembke doctoral thesis, 2018).
The ecological reason behind SIP" degradation is puzzling. Given the fact that many marine
bacteria are able to degrade carbohydrates and polysaccharides (Edwards et al., 2010;
Buchan et al., 2014), SIP" could be used as an organic source of sulfur and carbon, especially
during stationary phase, when inorganic resources are becoming scarce. From the diatom
point of view, this mechanism could support algal mate finding by avoiding misguidance
towards aged pheromone sources and optimizing the release and production of it by a yet
unknown intra- and interspecies signaling cascade.

Taken together, these results rise multiple fascinating questions about a novel inter-kingdom
interaction and especially about the role of Maribacter sp. as a modulator of microalgal
metabolism and pheromone chemistry. Additional experiments will shed light on the
hypotheses arising from this thesis. First, higher temporal resolution transcriptomics data are
required to study the response of S. robusta towards Maribacter sp. and Roseovarius sp. The
structural elucidation of SIPs and subsequent bioassays on bacterial degradation will make
us understand why bacteria degrade diatom pheromones, whereas isotope-labelling
experiments coupled with high-resolution MS analyses could answer the question of how
bacteria consume pheromones and which metabolic pathways are involved.
Exometabolomics analysis already suggests the implication of putative signaling molecules
released by bacteria, for example methylated nucleobases and furanones (Chapter 5).
Further investigations on larger volumes of algal and bacteria supernatant, as well as
fractionation-guided bioassays, will allow us to identify the molecules that regulate these
interactions. These investigations, together with a microbial population diversity study of
natural biofilms inhabited by Seminavis robusta will expand our understanding of the role
of different bacteria and their metabolites in the organization and ecological functions of

epipelic communities.
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8.4 From nature to application: microalgae-bacteria interactions in

biotechnology

Microalgae-bacteria communication is not only interesting from an ecological point of view,
but has recently attracted growing attention from applied and industrial research (Kozuma
and Watanabe, 2015).

A fascinating application that has been proposed, but up to now only in few pioneering
articles, is the engineering of microbiomes to increase algal cultivation productivity and
modulate metabolic production on an industrial level (Charrier et al., 2017). This practice
has been investigated and employed to support sustainable agriculture (Quiza, St-Arnaud
and Yergeau, 2015; Bender, Wagg and van der Heijden, 2016; del Carmen Orozco-
Mosqueda et al., 2018), but to date only few experiments were conducted on microalgae,
using plant-growth promoting bacteria to enhance algal biomass increment (Gonzalez and
Bashan, 2000). In collaboration with Proviron®, a chemical company from Belgium that is
growing microalgae in closed photobioreactors for aquaculture feeding, I tested the potential
effect of bacteria isolated from S. robusta on the commercially relevant oleaginous
microalga Nannochloropsis sp. (Chapter 6). I found that Maribacter sp. increases algal
growth more than other bacterial isolates. This effect is even enhanced in the presence of
Poseidonocella sp., a species associated to Nannochloropsis sp. and isolated from
bioreactors by Giraldo et al. (submitted). This observation could be supported by
metabolomics data: the decreased concentration of a-tocopherol in Nannochloropsis sp. cells
after 7 days of co-cultivation with Maribacter sp. may that the bacterium is protecting the
alga from oxidative stress (see chapter 8.1). Maribacter sp. is influencing amino acid
biosynthesis and degradation of Nannochloropsis sp., as shown by the higher concentration
of spermidine, a degradation product of amino acids, and the small increase of glutamate
and proline intermediates in comparison to the control treatment. The metabolic rewiring
could be a strategy used by bacteria to induce the alga to produce compounds useful for its
own growth, as observed in other marine microbial consortia (Seymour et al., 2017).
Besides the beneficial effect on algal growth, bacteria are capable of inducing biofilm
formation in microalgae (Bruckner et al., 2011). Biofilms are useful for industrial purposes,
such as wastewater treatment (Kesaano and Sims, 2014) and aquaculture (Avendafio-Herrera
and Riquelme, 2007). More often, biofouling, defined as biofilm formation on technical
surfaces, has a negative economic impact on industrial activities (Schultz et al., 2010;

Fitridge et al., 2012) and huge investments are needed to reduce it. An alteration in the algal
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microbiome may induce biofilm growth and decrease the biomass yield in closed
photobioreactor cultivation systems due to reduction of light penetration and increasing
contamination (Zeriouh et al., 2017). It is therefore necessary to understand microalgae-
bacteria interactions in order to fight harmful biofouling and to design sustainable synthetic
microbiomes. The bacteria isolated from S. robusta do not induce significant biofilm
formation but do enhance biofilm development of Poseidonocella sp. (Chapter 6). This
effect could be due to a synergistic interaction of the bacteria, but more experiments are
necessary to prove this hypothesis, to find potential molecules that may trigger biofilm
formation. Moreover, the addition of high quantities of carbon sources (like glucose or
glycerol) induce significant biofilm production. This information should be taken in
consideration, especially when planning to grow algae in mixotrophic conditions.

These preliminary results hint to a promising application of microbiome engineering to
closed microalgal cultivation systems and demonstrate that metabolomics is an incredibly
useful tool also in applied fields like aquaculture (Alfaro and Young, 2018). However,
further tests are needed to elucidate the real potential of synthetic microbiomes. The
increasing availability of genomes data of both microalgae and bacteria may lead to a more
rational design of the microbiomes (such as metabolic network modeling, and transcriptomic
analyses may explain the mechanisms behind the beneficial effect of bacteria on microalgal
growth. Different co-cultivation setups, such the dual co-cultivation chambers developed by
Paul, Mausz and Pohnert (2015), combined with exometabolomics analysis may lead to the
identification of beneficial or harmful molecules produced by bacteria. Finally, flux analyses
in pilot closed photobioreactors will test the applicability of this approach on an industrial

scale.



Materials and methods 127

9. Materials and methods’

9.1. Strains and growth conditions

9.1.1 Strains and general culture conditions

S. robusta strains 85A (MT") and 84A (MT") were obtained from the diatom culture
collection of the Belgian Coordinated Collection of Micro-organisms (BCCM/DCG,
http://bcem.belspo.be). Cultures of both mating types were grown separately under a
12h:12h dark/light regime (light intensity 35 umol m s!) at 15°C in /2 medium prepared
from Instant Ocean Medium (Instant Ocean, Blacksburg, Virginia, USA) and a mixture of
stock solutions following the recipe from Guillard (1962). Axenic cultures were obtained by
treating the diatoms every second day for one week with an antibiotic mix (500 pg/mL
penicillin, 500pg/mL ampicillin, 100pg/mL streptomycin and 50pg/mL gentamicin).
Axenicity of stock cultures was verified before every experiment both by plating a 100 pl
aliquot of cultures on Difco™ Marine Broth Agar and by monitoring the number of SYBR
GOLD-stained-bacteria with a BD Accuri™ C6 Plus flow cytometer (modified from Marie
et al., 1997). Briefly, 250 pl of cultures were fixed with glutaraldehyde (1% final
concentration) for at least 15 minutes in the dark and stained with SYBR GOLD® (10,000
diluted from stock solution) for 10 minutes in the dark. Then samples were measured with a
BD Accuri™ C6 flow cytometer with the following settings: 8ul per samples, 4ul/min, 3
washing steps between each sample with milliQ water, 3 measurements for each sample.
Cultures were considered axenic when no growth of bacteria was observed under the
microscope (Figure S1), no colony formation was observed after two weeks of incubation
on marine broth agar (Figure S2) and the number of bacteria counted by flow cytometry was

< 1% compared to non-axenic cultures (Figure S3).

7 All the methods are based on the following publications:

Cirri, E., Grosser, K., & Pohnert, G. (2016). A solid phase extraction based non-disruptive sampling technique
to investigate the surface chemistry of macroalgae. Biofouling, 32(2), 145-153.

Cirri, E., & Pohnert, G. (2017). Disruption-free solid phase extraction of surface metabolites from
macroalgae. Protocols for Macroalgae Research, 20, 311-321.

Cirri, E., Vyverman, W., & Pohnert, G. (2018). Biofilm interactions-bacteria modulate sexual reproduction
success of the diatom Seminavis robusta. FEMS microbiology ecology, 94(11).

Cirri, E.*, Giraldo, J.*, Neupane, S., Willems, A., Mangelinckx, S., Roef, L., Vyverman, W., Pohnert, G
Bacteria isolated from Seminavis robusta influence growth, biofilm production and the metabolome of
Nannochloropsis sp. Submitted to Algal Research.

Cirri, E.*, De Decker, S.*, Bilcke, G., Osuna, C., Werner, M., Werz, O., Van Delpoole, K., De Veylder, L.,
Vyverman, W., Pohnert, G. Associated bacteria affect sexual reproduction by altering gene expression and
metabolic processes in a biofilm inhabiting diatom. Submitted to Molecular Ecology.
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Croceibacter sp., Roseovarius sp., Marinobacter sp., Maribacter sp. were isolated from S.
robusta non axenic cultures of strain 85A. A healthy diatom culture, growing in artificial
seawater medium (Tropic Marin® supplemented with Guillard's (F/2) Marine Water
Enrichment Solution: Sigma-Aldrich) was suspended and spread-plated on Difco” Marine
Agar. After two to three days of growth, unique colonies were transferred based on
morphological characteristics and further purified by repeated plating. DNA was extracted
from the pure colonies as follows: cells were lysed with 20 pl of alkaline lyse buffer (0.25%
SDS, 0.05M NaOH), heated at 95°C for 15 min. and afterwards cooled on ice. 180 ul of
MilliQ water were added and samples were centrifuged at 13000 rpm for 5 min.

Bacterial isolates were identified by partial sequencing of 16S rDNA. Amplification of the
16S rDNA was done using the pA (5'-AGAGTTTGATCCTGGCTCAG-3") (forward,
position 8-28) and pH (5'-AAGGAGGTGATCCAGCCGCA-3") (reverse, position 1542-
1522) primers (Edwards et a/ 1989). The success of the amplification was verified through
gel electrophoresis. The amplicon was purified using a NucleoFast® 96 PCR Cleanup kit
(Macherey-Nagel). The sequencing PCR was run using the Big Dye® Terminator cycle
sequencing kit (Applied Biosystems) with the primer BKL1 (5'-GTATTA CCG CGG CTG
CTG GCA-3'(Cleenwerck at al 2007) on the ABI Prism 3130xI Genetic Analyzer (Applied
Biosystems). Sequences were aligned and verified using BioNumerics software 5.1
(AppliedMaths, Belgium). Identification was performed using the EzTaxon at
https://www.ezbiocloud.net. All isolates are stored in the Research collection of the
Laboratory of Microbiology, Dept. Biochemistry and Microbiology, Ghent University.
Bacterial stock cultures were cryopreserved at -80°C in a 50% glycerol solution and were
grown in Difco™ Marine Broth at room temperature for three days before every experiment.
Fucus vesiculosus was collected on February, April, May and June 2014 in the Kiel Fjord
on an easy-to-reach beach (54° 21°36.8” N, 10° 10’ 44.0” E). The algae were transported in
plastic bags with pulp paper moistened with Baltic sea water at maximum 18°C to the
University of Jena. Algae were immediately cleaned with deionized water to reduce
epibionts. Then each individual was put into a 7 L aquarium filled with Instant Ocean
Medium (Instant Ocean, Blacksburg, Virginia, USA), which was adjusted to the salinity of
the Baltic Sea (14-16 PSU). The aquaria were kept in a temperature controlled (15 °C)
climate chamber under a constant 14 h / 10 h light / dark regime (light intensity of 65 pmol
m~ s') with aquarium pumps guaranteeing constant ventilation. In the first week, it is
necessary to change water every two or three days in order to keep the algae clean, afterwards

weekly change of water is required. Under these conditions algae survived in good shape for
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three weeks or up to a month. Caulerpa taxifolia was obtained by a tropical fish store (Aqua-
Reptil-World, Jena, Germany) and transported to the lab in a plastic bag. Algae were washed
carefully with deionized water and put into 7 L aquaria filled with Instant Ocean medium
adjusted to Mediterranean salinity. Aquaria were aerated with air pumps and kept at room
temperature (20-25 °C) with a day / night cycle of 12 h/ 12 h and light intensity at the water
surface by 40 pmol m?2s™. Gracilaria vermiculophylla was collected in the Kiel Fjord (54°
21°36.8” N, 10° 10’ 44.0” E) during the last days of April / beginning of May 2014 and
transported to Jena in plastic bags with pulp paper moistened with Baltic Sea water. Once in
the laboratory, algae were washed carefully with medium and put into 7 L aquaria filled with
Instant Ocean Medium (Instant Ocean, Blacksburg, Virginia, USA), which was adjusted to
the salinity of the Baltic Sea (14-16 PSU). The aquaria were kept under comparable

conditions as those of C. taxifolia.

9.2. Co-cultivation of microalgae with isolated bacteria — a

metabolomic approach: materials and methods

9.2.1. Growth of §. robusta in co-cultivations with isolated bacteria

S. robusta strain 85A (MT") (BCCM: DCGO0105) under sexual size threshold (SST= 22.4
um ) was obtained from the diatom culture collection of the Belgian Coordinated Collection
of Micro-organisms (BCCM/DCG, http://bccm.belspo.be). Diatoms were inoculated in 250
ml /2 medium in 250 cm? culture flasks (TC Flask T25, Sarstedt®, Niimbrecht, Germany)

at an initial cell density of 10* cells/ml. Axenic cultures were prepared as explained in
Chapter 9.1. Croceibacter sp., Roseovarius sp. and Maribacter sp. were isolated from S.
robusta non axenic cultures of strain 85A. The bacteria were grown in 30 mL of marine
broth medium for three days. Each bacterial strain culture (2 ml) was transferred into a 2 ml
Eppendorf® tube, centrifuged for 3 min. at 6,000 x g, washed three times with minimal
medium (f/2 medium with 5g/1 glucose, 5 ml/l glycerol, 1.5 g/l NH4NOs3) and transferred to
30 ml of minimal medium. After ten days of growth at room temperature, bacteria were
inoculated with the diatoms (initial bacterial cell density = 10* cells/ml, initial diatom cell
density = 10° cells/mL). Each treatment as well as an axenic control was repeated in
triplicate. Diatom growth was followed for 7 days by counting the number of cells using a
Leica DM IL LED inverted light microscope with a LeicaDFC 280 camera system

(Heerbrugg, Switzerland). For each culture flask, 5 pictures were taken and S. robusta cells
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were counted using ImagelJ software (Rasband, 1997). Bacterial growth was followed for
seven days by counting bacteria with a BD Accuri™ C6 Plus flow cytometer and by
measuring the ODgoo with a Genesys™ 10S UV-Vis Spectrophotometer (Thermo Fisher
Scientific, Bremen, Germany). The growth was statistically analyzed by means of a two-
way ANOVA followed by Bonferroni’s multiple comparisons tests were performed using
GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla California USA,

www.graphpad.com).

9.2.2. Sample preparation for endo- and pheromone analysis of S. robusta

After seven days of co-cultivation, S. robusta cells were harvested 3 h after the onset of light
to obtain intracellular samples. Therefore, 250 mL of each culture were filtered through
GF/C filters (o 47 mm) at 650 mbar on Nalgene™ reusable bottle top filters units (Thermo
Fisher Scientific, Bremen, Germany) connected to sterile 500 mL Duran® bottles (Schott,
Jena, Germany). The collected supernatant was stored at 4 °C in the dark until further
filtration and extraction. Two filtrations were done in parallel, each filtration took on average
30 min. Cultures that were not extracted were kept under low light and low temperature
regime (4 °C) to slow down metabolic processes.

