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“Like light rays in the spectrum,

the different components of a pigment mixture, obeying a law,
are resolved on the calcium carbonate column

and then can be qualitatively and quantitatively determined.

I call such a preparation a chromatogram

and the corresponding method

the chromatographic method.”

Mikhail Semenovich Tswett (botanist, 1872-1919)
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Zusammenfassung I

Zusammenfassung

Die Luft, die wir atmen und das Wasser, das wir trinken sind mit dem Meer
verbunden. Das Leben auf unserem Planeten hangt vom Wohlergehen der
Ozeane ab. Angesichts des Klimawandels ist das Verstandnis und die
Vorhersage der Auswirkungen verschiedener Stressfaktoren auf die
Umwelt eine dringende Herausforderung. Die Erwarmung des Klimas wirkt
sich auf den Salzgehalt der Ozeane aus und verandert den globalen
Elementkreislauf: Diese Beziehung ist gut dokumentiert, wie die potenzielle
Riickkopplungsschleife zwischen Klima und Abkiihlung (bekannt als "CLAW-
Hypothese"), an der die zwitterionische Schwefelverbindung
Dimethylsulfoniopropionat (DMSP), ihr Abbauprodukt Dimethylsulfid
(DMS) und andere schwefelhaltige fliichtige Stoffwechselprodukte beteiligt
sind. In den letzten Jahrzehnten wurde festgestellt, dass marines
Phytoplankton eine der Hauptquellen fiir DMSP ist und die verschiedenen
Eigenschaften dieses Metaboliten gegeniliber Meeresalgen wurden
weitgehend nachgewiesen. Dennoch fehlte bisher das Wissen (iber die
umweltbedingten Faktoren des DMSP-Abbaus. In dieser Arbeit werden
analytische un physiologische Untersuchungen vorgestellt, um die
Bedingungen des DMSP-Abbaus und seiner Umwandlung in DMS weiter zu
verstehen. Insbesondere haben wir gezeigt, dass die DMSP-
Konzentrationen in mikroskaligen Hotspots nahe der Oberfliche von
Algenzellen diejenigen sind, die die bakterielle Produktion von DMS férdern
und daher fiir den globalen Schwefelkreislauf von gréRBerer Bedeutung sind.
In diesem Zusammenhang sind Salzgehalt und Temperatur zwei wichtige
Stressfaktoren in der Meeresumwelt, die sich erheblich auf wichtige
biotische Interaktionen und biologische Komponenten auswirken: lhre
Veranderungen, so gering sie auch erscheinen mogen, haben
weitreichende Auswirkungen auf die Gesundheit der Erde. Um unglinstige
Umweltbedingungen wie Hitze- und Salzstress abzumildern, hat das marine
Phytoplankton mehrere Strategien entwickelt: Dazu gehoren die Synthese
und Akkumulation einer Vielzahl niedermolekularer organischer,
wahrscheinlich zwitterionischer Metaboliten, die an der Osmoadaptation
und Thermotoleranz mariner Okosysteme beteiligt zu sein scheinen,
darunter das bereits erwahnte DMSP. In Anbetracht dieses breiteren
Szenarios haben wir weitere Untersuchungen durchgefiihrt und unter
Nutzung der Ultra-Hochleistungs-Fliissigkeitschromatographie und der
hochauflosenden Massenspektrometrie, die Gruppe der Phytoplankton-
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Osmolyte um Cysteinolsaure und Ectoin erweitert. Diese beiden Molekiile
sind unter den Mikroalgen weit verbreitet: lhre Identitat wurde durch
MS/MS-Experimente  und  Co-Elution mit den entsprechenden
synthetischen Standards bestatigt, wahrend ihre osmoregulatorischen
Eigenschaften durch Untersuchung der Algenzellen bei physiologischen (35
PSU) und hohen (50 PSU) Salzgehalten Ulberpriift wurden. Vor unserer
Arbeit war Ectoin ausschlieRlich als bakterieller Osmolyt bekannt und liber
seine Produktion in Meeresalgen wurde noch nie berichtet, wahrend
Cysteinolsdaure bereits unter den aus Algen gewonnenen Produkten
aufgefiihrt war, aber liber ihre osmoregulatorischen Eigenschaften waren
nicht bekannt. Aufgrund der héheren intrazellularen Konzentrationen von
Ectoin und Cysteinolsaure, die in den Kulturen der Diatomee T. weissflogii
mit hohem Salzgehalt gefunden wurden, konnten wir diesen beiden
Metaboliten osmoregulatorische und osmoadaptive Eigenschaften
zuschreiben. Die Quantifizierung von Ectoin in axenischen Kulturen
derselben Diatomee veranlasste uns zu weiteren Untersuchungen (ber
dessen Ursprung. Mit unseren Ergebnissen konnten wir den Ursprung
dieses Metaboliten, sowohl aus Meeresbakterien als auch aus Algen
beweisen. In Anbetracht des hoheren Ectoin-Gehalts in xenischen
Algenkulturen und der Fahigkeit von Mikroalgen, Metaboliten aus der
daulleren Umgebung aufzunehmen, haben wir in unserer Arbeit auBerdem
gezeigt, dass extern verfligbares Ectoin von Meeresalgen leicht
aufgenommen werden kann, um den osmotischen Stress effizient zu
kompensieren. Um die Verteilung von Ectoin und Cysteinolsdaure im
marinen Phytoplankton zu bewerten, haben wir mehrere Mikroalgenarten
untersucht und diesen Metaboliten in verschiedenen Taxa nachgewiesen,
darunter Diatomeen, Dinoflagellaten, Coccolithophoren und Haptophyten.
Ectoin und Cysteinolsaure wurden in allen untersuchten Algenarten
nachgewiesen, mit intrazellularen Konzentrationen im gleichen
femtomolaren Bereich wie DMSP, dem wichtigsten Metaboliten im
marinen Okosystem, was auf den entscheidenden Beitrag von Ectoin zu den
Osmoadaptationsstrategien des Phytoplanktons hinweist. Dariliber hinaus
haben wir unsere Untersuchungen zur Verbreitung von Ectoin und
Cysteinolsdure auf marine Makroalgen ausgeweitet, indem wir die
Griinalge Ulva sp. in unser Screening einbezogen und die kryoprotektiven
Eigenschaften von Ectoin und Cysteinolsdaure in dieser Arte untersucht
haben. Interessanterweise zeigten unsere Ergebnisse, dass diese beiden
Metaboliten in U. mutabilis nach einem Temperaturwechsel von warm zu
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kalt hochreguliert wurden, was auch ihre Rolle bei der
Warmevertraglichkeit belegt. Mit unserer Arbeit haben wir daher Ectoin
und Cysteinolsaure in die Familie der wichtigsten kompatiblen Solute
aufgenommen, die von marinem Phytoplankton und Makroalgen
produziert werden und neue Einblicke in die molekularen Reaktionen von
Meeresalgen auf Umweltstressoren erhalten.
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Summary