After filtration, the still wet filters were immediately transferred to 25 mL glass beakers.
Cells were re-suspended in 2 mL extraction mix (methanol : ethanol : chloroform, 1:3:1, v:
v: v) and transferred to 4 mL glass vials. Samples were vortexed for 60 s and kept at -20°C
until further processing and analysis.

Supernatant was transferred into Nalgene bottles cleaned with ethanol and distilled water.
The bottles were centrifuged for 10 min at 5000 rcf with a Sorvall® Evolution™ RC
Superspeed Centrifuge (Thermo Fisher Scientific, Bremen, Germany). The centrifuged
supernatant was filtered on GF/F filters (@ 47 mm) at 650 mbar Nalgene™ reusable bottle
top filters units (Thermo Fisher Scientific, Bremen, Germany) connected to sterile 500 mL
Duran® bottles (Schott, Jena, Germany). Before extraction, 15 nmol of caffeine dissolved in
methanol (for HPLC, Sigma-Aldrich, Chromasolv®Plus (>99.9%)) were added to each
sample as internal standard. The filtered supernatants were extracted on 60 mg HLB-SPE
cartridges (Oasis®, Waters, Eschborn, Germany) following the manufacturer’s instructions.
Gentle vacuum was applied to the cartridges with a Visiprep" SPE Vacuum Manifold

(Sigma-Aldrich) to have a flow through of ca. 1 drop per second. The cartridges were eluted
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2 times with 1 ml MeOH and the extracts stored at -20 °C until measurement. Medium blanks

were (n=4) were prepare in the same way by extracting sterile f/2 medium.

9.2.3. Endometabolite extraction, derivatization and GC-HR-MS

measurements

Intracellular samples were thawed and vortexed. 1 mL of S. robusta sample and 0.7 mL of
Nannochloropsis sample were transferred into 1.5 mL centrifuge tubes (Eppendorf,
Germany) and 5 pL. of 4 mM aqueous ribitol (>99%, Sigma-Aldrich) were added as internal
standard (IS). Suspensions were treated for 10 min in an ultrasonic bath (VWR™ Ultrasonic
Cleaner), centrifuged (15 min, 30.000 rcf, 4°C), and supernatants were transferred to 1.5 mL
glass vials. Samples were evaporated under a stream of nitrogen and dried under vacuum
overnight to eliminate the excess of water. Samples were then derivatized with
methoxyamine and MSTFA according to Vidoudez and Pohnert (2012). Quality (QC)
samples were prepared by pooling 5ul from each sample and blank samples in one clean
vial.

Samples were run in random order with QC every 5 samples for S. robusta and every 7
samples for Nannochloropsis on a Thermo Scientific™ GC Ultra coupled to a QExactive™
Orbitrap (Thermo Fisher Scientific, Bremen, Germany) equipped with a DB-5ms column
(30 m, 0.25 mm internal diameter, 0.25 um film thickness, 10 m Duraguard pre-column,
Phenomenex®). Helium 5.0 (Linde AG, Pullach, Germany) was used as carrier gas with a
constant flow of 1 ml min'. 1 pL of sample was injected in split mode (split ratio 5 for S.
robusta, 100 for Nannochloropsis). The initial oven temperature of 80 °C was held for 2
min, ramped to 120 °C at 2 °C min’!, then to 250 °C at 5 °C min™! and finally to 320 °C at
10 °C min'!. The final temperature was held for 2 min. The injector temperature was kept at
250 °C during the entire run. All transfer lines were heated at 280 °C, while the ion source
was at 300 °C. Electron-impact ionization was carried out at 70 eV. The scanned mass range
was between 50 m/z and 600 m/z, at a resolution m/Am 120,000 full width at half maximum
(FWHM) (m/z 200), with automatic gain control (ACG) target 3 x 10°, a maximum injection
time (IT) of 200 ms.

Data were acquired and processed with the software Xcalibur™ version 4.0.27.19 (Thermo

Fisher Scientific, Bremen, Germany).
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9.2.4. GC-HR-MS data analysis

Xcalibur™ raw data file were converted to mzXML with the software ProteoWizard v.
3.0.11799 (Chambers et al., 2012) and then uploaded on Workflow4Metabolomics v 3.0

(http://workflow4metabolomics.org/the-galaxy-environment/, Giacomoni et al., 2015), an

online platform implemented in the Galaxy Environment (Afgan et al, 2018) for pre-
processing, analysis and statistics of GC-MS, LC-MS and NMR metabolomics. The GC-MS
analysis is based on the R-package metaMS (Wehrens ef al., 2014). The important values
for features extraction are the following: Full Width at Half Maximum (FWHM) 5, retention
time (RT) difference 0.05 min., minimum features 5, similarity threshold 0.7, minimum class
fraction 0.1, minimum class size 1.

After the analysis, a table with exact masses, retention times and chromatographic area for
each sample was exported for further processing with an in-house R-script (http:/www.R-
project.org/, R Core Team, 2017).

Features were normalized on the internal standard, medium features were deleted from the
table and data were then filtered based on QCs coefficient of variation (CV): only features
with CV <35 % were retained (Begley et al., 2009, Dunn et al., 2011). Finally, data were
normalized on cell densities.

The obtained .csv table was used to perform statistical analysis with MetaboAnalystR
(Chong and Xia, 2018). The data were Pareto scaled to achieve a normal distribution of both
features and samples. PCA was performed to detect grouping and outliers in the samples.
Significant features were selected by looking at PCAs loading plots and at the results of two-
way ANOVA analysis (adjusted p-value (FDR) cutoff = 0.05, FisherLSD post-hoc analysis)
were visualized on heatmaps (distance measure = euclidean, clustering algorithm = Ward).
After statistical analysis, significant features were manually checked in the chromatogram
and identified using the software MS Search (version 2.0 d, NIST) by comparing the spectra
with the following library using: NIST 11 library version (mainlib, replib, nist ri), Golm
Metabolome Database libraries T MSRI ID (http://csbdb.de/csbdb/dload/dl msri.html;
2004) and GMD 20111121 VAR5 ALK MSP (http://gmd.mpimp-
golm.mpg.de/download/; 2011), and an in-house library (175 compounds from several
metabolite classes including algal extracts of Skeletonema marinoi, Vidoudez and Pohnert
2012). Mass spectra were considered identical with a reverse match factor (R Match) >800,
tagged with "?" if the RM was between 800 and 700, with "??" if the RM was between 700
and 600 and “???” if below 600. Metabolites with RM < 700 were indicated as putative.
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9.2.5. SIP" extraction and UHPLC-HR-MS targeted analysis

Extracellular samples were analyzed for SIP* detection and relative quantification following
the method described in Moeys et al., (2016). 1 mL sample was transferred into 1.5 mL glass
vials, dried under nitrogen flow and resuspended in 60 uL of UPLC grade water (...).
Randomized samples were analyzed by UHPLC Dionex UltiMate® 3000 (Thermo Fisher
Scientific, Dreieich, Germany), coupled to an ESI-Orbitrap MS Q-Exactive Plus (Thermo
Fisher Scientific, Dreieich, Germany).

Liquid chromatography was done with a Kinetex® CI18 column (2.1 x 50 mm, 1.7 um,
Phenomenex, Torrance, CA, USA). The composition of the mobile phase was set to 100%
A (0.1% formic acid and 2% acetonitrile in water) for 0.2 min and ramped to 100% B (0.1%
formic acid in acetonitrile) in a linear gradient within 7.8 min. The solvent composition was
held at 100% B for 1 min, returned to 100% A in 0.1 min and held at 100% A for 0.9 min.
The flow rate was adjusted to 0.4 ml min ™.

Ionization was performed in positive-negative switch mode with a spray voltage of -3.3 kV
and a capillary temperature of 360 °C. The sheath gas flow rate was kept at 60 arbitrary units.
Nitrogen was used as desolvation gas. The scanned mass range was between m/z 100 and
1,500, at resolution m/Am 280,000 (m/z 200) with automatic gain control (ACQG) target 3 x
10°, a maximum injection time (IT) of 200 ms.

MS? experiments were performed by fragmenting the precursor pseudomolecular ion [M-
H] =842.20 m/z with the following settings: collision energy of 20 eV, resolution m/Am
17,500 (m/z 200), with automatic gain control (ACG) target 3 x 10°, a maximum injection
time (IT) of 200 ms.)

The peak area of both SIP* and internal standard were determined with the function Quan
Browser included in the software Xcalibur™ version 3.0.63 (Thermo Fisher Scientific,
Bremen, Germany) and the software Microsoft Office Excel (Microsoft®, USA). All results
were normalized to the number of diatom cells. T-tests and one factor ANOV A with multiple
comparisons and Bonferroni’s correction were performed with the excel macro Real
Statistics Resource Pack software (Release 5.4, copyright (2013 — 2018) Charles Zaiontz.

www.real-statistics.com).
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9.3. Bacterial modulation of sexual efficiency of the diatom

Seminavis robusta: materials and methods

9.3.1. Bioassay to determine the influence of bacteria on sexual reproduction

of S. robusta

5 mL of cultures of S. robusta strains MT" (strain 85A) and MT" (strain 84A) (103 cells/mL),
both axenic and non-axenic below the SST (cell size: MT'< 22.4 um, MT< 23.5 um) were
inoculated in 25 mL /2 medium in 25 cm? culture flasks (TC Flask T25, Sarstedt®,
Niimbrecht, Germany). Unless otherwise mentioned, cultures were grown for five days to a
concentration = 2-10* cells/mL. On the fifth day, the cultures were placed in darkness for 24
h to synchronize the cell cycle of the culture in the G1-phase (Gillard, 2013). After cell-cycle
synchronization, an aliquot of each mating type culture was transferred and mixed in a 24-
well plate (Sarstedt®, Niimbrecht, Germany) giving approximately 2,000 cells per well
(1,000 cells for each mating type). These wells were either used as control or treated with
bacteria obtained by the following procedure. Each bacterial strain culture (2 mL) was
transferred into a 2 mL Eppendorf® tube, centrifuged for 3 min. at 6,000 x g, washed three
times with minimal medium (f/2 medium with 5g/l glucose, 5 mL/l glycerol, 1.5 g/l
NH4NO3) and transferred to 30 mL of minimal medium. After ten days of growth at room
temperature, different volumes of bacterial cultures were diluted and added to each well
containing the algae in order to reach a final OD of 0.005, 0.01, 0.05, and 0.1. For the spent
medium bioassays, bacterial cells were filtered on a 0.2 pm filter before adding the filtrate
(spent medium) to the wells. When necessary, each well was filled up to 1.5 mL with fresh
/2 medium. Each condition was repeated in triplicate. The well-plates were placed at 15°C
and 35 pmol.m2.s™! photons and the mating efficiency was established after 24h incubation
by counting the number of non-mating cells, mating cells, gametes/zygotes, auxospores
using a Leica DM IL LED inverted light microscope with a Leica DFC 280 camera system
(Heerbrugg, Switzerland). For each well 9 pictures (approx. 100 cells per picture) were

taken and cells were counted using Imagel software (Rasband, 1997).

9.3.2. Targeted analysis of degradation of natural diproline

Strains 84A and 85A of S. robusta were grown for five days and subsequently dark-

synchronized in G1-phase of the cell cycle as described above. After 24 hours of darkness,
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cultures of the two mating types were mixed, placed in the darkness for 10 additional hours
and then exposed to light. To check diproline concentration, the cultures were extracted at
different time points after the onset of light (6h, 10h, 13h, 24h) and for each time point two
different conditions were tested (axenic versus non-axenic cultures, cell density for both
conditions = 5-104 cells/mL, n=3). The cultures were extracted on 60 mg HLB-SPE
cartridges (Oasis®, Waters, Eschborn, Germany) following the manufacturer’s instructions.
The cartridges were eluted 3 times with 0.5 mL MeOH, the eluate was evaporated to dryness
under a stream of nitrogen and dissolved in 50 pl MeOH. 15nmol of caffeine dissolved in
methanol were added to each sample as internal standard. Samples were stored at -20 °C
until measurement by GC/MS. In order to exclude degradation of diproline by diatoms, we
performed a similar, independent experiment: 6h after the onset of light, 12 cultures (3 for
each time point, diatom cell density = 5-103 cells/mL) were sterile filtered on GF/D grade
microfiber filters (1.2 um pore size, Whatman, Maidstone, United Kingdom) to obtain a
bacteria-rich, diatom cells-free culture medium containing naturally produced diproline.
Then we performed extraction at the same time point as the previous experiment, following

the above mentioned procedure.

9.3.3. Degradation of synthetic diproline by isolated bacterial strains

Roseovarius sp., Maribacter sp., Croceibacter sp. and Marinobacter sp. strains were grown
in Difco™ Marine Broth at room temperature for three days, to an OD of 1.0-1.2. 30 mL of
each culture were centrifuged for 3 min at 6,000 x g, washed three times with f/2 medium,
diluted to reach an OD = 0.1-0.3 and then transferred to 30 mL of {/2 medium (n=3). After
one night at room temperature, synthetic racemic mixture of diproline (prepared following
the protocol of Lembke et al., (2018)) was added to a final concentration of 300 nM and
incubated for 72 h.

In the second experiment, 2 mL of each culture were transferred into a 2 mL Eppendorf®
tube, centrifuged for 3 min at 6,000 x g, washed three times with minimal medium (f/2
medium with 5 g/l glucose, 5 mL/1 glycerol, 1.5 g/l NH4NO3), diluted and transferred to 30
mL of minimal medium (n=3). After ten days of growth at room temperature, synthetic
diproline was added to a final concentration of 300 nM and incubated for 72 h.

For both experiments, bacteria were removed by centrifugation (3 min at 6,000 x g) and

filtration using a 2 um syringe filter (Sartorius). The sterile supernatant was extracted on
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SPE cartridges following the protocol mentioned in the previous section and samples were

store at -20 °C until measurements.

9.3.4. GC-MS measurements of diproline

Diproline was quantified following the method of Gillard (2013). 1ul of the extract was
submitted to analysis on an ISQ Trace GC Ultra GC/MS system (Thermo Fisher, Dreieich,
Germany) equipped with a 0.25um x 0.25 mm x 30 m DB-5MS + DG column (Agilent,
Boblingen, Germany). Helium 5.0 (Linde AG, Pullach, Germany) was used as carrier gas
with a constant flow of 1.2 mLmin. The split ratio was 1:8. The initial oven temperature of
155 °C was held for 3 min, ramped to 210 °C at 25 °C min’!, then to 255 °C at 7°C min'and
finally to 315 °C at 25 °C min’!. The final temperature was held for 3 min. The injector
temperature was kept at 300 °C during the entire run. The scanned mass range was between
50 m/z and 400 m/z with a scan rate of 0.5 scans sec'and an inter-scan delay of 0.04 sec.

Electron-impact ionization was carried out at 70 eV.

9.3.5. Data analysis, statistics and quantification

For growth curves of S. robusta and mating efficiency tests, pictures were taken on an
inverted microscope and analyzed with the program ImageJ (Rasband, 1997) using an in-
house-built macro that automatically counts vegetative cells. The results were previously
compared to manual cell counts to check accuracy and reproducibility. For GC-MS and
UPLC-MS measurements, the peak area of both diproline and internal standard were
determined with the function Quan Browser included in the software Xcalibur™ version
3.0.63 (Thermo Fisher Scientific, Bremen, Germany) and the software Microsoft Office
Excel (Microsoft®, USA). All results were normalized to the number of diatom cells.

Two-way ANOVA followed by Bonferroni’s multiple comparisons tests were performed
using GraphPad Prism version 7.00 for Windows(GraphPad Software, La Jolla California

USA, www.graphpad.com). T-tests were done with the excel macro Real Statistics Resource

Pack software (Release 5.4, copyright (2013 — 2018) Charles Zaiontz. www.real-

statistics.com).
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9.4 Molecular insights into bacterial effect on sexual reproduction

of Seminavis robusta: materials and methods

9.4.1 Cultivation of S. robusta and associated bacteria

S. robusta strains 85A (MT+) (BCCM: DCGO0105) and 84A (MT-) (BCCM: DCGO0104)
were obtained from the diatom culture collection of the Belgian Coordinated Collection of
Micro-organisms (BCCM/DCG, http://bcem.belspo.be). Cultures of both mating types were
grown separately under a 12h:12h dark/light regime (cool white light at an intensity of 50
pmol m-2 s-1) at 18°C in Guillard’s f/2 medium. This medium was prepared by autoclaving
34.5 g/l Tropic Marin® BIO-ACTIF sea salt (Tropic Marin®, Wartenberg, Germany) and
supplementing it with 20 ml/l Guillard's (f/2) Marine Water Enrichment Solution (Sigma-
Aldrich). Axenic cultures were prepared following chapter 9.1.

Stock cultures of Roseovarius sp. and Maribacter sp. isolated from S. robusta were grown
in Difco™ Marine Broth medium at room temperature for three days before the experiment.
Then 25 ml of the bacterial culture was transferred to a 50 ml Falcon tube, centrifuged for 3
min. at 6,000 x g, washed three times with minimal medium (F/2 medium with 5 g/l glucose,
5 ml/l glycerol, 1.5 g/l NH4NO3) and transferred to 500 ml of minimal medium. The cultures
were grown for 10 days at room temperature until they reached an OD600 = 0.1 (measured
with a Shimadzu® UV-1601 spectrophotometer) before being sterile-filtered to harvest

sterile bacterial spent medium.

9.4.2 Harvesting of MT" medium

S. robusta strain 85A (MT+) was grown at 18°C in CELLSTAR® Standard Cell Culture
Flasks with a 175 cm2 surface area, filled with 200 mL Guillard’s F/2 medium under 12h:12h
dark:light regime (50 pumol m-2 s-1 photons of cool white light). As a proxy for the biomass
in the flasks, we measured the minimum fluorescence value (F0) after 15 minutes of dark-
adaptation. Pulse-Amplitude-Modulation (PAM) fluorimetry measurements were performed
using a MAXI Imaging PAM Fluorimeter, M-series (Waltz, Effeltrich, Germany), equipped
with an IMAG-K4 camera and mounted with an IMAG-MAX/F filter. FO was measured
using the following software settings: intensity 7, gain 3 and damping 2. When the culture
reached an FO-value of = 0.35, the medium was harvested, sterile-filtered using GF/F filters
(o 47 mm) on NalgeneTM reusable bottle top filters units (Thermo Fisher Scientific,

Bremen, Germany) connected to sterile 250 mL Duran® bottles (Schott, Jena, Germany),
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aliquoted in 50 mL Falcon tubes and stored at -20°C until usage. In total, 12 culture flasks

(2,4 L SIP+-containing medium) were harvested.

9.4.3 Induction of sexuality in S. robusta and treatment with bacterial

medium

S. robusta strain 84A (MT") was grown at 18°C in CELLSTAR® Standard Cell Culture
Flasks with a 175 cm2 surface area, filled with 200 mL Guillard’s /2 medium under 12h:12h
dark:light regime (50 umol m-2 s-1 photons of cool white light). For biomass assessment,
we measured the minimal fluorescence value (F0) after 15 minutes of dark adaptation, as
described above. Once the cultures reached an FO-value of =0.3, the culture medium was
renewed and the flasks were placed in complete darkness at 18°C for 24h to synchronize the
cell cycle in G1-phase (Moeys ef al., 2016). After 21h of darkness, sexuality was induced in
MT" cultures by removing 20 mL medium and replacing it with 20 mL SIP*-containing
medium to end up with a final dilution of 1:10 SIP". Also after 21h of darkness, bacterial
spent medium was added to the flasks, diluted to a volume equivalent to the volume of a full
bacterial culture at OD600=0.05, the cell density at which the effects on sexual reproduction
of these bacteria were shown (Chapter 4). Addition of SIP* and/or bacterial spent medium
was done in a dark room to prevent progression through the cell cycle. Control cultures,
where no SIP" or bacterial spent medium was added, were also moved to the dark room and
back to avoid any differences in light treatment between control and treatment cultures. After
addition of SIP" and/or bacterial spent medium, the cultures were placed in complete
darkness at 18°C for another 3h before the light was switched on (50 umol m™ s™! photons).
All six treatments (control, SIP"-treated, Roseovarius sp. -treated, Maribacter sp.-treated,
SIP™ + Roseovarius sp.-treated and SIP™ + Maribacter sp.-treated) were cultured and

harvested in five replicates.

9.4.4 Cell harvesting for RNA extraction

After 10h of light, 150 mL of the medium was poured over a GF/C filter (¢ 47 mm) at 650
mbar on NalgeneTM reusable bottle top filters units (Thermo Fisher Scientific, Bremen,
Germany) connected to sterile 250 mL Duran® bottles (Schott, Jena, Germany) without
disturbing the cells. The filtrate was used for exometabolome extraction. The cells were then
scraped from the surface of the culture flasks using a cell scraper and homogenized in the

remaining medium (50 mL) by shaking. 10 mL of the cell suspension was used for flow
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cytometry analysis, while the remaining 40 mL of the suspension was used for RNA

extraction.

9.4.5 Cell cycle analysis using flow cytometry

Of each harvested culture, 10 mL was isolated in a 15 mL falcon. The samples were
centrifuged for 5 minutes at 2000 rcf. The cells were fixated by resuspending the pellet in
10 mL ice cold 75% ethanol. Samples were stored in the dark at 4°C until analysis.

Fixated cultures were centrifuged for 5 minutes at 3000 rpm, after which the supernatant was
replaced with 2 mL ice cold 75% ethanol. ImL of each sample was transferred to a 1.5mL
tube and washed 3 times with PBS buffer to remove all remaining ethanol. The fixed cells
were treated with 1pug/mL RNAse A for 20 min at 37 °C and afterwards stained with SYBR
green (1x concentration, Life Technologies) in the dark for 20 min.

Samples were filtered through a cell strainer with pore size of 70 um before feeding into the
flow cytometer. Flow cytometry was carried out on a Bio-Rad S3e cell sorter (Bio-Rad
Laboratories, Inc, Hercules, California), collecting 10 000 for each sample and gating in the
FSC and SSC channel. An unstained control sample was run first to localize the cell
population. After running the samples, G1 and G2 peaks were visually selected using ProSort
1.5 (Bio-Rad Laboratories, Inc.).

Data analysis was carried out in R (v3.4.3, http://www.R-project.org/, R Core team, 2017).
Since the data is proportional in nature, we adopted a generalized linear model with binomial
distribution and logit link using the R glm function to assess significance for the effect of
SIP and bacterial exudates. Post-hoc tests comparing all combinations of treatments were
carried out using the glht function from the Multcomp package (Hothorn, Bretz and Westfall,
2008).

9.4.6 RNA extraction and quality assessment

The cells for RNA extraction (40 mL suspension, see above) were harvested by filtration
over a Versapor filter (3 pm pore size, 25mm diameter, PALL). Immediately after filtration,
the filters were put in Eppendorf tubes, flash-frozen in liquid nitrogen and stored at -80°C
until RNA extraction.

RNA was extracted from all samples (6 treatments, 5 replicates each) using the RNeasy®
Plant Mini Kit (Qiagen). First, 1 ml RLT buffer and 10 ul B-mercaptoethanol were added to

the Eppendorf tube containing the frozen filter. The cells were removed from the filter by
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pipetting up and down and using the pipet tip to scrape the filter. The filter was removed and
silicon carbide beads (1 mm, BioSpec) were added to the Eppendorf tube. The cells were
lysed by silicon carbide beads beating on a beating mill (Retsch, 3 x 1 min. at frequency 20
Hz, with 30 sec. on ice in between each run). The lysate was then transferred to a
QIAshredder spin column (RNeasy® kit) and the manufacturer’s instructions were followed
from there. An on-column DNase treatment was performed using the RNase-free DNase set
(Qiagen) according to the manufacturer’s instructions.

RNA quality was evaluated by spectrophotometry (Nanodrop™) and Bioanalyzer (Agilent
Technologies). For each treatment, the three replicates with the highest quality (high
260/230- and 280/260 ratio’s and high RIN-value) were selected for library preparation and

sequencing.

9.4.7 RNA sequencing and transcriptomic analysis

The 18 sequencing libraries were prepared using Illumina® TruSeq Stranded mRNA kit.
The libraries were sequenced (2x75 bp) in one [llumina® NextSeq 500 H150 run. Library
preparation and sequencing were performed by VIB Nucleomics Core (VIB, Leuven).

Paired-end reads were quality-trimmed using FastQ Quality Filter from the FastX Toolkit v.
0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/index.html) using the following settings: -q
28, -p 30. Using the Salmon software tool in quasi-mapping mode (Patro et al., 2017), the
quality-trimmed reads were mapped to an annotated genes model assembly of S. robusta. To
generate the annotated assembly, Illumina paired-end reads and PacBio long reads were
combined in a hybrid assembly approach and gene models were annotated using expression
data as training for the BRAKER1 (Hoff et al., 2016) pipeline. Next, functional annotations
for the Seminavis robusta gene models were determined using three different strategies: 1)
InterProScan v5.3 (Jones et al., 2014) was run to scan protein sequences for matches against
the InterPro protein signature databases; 11) eggNOG-mapper (Huerta-Cepas et al., 2017)
was executed with DIAMOND mapping mode, based on eggNOG 4.5 orthology data
(Huerta-Cepas et al., 2016); iii) AnnoMine (Vandepoele et al., 2013) was employed to
retrieve consensus gene functional annotation from protein similarity searches (using
DIAMOND v0.9.9.110 maximum (Buchfink et al., 2015), e-value 10e-05 against Swiss-Prot
(Bairoch and Apweiler, 2000) database). Gene Ontology terms were retrieved from the

results of the eggNOG-mapper.
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The transcript-level abundances generated with Salmon were imported into R (v.3.4.4) and
aggregated to gene level counts using the tximport package (Soneson, Love and Robinson
2015). Genes with low overall counts (counts-per-million (CPM) < 1 in at least three
samples) were removed from the libraries because they have little power for detecting
differential expression. Differences in sequencing depth and RNA population were corrected
using a weighted trimmed mean of the log expression ratios (TMM) normalization
(Robinson and Oshlack, 2010). Preliminary differences between expression profiles of
different samples were explored with multi-dimensional scaling (MDS) plots based on the
top 500 genes, generated using the plotMDS function included in the EdgeR package.
Differential expression (DE) analysis was performed using the R package edgeR 3.20.9
(Robinson et al., 2010). Negative binomial generalized linear models (GLMs) were fitted to
model read counts for each gene in each sample and a dispersion parameter which accounts
for variability between biological replicates was calculated (Lun et al., 2016). For
differential expression analysis, 9 comparisons (contrasts) were defined (SIP vs C, M vs C,
R vs C, SIP+M vs SIP, SIP+R vs SIP, SIP+R vs R, SIP+M vs M, SIP+M vs SIP+R, see Fig
1 for experimental setup). A gene was considered differentially expressed if the false
discovery rate (FDR) adjusted p-values were below 0.01 and the absolute log2 fold-change
(LFC) was equal or greater than 1. To confirm GTP specificity of the putative guanylate
cyclases, a multiple sequence alignment was carried out in MEGA 7 (Kumar, Stecher and
Tamura, 2016) to check the presence of guanylate cyclase specific motifs (Winger ef al.,
2008).

For genes differentially expressed in one specific contrast, Gene Ontology enrichment for
single comparisons was determined using a gene set enrichment approach (GSEA) as
implemented in CAMERA (Wu and Smyth, 2012), included in the R package limma v.3.34.9
(Ritchie et al., 2015). Redundant GO terms were removed using REVIGO
(http://revigo.irb.hr/, Supek ef al., 2011) using a low similarity value of 0.5. GO enrichment
of genes that were differentially expressed in multiple contrasts was performed using
Fisher’s exact test and the ‘weight’ algorithm for GO group scoring as implemented in
TopGO (Alexa and Rahnenfuhrer, 2018). Venn Diagrams were generated with the R
package VennDiagram v. 1.6.20 and with the web based application Venny v. 2.1 (Oliveros,
2007-2015, http://bioinfogp.cnb.csic.es/tools/venny/index.html).


http://bioinfogp.cnb.csic.es/tools/venny/index.html

Materials and methods 142

9.4.8 Exometabolome extraction

150 mL of filtered medium from each culture flasks was transferred to sterile and cleaned
250 mL Erlenmeyer flasks, which were covered immediately with aluminum foil and cooled
down to 4 °C before solid phase extraction. Roseovarius sp. and Maribacter sp. spent
medium (n=4, diluted to an equivalent OD600=0.05 with minimal medium) were prepared
and stored in the same way. Before extraction, 15 nmol of caffeine dissolved in methanol
(HPLC grade, Sigma-Aldrich, Chromasolv®Plus (>99.9%)) were added to each sample as
an internal standard. The medium was extracted on 60 mg Oasis® HLB-SPE cartridges
(Waters, Eschborn, Germany), following the manufacturer’s instructions. Gentle vacuum
was applied to the cartridges with a Visiprep™ SPE Vacuum Manifold (Sigma-Aldrich) to
have a flow-through of ca. 1 drop per second. The cartridges were eluted three times with 1
mL of methanol. The 3 ml of eluate were stored in 4 mL vial glass at —80 °C until further
analysis. Medium blanks (n=3) were prepare in the same way by extracting sterile F/2
medium. 1.5 ml of the eluate from each sample was transferred to a clean vial, evaporated
under a stream of nitrogen and dissolved in 50 ul of methanol. Two quality control (QC)

samples were prepared by pooling Sul from each sample in one clean vial.

9.4.9 UHPLC-MS measurements

After randomizing the order of the samples and including QC samples every 7 samples, 5 ul
of each sample were analyzed by UHPLC Dionex UltiMate® 3000 (Thermo Fisher
Scientific, Dreieich, Germany), coupled to an ESI-Orbitrap MS Q-Exactive Plus (Thermo
Fisher Scientific, Dreieich, Germany).

Liquid chromatography was performed on an Accucore® CI18 column (2.1 %X 100 mm,
2.6 um particle size, Thermo Scientific, Dreieich, Germany). The composition of the mobile
phase was set to 100% A (0.1% HCOOH and 2% ACN in H>O) for 0.2 min and ramped to
100% B (0.1% HCOOH in ACN) in a linear gradient within 9 min. The solvent composition
was held at 100% B for 4 min, returned to 100% A in 0.1 min and held at 100% A for 0.9 min.
The flow rate ramped from 0.4 ml min~' to 0.7 ml min™! from 0.5 min to 13.5 min.
Ionization was performed with a spray voltage of 3 kV and a capillary temperature of 360 °C.
Nitrogen was used as desolvation gas.

For monitoring, the scanned mass range was between 100 and 1 500 m/z, at a resolution
m/Am 280 000 full width at half maximum (FWHM) (m/z 200) in positive mode, with

automatic gain control (ACG) target 3 x 10°, a maximum injection time (IT) of 200 ms.
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For compound identification, full-scan MS/data dependent MS/MS (ddMS?) experiment was
performed on QC samples. Each experiment was composed of one full MS and up to five
ddMS?. The five ions with the most intense signal detected in the full MS scan (intensity
threshold 1.6x 10°) produced a specific MS/MS spectrum. For full MS, the settings were the
ones described above, while for the data dependent MS/MS the settings were the following:
positive mode with a resolution of m/Am 35 000 and an ACG target 1 x 10°, a maximum IT
of 50 ms, a stepped normalized collision energy (NCE, 15, 30, 45), an isolation window of
0.4 m/z.

All data was acquired and processed with the software Xcalibur™ version 3.0.63 (Thermo

Fisher Scientific, Bremen, Germany).

9.4.10LC-HR-MS data analysis

Xcalibur™ raw data file were imported into Thermo Compound Discoverer 2.1.0.398
(Thermo Fisher Scientific, Bremen, Germany) and analyzed following a standard pipeline
for untargeted metabolomics for high resolution spectra. The important values for features
extraction are the following: precursor ion deviation 5 ppm, maximum retention time shift
0.5 min., signal to noise threshold (S/N) 3, minimum peak intensity for peak selection 1 X
10° au, retention time shift for grouping 0.5 min., relative intensity tolerance for isotope
search 30%. The exact masses of unknown compounds found in the samples were compared
to online databases (PubChem, ChemSpider, mzCloud) and to an in-house library of 650
natural compounds (mass tolerance = 5 ppm) for identification.

After the analysis, a table with putative compound names and the molecular formula, exact
masses, retention times and chromatographic area for each sample was exported for further
processing. All features found in the medium blank samples were removed from the samples.
Data were then filtered based on QCs coefficient of variation (CV): only features with CV
< 20% were retained (Dunn et al., 2011).

Finally, data were normalized on diatom cell densities and Pareto scaled to obtain normally
distributed data. The obtained .csv Table was used to perform statistical analysis with
MetaboAnalystR (Chong and Xia, 2018). PCA was performed to detect grouping and
outliers in the samples. Significant features were selected from the results of two-way
ANOVA analysis (FDR adjusted p-value cutoff = 0.05, FisherLSD post-hoc analysis), which

were visualized by heatmaps (distance measure = euclidean, clustering algorithm = Ward).
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After statistical analysis, significant features were selected in the Thermo Compound
Discoverer molecule list and exported to SIRIUS v. 4.0 (Bocker et al., 2008) to confirm
features identity. Defaults settings for Orbitrap High Resolution Mass Spectrometry were
used (ppm=5), choosing all the possible adducts as candidates. CSI:FingerID (Diihrkop et

al., 2015) was used for compound structure evaluation, using a PubMed as spectral database.

9.4.110xylipins measurements

Targeted detection of oxylipins was based on a method by Rettner et al., (2018). Briefly,
measurements were performed on a Shimadzu® LC-20AD HPLC equipped with a
Shimadzu® SIL-20AC autoinjector (Shimadzu, Kyoto, JP) and coupled with a QTrap® 5500
(ABSciex, Framingham, MA). The column used was a BEH® C18 (2.1x100 mm, 1.7 um,
130 A, Aquity, Milford, US) kept at 50 °C (ThermaSphere TS-130; Phenomenex, Torrance,
CA).

The QTrap 5500 was operated in negative ionization mode only using scheduled or
unscheduled multiple reaction monitoring (MRM). The scheduled MRM window was 60 s,
and each oxylipin parameter was optimized individually (CE, EP, DP, CXP). The
investigated oxylipins are the same analyzed by Rettner ef al. (2018). Following instrument
settings were used: curtain gas 35, collision gas medium (MRM); ion spray voltage -4000,
temperature 500 °C, ion source gas 1 and 2 40. Solvent used were A: 100 % H>0 + 0.01 %
CH3COOH and B: 100 % CH3OH + 0.01 % CH3COOH with a solvent flow 0.3 ml*min -1.
Injection volumes 10 uL. The gradient started at 42% B, ramped at 86% B at 12.5 min, then
98% B at 15.5 min, returned to 42% B in 0.5 min and re-equilibrated for 1 min. Manual
integration of corresponding peaks were enabled by Analyst software version 1.6. To
confirm their presence in all samples, arachidonic acid and 15-HETE
(Hydorxyeicosatetraenoic acid) were additionally measured in negative mode on a UHPLC
Dionex UltiMate® 3000 (Thermo Fisher Scientific, Dreieich, Germany), coupled to an ESI-
Orbitrap MS Q-Exactive Plus (Thermo Fisher Scientific, Dreieich, Germany), following the
method mentioned in the previous paragraph. Identity of the compounds was confirmed by

comparison with an external standard.

GC-MS measurements and quantification of diproline
Diproline analysis and quantification were performed in the same way as explained in par.

9.3.4and 9.3.5.
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9.5. From ecology to applied research: effect of bacteria on a

commercial microalga: materials and methods

9.5.1. Nannochloropsis sp. cultivation and co-cultivation with isolated

bacteria from S. robusta

The microalga Nannochloropsis sp., strain CCAP211/78 was obtained from the Culture
Collection of Algae and Protozoa (CCAP, United Kingdom). It was cultivated in 100 ml of
saline medium (Fret ez al., 2017) in 250 cm? culture flasks (Greiner bio-one) in a cultivation
chamber at 20°C. The light irradiation was 70 pmol - m-2 - s-1 and applied from cool
fluorescent light source in day-night cycles of 16:8. The cultures were agitated twice a day
to avoid precipitation of algal cells.

Poisedonocella sp. was isolated as described in Giraldo et al., (under submission). It was
grown in 50 mL saline medium enriched with 20 mM of glucose in 100 mL flasks (Greiner
bio-one).

Croceibacter sp., Roseovarius sp. and Maribacter sp. isolated from S. robusta were grown
in 30 mL of marine broth medium for three days. Afterwards, the cultures were transferred
to 50 mL Falcon tubes, centrifuged for 3 min. at 6,000 x g, washed three times with 10 mL
minimal medium (f/2 medium with 5g/1 glucose, 5 ml/l glycerol, 1.5 g/l NH4NO3) and
transferred to 100 mL of minimal medium in 250 cm? culture flasks (TC Flask T25,
Sarstedt®, Niimbrecht, Germany). After ten days of growth at room temperature bacteria
reached an OD600 of =0.3-0.4 and were ready for inoculation.

Nannochloropsis sp. (initial ODe30=0.620+0.050) was inoculated with Poseidonocella,
Roseovarius sp. and Maribacter sp. to reach a final ODesoo=0.1 for each strain. Six co-
cultivation were established: Nannochloropsis sp. + Poseidonocella sp., Nannochloropsis
sp. + Roseovarius sp., Nannochloropsis sp. + Maribacter sp., Nannochloropsis sp. +
Poseidonocella sp. + Maribacter sp. (N+P+M) and Nannochloropsis sp. + Poseidonocella
sp., + Roseovarius sp. (N+P+R). Each treatment was repeated in triplicates.

The growth of Nannochloropsis sp. was estimated by daily measurements of ODs3o
(maximum chlorophyll concentration, Kandilian et al., 2013) and OD7s0 (total algae
biomass, Griffiths et al., 2011) during 7 days using a Cary 50 UV-Visible spectrophotometer
(Agilent Technologies).

The growth at both wavelength was statistically analyzed by means of a two-way ANOVA

followed by Bonferroni’s multiple comparisons tests were performed using GraphPad Prism
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version 7.00 for Windows (GraphPad Software, La Jolla California USA,

www.graphpad.com).

9.5.2. Sample preparation for endometabolomics of Nannochloropsis sp.

After seven days of co-cultivation, Nannochloropsis co-cultivation were extracted. 45 mL
of each cultures were transferred to a 50 mL Falcon tubes and centrifuged in a Sigma® 4K15
centrifuge at 3500 rcf for 15 min. Afterwards, the supernatant was discarded and the cell
pellet was immediately frozen in liquid nitrogen and stored at -80 °C until extraction. To
extract the endometabolite, samples were thawed, vortexed and cells were re-suspended in
2 mL extraction mix (methanol : ethanol : chloroform, 1:3:1, v: v: v) and transferred to 4 mL
glass vials. Samples were vortexed for 60 s and kept at -20°C until further processing and

analysis.

9.5.3. Extraction, derivatization, GC-HR-MS measurements and data analysis

GC-HR-MS sample preparation, measurements and data analysis were done as explained in

par.9.2.3-9.2.5.

9.5.4. Nannochloropsis sp. biofilm formation assay

Biofilm formation assays were performed in flat bottomed 96-well plates (Sarstedt) that were
inoculated with Nannochloropsis sp. and different bacteria. Each well was inoculated with
150 pL of algae suspension with an ODs30 = 1.50+0.05 and OD75s0 1.40+0.05. Poseidonocella
sp. and Croceibacter sp. were inoculated at a final ODesoo of 0.1, Roseovarius sp. and
Maribacter sp. were inoculated at final ODgoo of 0.1 and 0.01. Spent medium of each
bacterial strain was obtained after centrifuging 5 mL of each bacteria at 5000 rpm for 5
minutes. Supernatants were separated and filtered (0.2 pm Supor® Membrane, PALL®
Acrodisc® 32mm) to obtained sterile supernatant. Sterile supernatant was added to well
plates to reach for each strain an equivalent ODgoo as mentioned before. Volumes were
adjusted to 250 pL with glucose free f/2 medium. In total, 20 treatments were tested in
triplicates (see figure 38 in chapter 6 for experimental setup summary).

Initial absorbance of well plates was measured with a Cytation 3™ plate reader (BioTek®
instruments, Winooski, VT) using Gen5™ software. For each well, average absorbance at

630 nm and 750 nm was calculated from nine equidistant measurements points. Afterwards,
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plates were incubated for 10 days at 20°C, with a light irradiation of 30 umol - m? - s in

day-night cycles of 16:8 h. After the incubation, the medium and non-adherent cells were
removed by manual pipetting and biofilm absorbance was measured at 630 nm and 750 nm
using the same parameter as reported above.

Biofilm absorbance measurements were compared by means of a one-way ANOVA
followed by a Bonferroni post-hoc test for multiple comparisons (p<0.05) using GraphPad
Prism version 7.00 for Windows (GraphPad Software, La Jolla California USA,

www.graphpad.com).

9.6. A SPE based non-disruptive method to investigate macroalgal

surface chemistry: materials and methods

9.6.1. Materials

All reagents used were of analytical grade or superior purity. The absorption material used
was a fully endcapped silica Gel 90 C18 material (pore size 90 A, particle’s dimensions 40-
63 pm, Sigma-Aldrich, Germany). For collection of absorption material, empty 6 mL
polypropylene columns with PE frits (CHROMABOND, Germany) were used. HPLC-grade
methanol and ethanol (Sigma-Aldrich) were used for elution. Standards of fucoxanthin,

canthaxanthin and FAME (fatty acid methyl esters) were purchased from Sigma-Aldrich.

9.6.2. Method development

Before extraction, algae (n=5) were taken out of the tanks and hanged on clamps for ca. 2
minutes, in order to let most of the water drop off. This resulted in wet algal surfaces with
comparable amounts of surface water. Algae should not be blotted dry to avoid removal of
the water in the laminar layer of the thalli. Meanwhile, the C18 absorbing material (0.51 g+
0.01 g, n=5, weighted with a Kern ALJ 220-4 balance) was spread in 58 cm? Petri dishes.
Then 36.5 + 6.5cm? fragments of F. vesiculosus were laid into the petri dishes and, after
closing, the dishes were gently shaken for ca 10 seconds, in order to obtain a full and uniform
coverage of the algal surface with the absorption material (the entire procedure is illustrated
in Figure 41). The extracted surface was determined by taking photos of the algae after the
treatment and analyzing the images with the software ImagelJ (Rasband 1994-2014 ). Due to
the humidity of the algal surfaces C18 material that got into contact with it remained attached

to the surface. The exceeding material remaining in the petri dish (ca. 0.4 g) did not contain
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any detectable surface metabolites (verified by UPLC/MS of blank samples) and could be
discarded. After covering with C18 material, the algae were left for 60 s in the Petri dishes
without moving them. This incubation time was optimized for recovery of fucoxanthin in
several experiments (20 to 300 s). Subsequently, the algae were rinsed with an excess of
artificial sea water to wash off the C18 material. The material was directly collected, with
the help of a plastic funnel, into an empty solid phase extraction (SPE) cartridge to which
vacuum was applied (ca. 550 Torr). The C18 absorption material settles at the bottom of the
cartridge and attention must be paid not to dry the powder. The funnel and the C18 material
were washed three times with 10 mL deionized water, in order to remove salts and to recover
all the C18 material. Metabolites adsorbed on the C18 material were eluted with 3 x 0.5 mL
of MeOH. The extracts were combined and splitted in two equal samples for UPLC-MS and
GC-MS investigations. UPLC-MS samples 200 pL were supplemented with canthaxanthin
(stock solution = 500 nM in MeOH) as internal standard. The extracts were then dried under
a stream of nitrogen. UPLC-MS samples were taken up in 200 pL of methanol and GC-MS
samples in 100 pL of methanol. At this stage samples can be stored at -20°C until further
measurements.

After extraction algae were observed under a confocal light microscope (BX40, Olympus,

Japan) to verify cellular integrity.

9.6.3. UPLC-MS measurements

After solid phase extraction, the samples were analyzed with UPLC-MS and GC-MS. 10
pLof samples were analysed by UHPLC (Waters® ACQUITY UPLC-MS system,
Massachusetts, USA) coupled with a Micromass ® Q-ToF micro ESI-TOF mass
spectrometer. The chromatographic separation was done on a BEH C18 column from Waters
(2.1 mm x 50 mm, particle size 1.7 pum). The eluents were A: water (UPLC-MS grade,
Biosolv) with 0.1% formic acid (v/v) and B: acetonitrile (UPLC-MS grade, Biosolv) with
0.1% formic acid (v/v). The flow rate was 0.6 mL/min and the equilibration time 1 min. The
gradient started with 50 % B and was ramped within 4 min to 100 % B and held for 1.5 min.
As wash step the polarity of the eluent was increased until 6 min (5 % B) and held for 0.5
min. The solvent returned to 50 % B in 1 min. The injection volume was of, by means of an
autosampler. A commercial fucoxanthin standard (5 uM in 100 pL. of MeOH) was used for

identification of the algal metabolite.
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9.6.4. Calibration curve for UPLC-MS measurements

To prepare the external calibration curve (Fig S13) using the ratio of peak areas of
fucoxanthin and cantaxanthin, 0,66 mg of fucoxanthin (purity >95%, Sigma Aldrich©,
Germany) were weighted and dissolved in 10 mL methanol in order to obtain a 100 uM
stock solution. From this stock, several dilutions at different concentration were prepared (1
uM, 750 nM, 500 nM, 250 nM, 100 nM). 10 puL of a 20 pM canthaxanthin (analytical
standard grade, Sigma Aldrich©, Germany) solution in methanol were added to 190 pL of
each sample in order to have a final concentration of 1 uM of canthaxanthin. After this, every

point of the curve was measured 3 times using the UPLC-MS method described above.

9.6.5. GC-MS measurements

Samples used for GC-MS analysis were derivatized as described above. 1ul of sample was
injected in splitless mode (injector temperature = 250 °C) in a Trace GC-ULTRA system
(Thermo Scientific® (Massachussets, USA) coupled to a Thermo Scientific® ISQ EI-mass
spectrometer, equipped with a quadrupole analyzer. The column used was an Agilent®
Durabond DB5SMS (30 m length, 0.250 mm diameter, 0.25 um internal film). Helium 5.0
(Linde AG, Pullach, Germany) was used as carrier gas with a constant flow of 1.2 mL min-
1!. The temperature program started at 60°C (held for 4 min) and was ramped at 15°C min’
'to 300°C (held for 5 min).
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Appendix

Supporting informations chapter 3 — Co-cultivation of microalgae with isolated
bacteria — a metabolomic approach

Supporting informations chapter 4 — Bacterial modulation of sexual efficiency of the
diatom Seminavis robusta
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Figure S1. a) Axenic culture b) non-axenic culture of S. robusta 5 days after inoculation. Formation of
biofilms and bacterial aggregates is absent in axenic cultures compared to non-axenic ones.

Figure S2. Assessment of axenicity with agar plates: 100 pl of non-axenic (left) and axenic (right) cultures
were plated on marine broth agar plates. Cultures were considered axenic when there was no colony formation

after two weeks of growth
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Figure S3. Assessment of axenicity via flow citometry. Upper figures: non axenic cultures; lower figures:
axenic cultures. Cultures were considered axenic if the numbers of events/mL (number of cells) in the gate M2
was below 1% compared to the non-axenic cultures.
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Croceibacter effect
01 0.05 0.01 0.005
Mean |Vanance|Pval Mean |Vanance|Pval Mean |Vanance|Pval Mean |Varance|Pval
82.09%| 1.006%|<0.0001| 72.49%| 0.056%|0.02560| 60.33%| 0.020%|~0.9999| 61.66%| 1.337%|>0.9999
62.61%| 1.337% 62.61%| 1.337% 62.61%| 1.337% 62.61%| 1.337%
4 80%)| 0.077%|001700| 9 87%)| 0017%|<00001| 2 91%| 0.006%|076790| 2 51%| 0.003%|>09999
1.59%| 0 463% 1.59%| 0 463% 1.59%| 0.463% 159%| 0.463%
6.70%| 0.438%|0.01350| 11.63%| 0.020%|0.45400| 14.03%| 0.137%|>0.9999| 17.56%| 0.029%|>0.9999
16.32%| 2.815% 16.32%| 2.815% 16.32%| 2.815% 16.32%| 2.815%
6.41%)| 0.389%|0.00030| 6.01%| 0.042%|0.00020| 22.74%| 0.213%|0.84460| 18.27%| 0.013%|>0.9999
19.48%| 1.528% 19.48%| 1.528% 19.48%)| 1.528% 19.48%)| 1.528%
Roseovarius effect
0D=01 0D=0.05 0D=0.01 0D=0.005
Mean |Vanance|Pval Mean |Vanance|Pval Mean |Vanance|Pval Mean |Varance|Pval
99 24%| 0.004%|<0.0001| 69.01%| 0.195%|0.00460| 63 37%| 0.041%|>09999| 59 55%| 0 003% |0 30980
62 61%)| 0.018% 62 61%| 0.018% 62 61%| 0.018% 62 61%| 0.018%
0.76%)| 0.004%|0.47270| 0.92%| 0.002%|0.80160[ 0.39%| 0.005%|0.12320| 1.16%| 0.011%(>0.9999
1.59%| 0.002% 1.59%| 0.002% 1.59%| 0.002% 159%| 0.002%
0.00%| 0.000% |<0.0001| 11.73%| 0.029%|0.09890| 11.24%| 0.047%|0.05780| 14.61%| 0.019%|>0.9999
16.32%| 0.079% 16.32%| 0.079% 16.32%)| 0.079% 16.32%)| 0.079%
0.00%| 0.000% |<0.0001| 18.35%| 0.206%|>09999| 25.00%| 0.016%|0.02110| 24 68%| 0.035%|0.03120
19.48%| 0.023% 19.48%| 0.023% 19.48%| 0.023% 19.48%| 0.023%
Marinobacter effect
0D=01 0D=005 0D=0.01 0D=0.005
Mean Vanance|Pval Mean Vanance|Pval Mean Vanance|Pval Mean Vanance|Pval
77.47%| 0.219%|0.00500| 69.49%| 0.872%|0.35850| 66.46%| 0.356%|>0.9999
62.61%| 0.018% 62.61%| 0.018% 62.61%| 0.018%
14.00%| 0.076%|<0.0001| 1.44%| 0.012%|>09999| 2 13%| 0.040%|>0.9999
1.59%| 0.002% 1.59%| 0.002% 159%| 0.002%
6.65%| 0.095%)|0.00580, 9.98%| 0.081%|0.09210| 11.90%| 0.175%|0.39710
16.32%| 0.079% 16.32%| 0.079% 16.32%| 0.079%
1.88%)| 0.001%|<0.0001| 19.09%| 0.496%|>0.9999| 19.50%| 0.111%(~0.9999
19.48%| 0.023% 19.48%)| 0.023% 19.48%)| 0.023%
Maribacter effect
0D=0.1 0D=0.05 0D=0.01 0D=0.005
Mean Vanance|Pval Mean Variance|Pval Mean Variance|Pval Mean Variance|Pval
97.49%| 0.001%|<0.0001| 81.84%)| 0.639%|<0.0001 | 86.83%| 0.183%|<0.0001| 62.15%| 0.024%|>0.9999
652.61%)| 0.018% 62.61%| 0.018% 62.61%| 0.018% 62.61%| 0.018%
2.51%)| 0.001%|>0.9999| 8.68%)| 0.354%|0.00530{ 3.27%| 0.003%|>0.9999| 1.35%)| 0.033%|~0.9999
1.59%| 0.002% 1.59%| 0.002% 1.59%| 0.002% 159%| 0.002%
0.00%)| 0.000%|<0.0001] 6.89%)| 0.192%|0.00620] 9.90%| 0.210%]0.07800| 11.90%| 0.016%|0.37270
16.32%| 0.079% 16.32%| 0.079% 16.32%)| 0.079% 16.32%)| 0.079%
0.00%| 0.000%|<0.0001| 2.59%| 0.052%|<0.0001| 0.00%| 0.000%|<0.0001| 24.61%| 0.045%|0.00350
19.48%| 0.023% 19.48%| 0.023% 19.48%| 0.023% 19.48%| 0.023%

ST1: Statistical evaluation of the bacterial effect on S. robusta sexual reproduction efficiency. Two-way

ANOVA, 0=0.05, Bonferroni’s correction for multiple comparisons. Color code as in Figure 1: blue for non-

mating cells, red for mating cells, green for gamets/zygotes, purple for auxospores.



Appendix

Croceibacter spent medium effect
0D=0.05 0D=0.01 0D=0.005
Mean Variance |Pval Mean Varance|Pval Mean Vanance|Pval
7231%| 0.048%|0.00040| 68.27%| 0.160%|0.02110| 64.35%| 0.012%|>0.9999
62 61%| 0018% 62 61%| 0.018% 62 61%| 0.018%
11.06%) 0.030%|<0.0001| 4.01%]| 0.024%|0.04340| 1.15%]| 0.003%|>0.9999
159%| 0.002% 1.59%| 0.002% 1.59%| 0.002%
943%| 0.014%|0.01300| 9.24%| 0.071%|0.01090| 17.56%| 0.026% |>0.9999
16.32%| 0.079% 16.32%| 0.079% 16.32%| 0.079%
720%| 0.004%|0.00020| 18.48%| 0.262%|>09999 | 16.94%| 0.031%|0.70130
19.48%| 0023% 19.48%| 0.023% 19.48%| 0.023%
Roseovarius spent medium effect
0D=0.05 0D=0.01 0D=0.005
Mean Variance [Pval Mean Vanance|Pval Mean Vanance|Pval
63.89%| 0.003%|>0.9999 | 61.45%| 0.016%|094198| 62.89%| 0.034%|0.78100
6261%| 0.018% 62.61%)| 0.018% 652.61%)| 0.018%
109%| 0002%|0.38230| 0.00%| 0.000% |0.00060| 0.00%| 0.000%|0.00060
159%| 0.002% 1.59%| 0.002% 1.59%| 0.002%
1063%| 0.051%|0.07590| 12.64%| 0.040%|037430| 14.56%| 0.118%|=0.9999
16.32%) 0.079% 16.32%| 0.079% 16.32%| 0.079%
24 39%| 0.030%|0.00890| 25.91%| 0.012%|0.00120| 22 .56%| 0.045%|0.11460
1948%| 0023% 19.48%| 0.023% 19 48%| 0.023%
Marinobacter spent medium effect
0D=0.05 0D=0.01 0D=0.005
Mean Variance [Pval Mean ‘ariance |Pval Mean Variance|Pval
7970%| 0.101%|0.00100| 78.10%| 0.119%|0.00222| 63.28%| 0.799%|>0.9999
6261%| 0.018% 62.61%)| 0.018% 652.61%)| 0.018%
924%| 0.001%|<0.0001| 1.78%| 0.003%|>09999| 0.35%| 0.001%|001130
159%| 0002% 159%| 0.002% 1.59%| 0.002%
6.05%| 0.132%|0.00220| 5.81%| 0.000%|0.02266| 14.78%| 0.136%|~09999
16.32%| 0.079% 16.32%| 0.079% 16.32%| 0.079%
501%| 0.033%|0.00200| 14.31%| 0.122%|0.16290| 21.60%| 0.303%|>0.9999
1948%| 0023% 19.48%| 0.023% 19.48%| 0.023%
Maribacter spent medium effect
0D=0.05 0D=0.01 0D=0.005
Mean Variance [Pval Mean Varnance |Pval Mean Vanance|Pval
7977%| 008%|0.00210| 66.11%| 0.325%|~09999| 71.19%| 0.842%|0.13060
6261%| 002% 62.61%| 0.018% 62.61%| 0.018%
475%| 0.10%|0.04770| 0.80%| 0.010%|>0.9999| 0.55%| 0.002%|>0.9999
159%| 000% 1.59%| 0.002% 1.59%| 0.002%
796%| 0.11%[0.02988| 8.72%)| 0.126%|0.09360| 10.37%| 0.402%|024170
16.32%| 008% 16.32%| 0.079% 16.32%| 0.079%
752%| 001%|0.00220| 24.37%| 0.146%|027050| 17.89%| 0.414%|~09999
1948%| 002% 19.48%| 0.023% 19.48%| 0.023%

ST2: Statistical evaluation of bacterial medium effect on S. robusta sexual reproduction efficiency. Two-
way ANOVA, 0=0.05, Bonferroni’s correction for multiple comparisons. Color code as in Figure 1: blue for

non-mating cells, red for mating cells, green for gamets/zygotes, purple for auxospores.



Appendix LXXI

Supporting informations chapter 5 — Molecular insights into the bacterial effect on
sexual reproduction of S. robusta
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Figure S4: Mean-difference plot of log: fold change versus the average log2-count per millions in

different comparisons of different treatments.
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Figure S5: Venn diagrams of up- (a and b) and downregulated (b and ¢) S. robusta genes under bacterial
influence. a) and c) refers to SIP+ induced treatment versus non-induced treatments in presence of Maribacter
sp. medium, b) and d) to SIP+ induced treatment versus non-induced treatments in presence of Roseovarius sp.
medium.
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Figure S6: PCA of exometabolome samples of SIP*-induced cultures and bacteria spent medium. Each
dot represent a sample for each treatment. Red dots are axenic induced cultures, green dots are induced cultures
treated with Maribacter sp. medium, blue dots are induced cultures treated with Roseovarius sp. medium, light
blue dots are spent medium from Roseovarius sp. cultures and light green dots are spent medium from
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Figure S7: PCA of exometabolome samples of non-induced cultures and bacteria spent medium. a) PCA
of axenic control, axenic control + Maribacter sp. spent medium (M) treatment and Maribacter sp. exudates,
b) PCA of axenic control and axenic control + Maribacter sp. spent medium (M) with subtraction of features
from Maribacter sp. exudates, c) PCA of axenic control, axenic control + Roseovarius sp. spent medium (R)
and Roseovarius sp. exudates, d) PCA of axenic control and axenic control + Roseovarius sp. spent medium

(R) with subtraction of features from Roseovarius sp. exudates.
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Maribacter
Roseovarius

MW RT -value Formula

416.15872| 2.815| 8.80E-05|C14H24Ns0s5
151.00894| 3.477| 1.36E-04|C;HsNOS
313.12148| 4.391| 1.24E-04|CgHaNgPs
438.15671| 3.606| 7.33E-07[C1oH6N,06S
414.12825| 4.992| 2.39E-05|C15H1sNeOs
570.21592| 5.854| 9.13E-05[C,4H4201:5;
268.09198| 4.830| 9.99E-05|CyoH;305P
393.19942| 4.995| 1.59E-04|Ci5H,7NsOs
118.06277| 4.995| 1.77E-04|C5H1005
267.0857| 3.742| 7.32E-05
377.17616] 4.995| 1.16E-04
495.24198| 4.083| 1.16E-04[C5;HaaNOsPs
216.03079] 3.556| 1.69E-04[CsH1,0,S
328.10211| 2.950| 1.78E-04|Cy4H21N>03PS
302.06752| 3.040| 6.64E-05|C;1H15N,06P
395.21464| 3.559| 1.66E-04|Ci3H,9N;0;
397.14112| 3.712| 1.74E-04|Cy6H23NsOsS
186.06337| 3.563| 7.95E-05|C;H1oN>04
174.03765| 3.020| 8.06E-05|C¢Hq;N,PS
348.07269| 3.049| 5.01E-06|Ci5HgNgO5
496.14768| 3.060| 1.02E-05|C,;H,qNgO5
435.22069| 4.993| 1.63E-07|CiaH,9No0;
374.02349| 2.969| 6.38E-06[C1,H10N,012
343.09412| 3.030| 3.55E-05|C;;H.;NOGS
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Figure S8: Heatmaps of up- and downregulated exometabolites from Maribacter sp. spent medium and
Roseovarius sp. spent medium. Significance evaluated with a t-Test (¢=0.05), hierarchical clustering is based
on Euclidean distances and using Ward’s method. Red is for upregulated metabolites, blue is for downregulated
metabolites.
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GO ID \GO Function \Genes p-value
Biological function
G0:0048232 |male gamete generation 16|2.40E-06
G0:0007282 |cystoblast division 4/1.80E-05
G0:0030723 |ovarian fusome organization 4/1.80E-05
G0:0048132 |female germ-line stem cell asymmetric division 4/3.00E-05
G0:0010032|meiotic chromosome condensation 3|7.70E-05
G0:0090307 |mitotic spindle assembly 4/1.30E-04
G0:0030037 |actin filament reorganization involved in cell cycle 4/3.80E-04
G0:0070058 [tRNA gene clustering 3|4.10E-04
G0:1901679 |nucleotide transmembrane transport 4|4.80E-04
G0:0010212 |response to ionizing radiation 6/8.40E-04
G0:0048015 |phosphatidylinositol-mediated signaling 4/8.60E-04
G0:0046963 |3'-phosphoadenosine 5'-phosphosulfate transport 3|8.60E-04
G0:0051383 |kinetochore organization 4/1.03E-03
G0:0072530 |purine-containing compound transmembrane transport 4[1.03E-03
G0:0007076 |mitotic chromosome condensation 4[1.42E-03
G0:0000236 | mitotic prometaphase 4/1.66E-03
G0:0072334 |UDP-galactose transmembrane transport 3/1.96E-03
G0:0046079 |dUMP catabolic process 2|2.35E-03
G0:0051495 |positive regulation of cytoskeleton organization 4/3.63E-03
G0:0080168 |abscisic acid transport 2|3.86E-03
G0:0070194 |synaptonemal complex di nbly 2|3.86E-03
G0:0015692 |lead ion transport 2|3.86E-03
G0:0071366 |cellular response to indolebutyric acid stimulus 2|/5.71E-03
G0:1901140 |p-coumaryl alcohol transport 2|5.71E-03
G0:1901141 |regulation of lignin biosynthetic process 2|5.71E-03
G0:0007344 |pronuclear fusion 2|/5.71E-03
G0:0000087 |mitotic M phase 3|7.06E-03
G0:0040016 |embryonic cleavage 2|7.89E-03
G0:0006231 |dTMP biosynthetic process 2|7.89E-03
G0:0031290 |retinal ganglion cell axon guidance 2|7.89E-03
G0:0080180 |2-methylguanosine metabolic process 2|7.89E-03
G0:0007131 |reciprocal meiotic recombination 4/8.90E-03
G0:0031023 |microtubule organizing center organization 7(1.00E-02
G0:0070588 |calcium ion transmembrane transport 5/1.03E-02
G0:0034501 |protein localization to kinetochore 2[1.04E-02
G0:0042344 |indole glucosinolate catabolic process 2[1.04E-02
G0:0071333 |cellular response to glucose stimulus 3[1.18E-02
G0:0000915 |actomyosin contractile ring assembly 2[1.32E-02
G0:0035046 |pronuclear migration 3[1.32E-02
Molecular function
G0:0008017 |microtubule binding 8/1.20E-06
G0:0032027 |myosin light chain binding 4|7.70E-06
G0:0004252 |serine-type endopeptidase activity 8/1.30E-05
G0:0046964 |3'-phosphoadenosine 5'-phosphosulfate transmembrane transporter activity 3|7.00E-04
G0:0004712 |protein serine/threonine/tyrosine kinase... 3/9.50E-04
G0:0005432 |calcium:sodium antiporter activity 2[1.03E-03
G0:0005459 |UDP-galactose transmembrane transporter activity 3/1.60E-03
G0:0008061 |chitin binding 2|2.04E-03
G0:0005272 |sodium channel activity 2|3.35E-03
G0:0016231 |beta-N-acetylglucosaminidase activity 2|3.35E-03
G0:0008843 |endochitinase activity 2|3.35E-03
G0:0004799 |thymidylate synthase activity 2|4.97E-03
G0:0008574 | ATP-dependent microtubule motor activity, plus-end-directed 2|/4.97E-03
G0:0004035 |alkaline phosphatase activity 2|6.87E-03
G0:0004312 |fatty acid synthase activity 3/7.60E-03
G0:0015211 |purine nucleoside transmembrane transporter activity 3|7.60E-03
G0:1901677 |phosphate ion transmembrane transporter activity 5/8.60E-03
G0:0004809 |tRNA (guanine-N2-)-methyltransferase activity 2|9.05E-03
G0:0000146 |microfilament motor activity 2|1.15E-02
Cellular component
G0:0030496 |midbody 13]6.80E-12
G0:0051233 |spindle midzone 7(1.70E-07
G0:0000799 |nuclear condensin complex 3|3.30E-05
G0:0000922 |spindle pole 10|6.10E-05
G0:0005828 |kinetochore microtubule 4/1.00E-04
G0:0005813 |centrosome 11]/1.50E-04
G0:0000778 |condensed nuclear chromosome kinetochore 4/1.90E-04
G0:0032154 |cleavage furrow 3|2.06E-03
G0:0048555 |generative cell nucleus 3|2.59E-03
G0:0000940 |condensed chromosome outer kinetochore 2|5.90E-03
G0:0005694 |chromosome 21|7.49E-03
G0:0010369 |chromocenter 2(1.07E-02
G0:0043528 |tRNA (m2G10) methyltransferase complex 2|1.36E-02
G0:0005618 |cell wall 10]1.37E-02

ST3: Downregulated pathways shared by all SIP*-induced cultures compared to non-induced controls
(SIP vs C, SIP+M vs M, SIP+R vs R).
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GO ID |G0 Function | Genes |p-va|ue
Biological function
G0:0034394 |protein localization to cell surface 2(2.20E-03
G0:0006805 [xenobiotic metabolic process 3[2.90E-03
G0:0042049|cellular acyl-CoA homeostasis 1/6.00E-03
G0:0007225 |patched ligand maturation 1/6.00E-03
G0:0070859 |positive regulation of bile acid biosynthesis 1]1.19E-02
G0:0015864 |pyrimidine nucleoside transport 111.19E-02
Molecular function
G0:0010181 [FMN binding 2|4.40E-04
G0:0015389 |pyrimidine- and adenine-specific:sodium symporter activity 1/5.57E-03
G0:00302438 |cellulose binding 1/5.57E-03
G0:0009976 |[tocopherol cyclase activity 1/5.57E-03
G0:0015390 |purine-specific nucleoside:sodium symporter activity 1/5.57E-03
G0:0016162 [cellulose 1,4-beta-cellobiosidase activity 1/5.57E-03
G0:0008123 [cholesterol 7-alpha-monooxygenase activity 111.11E-02
G0:0008127 [quercetin 2,3-dioxygenase activity 111.11E-02
G0:0004313 [[acyl-carrier-protein] S-acetyltransferase activity 111.11E-02

ST4: Upregulated pathways elicited by Roseovarius sp. medium in SIP*-induced cultures (SIP+R vs

SIP).

GO ID |GO Function |Genes|p-va|ue
Biological function

G0:0006572 |tyrosine catabolic process 2|7.10E-07
G0:0006559 |L-phenylalanine catabolic process 2(1.30E-06
G0:0010188 [response to microbial phytotoxin 1/3.10E-04
G0:0048830 [adventitious root development 113.10E-04
G0:0001560 |regulation of cell growth by extracellular stimulus 116.10E-04
G0:0009684 |indoleacetic acid biosynthetic process 116.10E-04
G0:1902000 |homogentisate catabolic process 1(9.20E-04
G0:0010189 |vitamin E biosynthetic process 1(1.53E-03
G0:0006527 |arginine catabolic process 1(1.84E-03
G0:0046689 [response to mercury ion 1/3.68E-03
G0:0019761 [glucosinolate biosynthetic process 113.68E-03
G0:0006103 [2-oxoglutarate metabolic process 113.99E-03
G0:0042538 |hyperosmotic salinity response 1(3.99E-03
G0:0009064 |glutamine family amino acid metabolic process 2|7.84E-03
G0:0006094 |gluconeogenesis 1(1.13E-02
G0:0004838 [L-tyrosine:2-oxoglutarate aminotransferase activity 113.70E-04
G0:0080108 [S-alkylthiohydroximate lyase activity 113.70E-04
G0:0033855 |nicotianamine aminotransferase activity 1(3.70E-04
G0:0004121 |cystathionine beta-lyase activity 1(1.11E-03
G0:0004334 |fumarylacetoacetase activity 1(1.11E-03

ST5: Downregulated pathways triggered by Roseovarius sp. medium in SIP*-induced cultures (SIP+R

vs SIP).



Appendix

LXXVI

[Gene ID logFC|PValue |FDR EggNogg
5.14[1.64E-073.22E-04 |alcohol dehydrogenase-like protein SE_1777 Alcohol dehydrogenase zinc-binding domain protein
4.79|2.21E-06|1.37E-03 |activated protein kinase catalytic subunit alpha-1 Guanylate cyclase
4.43|1.53E-04| 1.57E-02|Fucoxanthin-chlorophyll a-c binding protein Fucoxanthin chlorophyll a ¢
4.40|2.09E-041.90E-02|Peroxisomal (S)-2-hydroxy-acid oxidase Hydroxyacid oxidase
4.39|3.14E-04| 2.44E-02| UTP--glucose-1-phosphate uridylyltransferase UTP-glucose-1-phosphate uric ase
4.37|4.99E-04|3.12E-02|Receptor-type guanylate cyclase gcy Guanylate cyclase
4.26|7.78E-04|4.22E-02 affinity nitrate transporter 2 Nitrate transporter
4.20|6.22E-04|3.59E-02|Zinc finger -
4.20|7.32E-04|4.02E-02|Phosphoglycolate phosphatase 1A, chloroplastic
4.17)9.83E-04|4.86E-02|of very long chain fatty acids protein elongation of very long chain fatty acids protein
|§ro643 9180330 4.13|2.19E-07| 3.50E-04 |alkenal/one oxidoreductase, chloroplastic NADPh quinone reductase
Sro142_g066260 4.07|1.83E-04)1.75E-02|3-phosphoshikimate 1-carboxyvinyltransferase 3-phosphoshikimate 1-carboxyvinyitransferase
|§01947 9307120 4.04]2.96E-05/6.88E-03|Leukotriene A-4 hydrolase Leukotriene A-4 hydrolase
Sro152_g069350 3.91/2.65E-04|2.19E-02|UPF0187 protein UPF0187 protein
|Sr0335 9120190 3.90{1.91E-04[1.79E-02|AcyH-lipid (9-3 Fatty acid desaturase
|§r01610 9285800 3.90|8.82E-04[4.53E-02|Receptor-type guanylate cyclase gcy Guanylate cyclase
Sro38_g023750 3.89|1.41E-04|1.53E-02|Leucine-rich repeated domain -
3.87|1.36E-04[1.49E-02)- Pfam:aPHC
3.75[1.37E-05|4.35E-03|Uroporphyrinogen decarboxylase Uroporphyrinogen decarboxylase
3.75|1.14E-05|3.97E-03|- LRR receptor-like serine threonine-protein kinase
3.75[3.18E-04[2.45E-02)- |myosin heavy chain kinase
3.73|4.83E-04[3.06E-02|Receptor-type guanylate cyclase gcy Guanylate cyclase
3.69/9.34E-07|7.46E-04|- UbiA prenyltransferase family
3.68|1.99E-05[5.19E-03|- Lipase class 3 family protein
3.66| 1.48E-05|4.40E-03|Il D2 protein One of the two reaction center proteins of photosystem Il (PSIl), D2 is needed for assembly of a stable PSII c
3.66|1.49E-04[1.57E-02|- LRR receptor-like serine threonine-protein kinase
Sro51_chlor_g030040| 3.66|1.98E-04| 1.83E-02|synthase subunit delta, chloroplastic atp synthase
Sro679_g186140 3.58|3.99E-04|2.75E-02|- epimerase dehydratase
}% 9003940 3.57|4.06E-04|2.75E-02 | Tetratricopeptide-like helical domain superfamily -
Sro738_g195240 3.55|4.99E-04|3.12E-02[Short-chain dehydrogenase TIC 32, chloroplastic Short-chain dehydrogenase reductase SDR
}Sr_oQ 9007070 3.54|1.50E-04[1.57E-02|CRAL-TRIO lipid binding domain -
Sro1149_g246610 3.52|1.96E-05/5.18E-03|Chloroplast processing peptidase Mitochondrial inner membrane protease subunit
|Sr0686 9187090 3.51|1.18E-04|1.41E-02|oxooacyl-coA reductase let-767 Oxidoreductase short chain det reductase family
3.50{2.51E-04[2.14E-02| Demethylmenaquinone methyltransferase Methyltransferase
3.50{4.98E-05[9.53E-03 |synthase subunit b, chloroplastic type ATPases consist of two structural domains
3.49|2.07E-041.89E-02|pyrophosphokinase 3, chloroplastic ribose-phosphate pyrophosphokinase
3.48|8.26E-04(4.35E-02|Receptor-type guanylate cyclase gcy Guanylate cyclase
3.47|5.20E-04|3.22E-02| CRAL-TRIO lipid binding domain -
3.47)8.95E-04[4.57E-02|Photoactivated adenylate cyclase subunit alpha Adenylate guanylate Cyclase
3.45[1.02E-04[1.33E-02|- translocon at the inner envelope membrane of chioroplasts 110
Sro940_g222550 3.43/1.07E-04|1.37E-02|- choline binding protein
|§ro41 9025140 3.43|1.52E-04| 1.57E-02|factor IF-2 One of the essential components for the initiation of protein synthesis.
Sro705_g190300 3.43/2.78E-04|2.23E-02|PUB domain -
|§r01 372_g267180 3.39|1.23E-04[1.44E-02|ERI1 exoribonuclease ERI1 exoribonuclease family member 3
Sro37_g023090 3.37|4.91E-04|3.09E-02|- Domain of unknown function (DUF1995)
|Sr01 55_g070580 3.37[1.76E-04|1.70E-02|- Leucine Rich Repeat
3.36|4.88E-05|9.50E-03 |naphthoate octaprenyltransferase UbiA prenyltransferase family
3.36/8.78E-04|4.51E-02|- [Inherit from NOG: Low-co2 inducible protein
3.34|1.11E-04[1.37E-02|- ATP-dependent Clp protease adaptor protein
3.31[1.16E-04[1.41E-02|Ferredoxin—-nitrite reductase, chloroplastic (Fragment) Sulfite reductase
[sro1805 9298740 3.31]1.15E-05| 3.97E-03|3beta-hydroxysteroid-det oxylase isoform Det
|§r01 534 _g280450 3.31|7.04E-05|1.15E-02|- methyltransferase
Sro141_g065740 3.28|9.05E-04|4.59E-02|Basic-leucine zipper domain -
3.28|3.11E-042.44E-02|Sarcosine/dimethylglycine N-methyltransferase Methyltransferase
3.27]9.78E-04[4.86E-02| Type-1 glutamine synthetase I
3.26|1.56E-04[1.58E-02|Divinyl chlorophyllide a 8-vinyl-reductase, chloroplastic Complex | intermediate-associated protein 30 domain containing protein
3.24|7.02E-06{2.99E-03|daunorubicin C-13 ketoreductase DnrU i rogenase reductase Sdr
3.24/6.10E-04|3.56E-02|UPF0187 protein UPF0187 protein
3.22|8.49E-04|4.40E-02|RNA helicase HAS1 atp-dependent rna helicase
3.21|9.36E-04|4.70E-02|EGF-like domain -
3.21]2.10E-055.42E-03 |Branched-chain amino acid aminotransferase hain-amino-acid aminotransferase
3.18]5.66E-05[1.01E-02| TAB2 homolog, chloroplastic Protein of unknown function (DUF 1092)
Sro1234_g254920 3.18|8.30E-04(4.36E-02|Leghemoglobin Lb120 Involved in oxygen transport in the brain.
|Sro773 9200470 3.14/1.66E-05|4.68E-03|Fucoxanthin-chlorophyll a-c binding protein Fucoxanthin chlorophyll a ¢
Sro318_g115910 3.11|5.44E-05| 1.00E-02|- LRR receptor-like serine threonine-protein kinase
Sro38_g023580 3.11/5.01E-04| 3.12E-02|affinity cAMP-specific and IBMX-insensitive 3',5'-cyclic phosphodiesterase |Phosphodiesterase
3.11]1.00E-03|4.91E-02|Receptor-type guanylate cyclase gcy Guanylate cyclase
3.08|3.98E-04|2.75E-02|15-cis-phytoene desaturase, chloroplastic/chromoplastic Desaturase
Sro51_chlor_g030530| 3.08|7.63E-05| 1.18E-02|1l CP43 reaction center protein One of the components of the core antenna complex of photosystem II.
Sro50_g028990 3.07]1.73E-04[1.70E-02|Oligomycin resistance ATP-dependent permease YOR1 |ATP-binding cassette, sub-family C (CFTR MRP), member
3.07|5.96E-04|3.50E-02|ll reaction center protein Z -
3.07|1.40E-04[1.53E-02)- -
3.06|3.20E-04|2.46E-02|Adenylosuccinate synthetase Plays an important role in the de novo pathway and in the salvage pathway of purine nucleotide biosynthesis.
3.05[4.83E-04(3.06E-02|- Intercellular signal essential for a variety of patterning events during development (By similarity)
3.05| 1.46E-04/1.56E-02|2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase 2c-methyl-d-erythritol 2,4-cyclodiphosphate synthase
3.04[4.07E-04[2.75E-02|Histidine--tRNA ligase Histidyl-trna synthetase
3.03|3.39E-04|2.54E-02|- RING
|§ro409 9137260 3.02|4.03E-04|2.75E-02|- Leucine Rich Repeat
Sro357_g125510 3.01/3.49E-04|2.55E-02|Homoserine dehydrogenase homoserine dehydrogenase
3.01)1.28E-04[1.46E-02|bisphosphate carboxylase small chain Ribulose 1,5-bisphosphate carboxylase small subunit
3.00/|2.72E-04|2.20E-02|Peroxisomal (S)-2-hydroxy-acid oxidase Hydroxyacid oxidase
3.00/4.82E-05 9.50E-03]- extracellular solute-binding protein
3.00{9.85E-05/ 1.33E-02|Bacteriochlorophyll synthase 34 kDa chain Chlorophyll synthase
2.99|2.46E-04|2.11E-02|deoxy-D-xylulose 5-phosphate I 1-deoxy-D-xylulose 5-phosphate reducto
Sro659_g182830 2.99|2.67E-04[2.19E-02|UPF0187 protein UPF0187 protein
Sro143_g066760 2.98|5.28E-043.25E-02|CtpA-like serine protease peptidase S41 family protein
|Sr051 chlor_g030210| 2.98|1.28E-04|1.46E-02|ATP synthase subunit beta, chloroplastic (Fragment) Produces ATP from ADP in the presence of a proton gradient across the membrane (By similarity)
}MGA 9208740 2.96/ 1.05E-04/1.36E-02|Protoporphyrinogen oxidase 1, chloroplastic rotoporphyrinogen oxidase
Sro1116_g242910 2.95|1.85E-04|1.75E-02|- -
2.93| 1.00E-03|4.91E-02|Fucoxanthin-chlorophyil a-c binding protein Fucoxanthin chlorophyll a ¢
2.93|6.09E-04|3.56E-02|- Deacetylates O-acetyl-ADP ribose.
2.93|4.19E-04/2.79E-02isochorismatase family protein YddQ Isochorismatase, hydrolase
2.92|1.52E-05/4.42E-03|Sulfite reductase [NADPH] hemoprotein beta-component Sulfite reductase
2.91|4.55E-04|2.96E-0: -tRNA ligase Glutamyl-tRNA synthetase
Sro188_g081270 2.91|4.14E-04/2.78E-02|ATP-binding protein ChvD (Fragment) ATP-binding cassette, sub-family F
Sro720_g192680 2.89|4.53E-04|2.96E-02|Fucoxanthin-chlorophyll a-c binding protein Fucoxanthin chlorophyll a ¢
Sro1135_g245050 2.89|1.00E-03|4.91E-02|- laminin G sub domain 2
Sro968_g225950 2.89|7.09E-043.92E-02|methyitransferase RImB 'm methyltransferase like 1
Sro20_g014290 2.89|3.76E-04|2.70E-02|protein CIpB |Heat shock protein
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Sro1063_g237080 2.87|5.93E-05| 1.02E-02|Probable b reductase NYC1,

reductase

Sro13_g010360 2.87|1.09E-04]

(GNAT) famil

|Sro204_g085960

|Sro3225_g345590

Ricin b lectin

ro1157_g247370

binding protein

10137_g064500 phyll a-c binding protein

phylla c

101418_g271000 phyll a-c binding protein

ac

¢ reductase complex (complex lll or

b-c1 complex).

ro51_chlor_g030370

c Lof the ubiqui

ro94_g048930

ro51_chlor_g029840

[ This is one of the two reaction center proteins of It

10256_g100740 protein tyrosine receptor type
10493 9154120 58E-02|Tryptophan—RNA ligase

r051_chlor_g030060 85E-02[synthase subunit b', ATp synthase

103213_g345370 98E-02[FK506-binding protein 4 i cistrans isomerase

ro1129_g244400

ro94_g048910

Sro660_g 183070

ferase
.20E-02|UPF0051 protein slr0076 protein ABCI7, ic-lik
d C736.13 reductase SDR

Sro151_g069110

[Short-chain

Sro178_g078190 2.78|8.30E-04]

ro51_chlor_g029470[ 2.76(8.18E-04]

|One of the primary rRNA binding proteins.

|Sro1986_g309490 2.75/1.97E-04]

protein Hydra

r01102_g241620 2.74]5.60E-04]

r0971_g226450 .74]1.54E-04

Inherit from NOG: fad dependent

|Sro922_g220460

r01097_g240870 kinase

kinase

ro51_chlor_g030080

ATP synthase (F(1)F(0) ATP synthase or Complex V).

r01632_g287280

r02346_g324200

10823_g207590 hiorophyll a-c binding protein

hi hyllac

ro5_g004750

id oxidation complex subunit alpha

ro161_g072510 a 8-vinyl-reducta:

Enoyl-CoA hydratase
[Complex [ i iated protein 30 domain containing protein

r02061_g312990

Essential of the PAM complex.

Desatur:

Sro536_g162170
Sr01201_g251970

Sro6_g005380

Cupin ily protein
[ i phyllac

Sro132_g062400

chelatase

ro810_g205770

ubiquitin carboxyk-terminal hydrolase

protein Hydra

|Sro1862_g302230

r07_g006410 phyll a-c binding protein phyllac
r01311_g261750 Aldehyde
r051_chlor_g030710 1P700 chlorophyll a apoprotein A1 (Fragment) PsaA and PsaB bind P700.
r01451_g273830 hiorophyll a-c binding protein in chlorophylla ¢

[Sro60_g034730 44E-02|Desert hedgehog protein ascorbate peroxidase Hydra
10354_124830 19E-02[Bifunctional delta 6-fatty acyl Fatty acid

ro51_chlor_g030070

16 kDa proteolipid subunit

54E-02|synthase subunit ¢,
02E-02|Delt: i ic acid

ro72_g039870

delta-aminolevulinic acid

2_g0398
ro51_chlor_g030030 59E-02|ATP synthase subunit alpha,

Produces ATP from ADP in the presence of a proton gradient across the

(By similarity)

(Frag
101207_g252510 44E-02|Putative white-brown complex homolog protein 30

(ABC) transporter

ro338_g120890 .02E-02|activated protein kinase catalytic subunit alpha-1

calcium-d dent protein kinase

Sro1559_g282500

Sro88_g046630

Sro1_g000740

taurine catabolism tauD tfdA
1.18E-02|WD repeat-containing protein 89 WD repeat domain 89
-methyl-2 3-methy

Sro37_g023410

101126_g244080

[Sro35_g022450

[Sro1558_g282370

Inherit from bctoNOG: GCN5-related N-

10443_144070

Ill oxidase

[Sro9_g007050

Catalyzes the of L (L-Kyn) to form 3-hydroxy-L

(L-30HKyn). Required for synthesis of quinolinic acid

|Sro10_g008400

ro784_g201970

Guanylate cyclase

ro854_g211220

TLDc

ro427_g140670

|STYKe

ro911_g219220 37E-02|EF-hand domain pair

r0982_g227760 96E-02|Protein GstA

ro83_g044490 .85E-02|protein DnaJ

|gutamione S-Transferase

ro479_g151140 . 05E-02|Glutamate-1 21

DnaJ (Hsp40) homolog, subfamil

Glutamate-1 21
1

Sr01597_g284880 1.72E-02|Glutamate-1 21

21

Sro823_g207600

1.38E-02|F hiorophyll a-c binding protein F.
Sr01626_g286830 i

[ i phyllac

Sr01532_g280270 2.44[4.01E-04) synthase

synthase

r01532_g280250 2.44]6.82E-04]

Tim17/Tim22/Tim23/Pmp24 famil

r02735_g335880

r0190_g081840 4.23E-02|GrpE nucleotide exchange factor

short-ch: reductase

10240_g096140 4.91E-02[AhpD-like

|Sro566_g167740 43E-02|F h hyll a-c binding protein

hl hyllac

ro81_g043510 '6E-02|Putative ascorbate

dependent

ro1774_g296780

ascorbate peroxidase Hydra

r02004_g310410

hi hyllac

hiorophyll a-c binding protein
dent Jomai

10658 _182710 taining protein 2

ro185_g080480

Inherit from bactNOG: 20g-fef(i)

9.33E-03]

ro1392_g268790 | 2. DBH-like protein 1

DBH-like 1

0392_g133260 .36 [3.06E-02|Aspartate 1 Catalyzes the pyruvoyl-dependent of aspartate to produce beta-alanine (By similarity)
10686_g186990 35| HopJ type Il effector protein
Sro1423_g271390 2.34 protein tyrosine receptor type
Sr01012_g231220 2.34 Soluble inorganic 1. Inorganic
Sro31_020150 234 F i phyll a-c binding protein A, i phyllac
|Sr02292_g322240 2.34] protein 165
r01075_g238460 2.34] protein 1 DBH-like 1
ro147_g067990 33

10673 185190

phyllac
trans-2-enoyl-CoA reductase

4.24E-02|Enoyl-{acyl-carrier-protein] reductase,

10479 _g151260 phyll a-C binding protein

Chiorophyll A-B binding protein

101748_g295170

Dihydroxy-acid

[Sro285_g108140 hiorophyll a-c binding protein

hi hyllac

ro239_g096000

ro73_g040170

Hopd type Ill effector protein

r02791_g337180

P4Hc

102721_g335500 hiorophyll a-c binding protein

in chiorophylia ¢

5r01050_g235550

Receptor-type adenylate cyclase

.24[2.47E-04]2.11E-02|Putative serine/threonine-protein ki

r0121_g058780 2% -34E-04]1.48E-02[Probable cati ATPase 13A4 ATPase (type

Sr0215_g088940 1[8.98E-04] -

Sr0518_g158860 2.21]4.25€-04] [ i phyllac

Sro51_chlor_g030420| 2.20[6.27E-04 Il CP47 reaction center protein (Fragment) One of the of the core antenna complex of L.

Sro1737_g294490 2.20[7.04E-04] laminin G sub domain 2
ro437_g142930 2.19|5.85E-04] onia-lyase Di mmonia-lyase
|Sro326_g118250 2.19]1.31E-04] hlorophyll a-c binding protein phyllac

r0915_g219680 17]3.39E-04

YGGT family

10238_g095650 16[2.25E-04 phyll a-c binding protein phyllac
hi hyll a-c binding protein [Chiorophyll a-b binding protein

|Sro25_g016900 .15/8.84E-(
|Sro1399_g269340 5

adenylate cyclase 10 (soluble)

|Sro790_g202850

cis-trans isomerase

ro15_g011030

hi hyllac

101043_g234820 hiorophyll a-c binding protein

Chiorophyll A-B binding protein

ro1604_g285400

ro747_g196590

Protein tyrosine kinase

r0203_g085670 in-chlorophyil a-c binding protein A,

Chiorophyll A-B binding protein

D

ro1005_g230230 X 0E-02|Carbonyl reductase [NADPH] 1
Sro234_g094380 2.08/4.61E-04|2.97E-02|F in-chlorophyil a-c binding protein

Chiorophyll a-b binding protein

Sro961_g224910 2.07|9.16E-04|4.63E-02|-

Inhert from COG: nitrite reductase (nad(p)h) small subunit

Sro2_g001460 2.06/1.99E-04| 1.83E-02|Zinc transporter ZIP4

solute carrier family 39 (zinc transporter), member

[Sro1150_g246640 2.05[5.32E-04] 3.26E-02|Kinesin-like protein

Kinesin family member

r0101_g051590 2.02[6.46E-04 hiorophyll a-c binding protein

Chiorophyll A-B binding protein

r01910_g304890 2.02[4.83E-04]

[whole genome shotgun sequence

[Sro1292_g260040 2.01]9.94E-04(4.90E-02|F:

phyll a-c binding protein

ac

r0142_g066390 2.00[9.79E-04[4.86E-02]-

complex i intermediate-associated protein 30

ST6: Upregulated genes elicited by Maribacter sp. medium in SIP*-induced cultures (SIP+M vs SIP,

SIP+R vs R).
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Gene ID logFC|PValue |FDR i EggNogg

Sro54_g031900 7.44|5.86E-05| 1.63E-02|of fatty acids protein 1 fatty acid elongase

Sro434_g142030 4.85|3.46E-04(4.73E-02|Probable LIM domain-containing serine/threonine-protein kinase DDB |protein kinase kinase kinase

Sro2017_g311180| 4.51|1.96E-04(3.63E-02|- Inherit from NOG: Low-co2 inducible protein
Sro123_g059760 4.08|5.75E-05|1.63E-02|- gluconolactonase (EC 3.1.1.17)
Sro1984_g309320| 3.79|3.39E-04|4.72E-02|CRAL-TRIO lipid binding domain -

Sro1006_g230290| 3.77|1.67E-04|3.42E-02|helicase PIF1 PIF1 5'-to-3' DNA helicase homolog (S. cerevisiae)
Sro2734_g335850| 3.76|5.03E-05[1.48E-02|Heat shock 70 kDa protein (Fragment) heat shock protein

Sro1178_g249460| 3.71|1.83E-04[3.59E-02|- Enzyme of the cupin superfamily
Sro535_g161880 3.70{2.84E-04|4.31E-02|Peroxisomal membrane protein 2 peroxisomal membrane protein

Sro58_g033810 3.66(2.60E-04|4.10E-02|Low temperature requirement A -
Sro396_g134350 3.53[1.79E-04|3.57E-02|Arf GTPase activating protein -

Sro244_g097220 3.52{3.21E-05| 1.12E-02|quercetin 2,3-dioxygenase PA2418 pirin (iron-binding nuclear protein)
Sro11_g008460 3.48|2.67E-04|4.13E-02|AdipoR/Haemolysin-lil-related -

Sro1157_g247380| 3.35|3.02E-04|4.50E-02|ATP carrier protein 1 carrier protein

Sro896_g217300 3.22|2.41E-04|4.02E-02|Short-chain dehydrogenase TIC 32, chloroplastic Dehydrogenase

Sro20_g014010 3.21]2.51E-04|4.08E-02|fatty acid desaturase A Fatty acid desaturase

Sro686_g187010 3.16(3.37E-04|4.72E-02|- Domain of unknown function (DUF1996)
Sro2020_g311370| 3.14|6.12E-05/1.68E-02|monooxygenase Monooxygenase

Sro324_g117530 3.11|3.07E-04|4.50E-02|Alpha/Beta hydrolase fold -

Sro311_g114370 3.07[3.47E-04|4.73E-02|- Inherit from ascNOG: Methyltransferase
Sro355_g125030 3.01[4.24E-05|1.31E-02|Vesicle transport protein GOT1B golgi transport

Sro1264_g257350| 2.84|1.91E-04[3.63E-02|- Serine threonine kinase with two-component sensor domain
Sro1003_g229980| 2.83|3.05E-04|4.50E-02|- ANK

Sro585_g170970 2.82|3.40E-04|4.72E-02|GTPase Era -
Sro1496_g277480| 2.76(9.81E-05|2.32E-02|SET domain -

Sro380_g130620 2.73|3.16E-04|4.56E-02| GAP domain, ANK repeat and PH domain-containing protein 2 ArfGAP with dual PH domains
Sro649_g181180 2.71[2.36E-04|4.02E-02|Polyubiquitin (Fragment) ubiquitin

Sro373_g129060 2.68|1.81E-04|3.59E-02|Cytochrome P450 -

Sro113_g056150 2.67[2.08E-04|3.72E-02|Pick C1-like protein 1 patched domain containing
Sro437_g142800 2.63|1.88E-04|3.63E-02|Monoglyceride lipase Monoglyceride lipase
Sro4_g003650 2.60[2.66E-04|4.13E-02|- Transcriptional regulator
Sro180_g078830 2.59|3.06E-04|4.50E-02|Mycocerosic acid synthase-like polyketide synthase fatty acid synthase
Sro686_g187020 2.53[1.94E-04|3.63E-02|Leucine-rich repeat domain superfamily -

Sro327_g118400 2.42|1.29E-05|6.22E-03| Transmembrane 9 superfamily transmembrane 9 superfamily
Sro3_g002520 2.40(1.91E-04|3.63E-02|- fatty acid desaturase family protein
Sro1330_g263400| 2.38)|1.69E-04|3.43E-02|FKBP-type 22 kDa peptidyl-prolyl cis-trans isomerase Peptidyl-prolyl cis-trans isomerase
Sro505_g156100 2.36|2.64E-04|4.13E-02|Failed axon connections homolog failed axon connections homolog (Drosophila)
Sro613_g175560 2.32|2.72E-04|4.17E-02|D-alanine--D-alanyl carrier protein ligase PKS_AT

Sro301_g112010 2.29|3.23E-04|4.60E-02|guanosine(18)-2'-O)-methyltransferase mitochondrial rRNA methyltransferase 1 homolog (S. cerevisiae)
Sro549_g164610 2.28|1.40E-04|3.00E-02|- -

Sro54_g031760 2.27|2.29E-04|3.93E-02|Endonuclease MutS2 (Fragment) DNA mismatch repair protein
Sro49_g028680 2.21|2.54E-04|4.08E-02|Probable nucleoredoxin 1 nucleoredoxin-like
Sro1006_g230310| 2.20|2.46E-04|4.06E-02|S-transferase omega-like 2 glutathione Stransferase
Sro1542_g281060| 2.16/4.07E-05|1.31E-02|- -

Sro1695_g291810| 2.11)|2.21E-04|3.84E-02|of very long chain fatty acids protein 4 fatty acid elongase
Sro2358_g324650| 2.09|3.26E-04)|4.60E-02|- reductase

ST7: Upregulated genes elicited by Roseovarius sp. medium in SIP*-induced cultures (SIP+R vs SIP).
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in SIP*-induced cultures (SIP+M vs SIP, SIP+R

Upregulated genes elicited by bacterial medium

vs R).
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Gene ID logFC |PValue [FDR Annomine Eggnogg

Sro75_g041230 -1.95(6.91E-04(3.85E-02|- 'YHS domain-containing protein
Sro98_g050660 -1.99(8.90E-05(1.26E-02|Receptor-type guanylate cyclase gcy Guanylate cyclase

Sro1660_g289330 -2.00(8.33E-04(4.36E-02[Sodium/hydrogen exchanger Sodium hydrogen exchanger
Sro2108_g314900 -2.10{4.81E-04|3.06E-02|Isocitrate lyase Isocitrate lyase

Sro574_g169220 -2.15|4.56E-04|2.96E-02|- taurine catabolism dioxygenase taud tfda
Sro387_g132190 -2.24[1.84E-04|1.75E-02|Probable long-chain-alcohol O-fatty-acyltransferase long-chain-alcohol O-fatty-acyltransferase
Sro562_g167110 -2.25(4.20E-04|2.79E-02|- deaminase

Sro1323_g262650 -2.27(7.12E-04|3.93E-02|Short/branched chain specific acyl-CoA dehydrogenase, mitochondrial [acyl-CoA dehydrogenase
Sro145_g067300 -2.28(2.48E-04(2.11E-02|Protein patched homolog 1 patched domain containing
Sro406_g136390 -2.28|6.27E-04(3.59E-02(O-acyltransferase, WSD1, N-terminal -

Sro735_g194900 -2.29(8.41E-04(4.38E-02|- PKD domain containing protein
Sro185_g080300 -2.37[3.30E-04|2.51E-02|CRAL-TRIO lipid binding domain -

Sro1095_g240620 -2.47|1.32E-05|4.34E-03|- whole genome shotgun sequence
Sro1634_g287500 -2.51(8.03E-05[1.18E-02|- Kelch domain containing
Sro379_g130470 -2.53|3.59E-042.61E-02|Methylcrotonoyl-CoA carboxylase subunit alpha, mitochondrial carboxylase

Sro216_g089530 -2.55[1.75E-04(1.70E-02|- Dual specificity phosphatase 26
Sro544_g163720 -2.55(7.96E-05[1.18E-02[synthase Cytochrome P450

Sro729_g193890 -2.56(1.20E-04(1.43E-02|Carboxyl-terminal-processing peptidase protease

Sro75_g041370 -2.60(5.07E-05[9.53E-03|16 kDa proteolipid subunit 16 kDa proteolipid subunit
Sro992_g228850 -2.63|6.23E-043.59E-02|Uncharacterized 37.6 kDa protein in cld 5'region UDP-glucuronate 4-epimerase
Sro472_g150030 -2.64|9.79E-05|1.33E-02|- Alpha beta hydrolase fold
Sro583_g170660 -2.71[1.61E-05(4.61E-03|- NAD-dependent epi dehydratase
Sro273_g105250 -2.76(9.48E-05|1.31E-02|nucleotidase domain-containing protein 3 5-nucleotidase domain containing
Sro300_g111600 -2.83[1.38E-05|4.35E-03|- Protein of unknown function (DUF3095)
Sro1331_g263540 -2.85(6.62E-04|3.77E-02|Caffeoyl-CoA O-methyltransferase catechol-O-methyltransferase domain containing 1
Sro1843_g301120 -2.85(4.21E-04(2.80E-02[Short/branched chain specific acyl-CoA dehydrogenase, mitochondrial |acyl-CoA dehydrogenase
Sro596_g172770 -2.86(1.06E-04(1.37E-02|H2 finger protein zinc ion binding

Sro280_g107040 -2.87(3.68E-04(2.67E-02|Ankyrin repeat-containing domain -

Sro557_g166160 -2.89(6.67E-05|1.13E-02|isohexenylglutaryl-CoA/hydroxy-methylglutaryl-CoA lyase Hydroxymethylglutaryl-CoA lyase
Sro757_g197970 -2.90(4.82E-06|2.21E-03|WD40/YVTN repeat-like-containing domain superfamily -

Sro815_g206440 -2.97(5.60E-05/1.01E-02|Proline iminopeptidase alpha beta

Sro1276_g258570 -2.97|5.21E-04|3.22E-02|GILT-like protein Lysosomal thiol

Sro1410_g270310 -2.98|6.78E-04|3.84E-02|Zinc finger -

Sro162_g072890 -3.06(2.54E-04|2.14E-02|Armadillo-like helical ARM

Sro2472_g328650 -3.08(3.75E-04(2.70E-02|Dimethlysulfonioproprionate lyase -

Sro111_g055430 -3.16/4.03E-05(8.52E-03|specific histone demethylase 1 homolog amine oxidase

Sro236_g095030 -3.20(2.76E-04|2.22E-02|Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial carboxylase, beta

Sro676_g185710 -3.23|8.79E-06|3.40E-03|NAD(P)-binding domain -

Sro1804_g298690 -3.24|8.25E-04|4.35E-02|Mpv17/PMP22 -

Sro2125_g315680 -3.32|8.05E-04|4.29E-02|Enoyl-CoA isomerase/hydratase fer4 hydratase

Sro738_g195250 -3.35[1.13E-04|1.39E-02|b561 and DOMON domain-containing protein Eukaryotic cytochrome b561
Sro1926_g305930 -3.38[1.92E-05|5.12E-03|- FYVE zinc finger

Sro140_g065300 -3.42(4.90E-04(3.09E-02|Aspartic peptidase domain superfamily -

Sro580_g170180 -3.46(2.59E-04(2.16E-02|- repeat-containing protein
Sro106_g053570 -3.47(1.95E-04|1.82E-02|DEP domain-containing mTOR:-interacting protein Spovr like family protein
Sro131_g062230 -3.56(1.58E-04[1.59E-02|- -

Sro516_g158490 -3.65(2.68E-04(2.19E-02|- N-terminal ine
Sro966_g225720 -3.66(9.66E-04|4.82E-02|Probable glucan 1,3-beta-glucosidase A Glucan 1,3-beta-glucosidase
Sro1271_g258160 -3.72[1.02E-04[1.33E-02|- EamA-like transporter family
Sro691_g187870 -3.73|3.18E-04(2.45E-02|Dihydrolipoyl dehydrogenase dihydrolipoyl dehydrogenase
Sro401_g135270 -3.77[9.62E-06|3.51E-03|Alpha/Beta hydrolase fold -

Sro2_g001720 -3.83[1.25E-04(1.45E-02|Tryptophan 5-hydroxylase hydroxylase

Sro444_g144310 -3.83/6.09E-06|2.68E-03|AhpD-like -

Sro747_g196520 -3.84|5.48E-04|3.34E-02|Sulfoquinovosyl transferase SQD2 phosphatidylinositol glycan anchor biosynthesis, class A
Sro198_g084260 -3.86(1.01E-03|4.92E-02|Tissue alpha-L-fucosidase fucosidase, alpha-L

Sro379_g130480 -3.89(3.69E-07|4.10E-04|Bifunctional aspartate aminotransferase tyrosine aminc

Sro2906_g339970 -3.91[1.89E-061.27E-03|- transmembrane protein 41A
Sro99_g051040 -4.13[1.51E-04|1.57E-02|NAD(P) transhydrogenase Transhydrogenase

Sro658_g182690 -4.19(1.33E-04(1.47E-02|- Antioxidant protein with alkyl hydroperoxidase activity.
Sro866_g212990 -4.24(7.77E-05[1.18E-02|- FIST C domain

Sro214_g088800 -4.25(3.48E-04(2.55E-02|Uncharacterized oxidoreductase At1g06690, chloroplastic Potassium voltage-gated channel, shaker-related subfamily, beta member
Sro2014_g311030 -4.28|3.66E-05|8.13E-03|Metallo-beta-lactamase -

Sro4547_g354220 -4.31|1.29E-04|1.46E-02|- domon domain-containing protein
Sro477_g150770 -4.64|5.93E-05|1.02E-02|YbhB/YbcL -

Sro214_g088810 -4.70{2.77E-06|1.57E-03|only protein 42 kelch repeat-containing protein
Sro1047_g235100 -4.72|5.84E-05|1.02E-02|Protein Skeletor, isoforms Electron transfer DM13
Sro295_g110550 -4.73[9.52E-06(3.51E-03|Peroxisomal acyl-coenzyme A oxidase 3 Acyl-CoA dehydrogenase, middle domain
Sro1831_g300400 -4.76(5.95E-04[3.50E-02|Ankyrin repeat-containing domain -

Sro1402_g269580 -4.91(3.19E-06(1.67E-03|von Willebrand factor, type D domain -

Sro252_g099700 -5.02|3.59E-08|1.24E-04|- Spondin_N

Sro849_g210490 -5.35[2.19E-05|5.60E-03|Cystathionine gamma Cystathionine

Sro2764_g336610 -5.55[1.67E-05(4.68E-03|Zeaxanthin epoxidase, chloroplastic FAD binding domain

ST9: Downregulated genes elicited by Maribacter sp. medium in SIP*-induced cultures (SIP+M vs

SIP).
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Supporting informations chapter 6 — From ecology to applied research: effect of
bacteria on a commercial microalga

Supporting informations chapter 7- A SPE based non-disruptive method to
investigate macroalgal surface chemistry

Figure S9: Microscopic prove of non-distruptive effect of C18 material on Caulerpa taxifolia surface.
The pictures (light microscopy) show a Caulerpa taxifolia fronds before (left), during (center) and after a 1

min treatment with C18 material. No major tissue lysing was observed after extraction treatment.
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Figure S10: GC/MS profiles of C18 material (non endcapped) blank a) before and b) after conditioning
with eluting solvent. Not-endcapped silica Gel 100 C18 reversed phase material (100 A pore size, 40-63 um
particle’s dimensions, Sigma-Aldrich©, Germany) was suitable for extracting fucoxanthin but was not suitable
for GC-MS measurements. Some intense peaks of impurities between 14.5 and 18 min interfered with signals
from the samples. These peaks cannot be completely removed even after excess conditioning of the powder

with the extracting solvent.
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Figure S11: GC/MS profiles of silica Gel 100. a) blank b) extract of Fucus vesiculosus. Fully endcapped

silica Gel 100 C18 reversed material (100 A pore size, 15-25 um particle’s dimensions, Sigma-Aldrich©,

Germany) was suitable for extraction of surface metabolites (Figures S2 and S3). Contaminants did not

substantially interfere with measurements, since the total ion current (TIC) of the blank was lower than the one

of the samples and background subtraction was possible. However, silica Gel 100 was not further considered

because of problems in the handling due to the very small size of the particles. The fine dust hardly stuck to

the surface of the algae and could not be transferred quantitatively into the SPE cartridge.
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Figure S12: GC/MS profiles of silica Gel 90. a) blank b) extract of Fucus vesiculosus.
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Figure S13: Calibration curve for quantitative determination of the fucoxanthin content in surface

metabolites extracts. To prepare the external calibration curve, 0.66 mg of fucoxanthin (purity >95%, Sigma

Aldrich©, Germany) were weighted and dissolved in 10 mL methanol in order to obtain a 100 uM stock

solution. Five dilutions at different concentration were prepared (1 uM, 750 nM, 500 nM, 250 nM, 100 nM).

10 uL of a 20 uM canthaxanthin (analytical standard grade, Sigma Aldrich©, Germany) solution in methanol

were added to 190 pL of each sample in order to have a final concentration of 1 uM of canthaxanthin. Every

point of the curve was measured 3 times with the UPLC-MS method developed for surface extraction.
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