The air we breathe, as the water we drink, are linked to the ocean. Life on
our planet relies on the wellness of the oceans. In light of climate changes,
understanding and predicting the effects of multiple stressors on the
environment is a pressing challenge. The warmer climate is affecting the
salinity of the oceans and altering the global element cycles: this
relationship is well documented, as well documented is the positive
feedback loop (known as “CLAW Hypothesis”) that involves the zwitterionic
sulfur compound dimethylsulfoniopropionate (DMSP), its breakdown
product dimethylsulfide (DMS) and other sulfur-derived volatile
metabolites.

Over the last decades, it has been clearly established that marine
phytoplankton are among the main source of DMSP. Although the several
functions of this metabolite in marine algae have largely been
demonstrated, knowledge related to the environmental drivers of DMSP
catabolism were still missing. In this work, the application of analytical and
physiological methods enables to further explore the conditions involved in
DMSP degradation and its conversion into DMS. In particular, we
demonstrated that the concentrations of DMSP existing in microscale
hotspots, near the surface of algal cells, are those enhancing the bacterial
production of DMS, being, therefore, relevant for the global sulfur cycle.

Salinity and temperature are two key stressors in marine environment that
significantly effect key biotic interactions and living organisms: their
changes, as small as they might seem, have large-scale effects on Earth’s
health. To mitigate adverse environmental conditions, like thermal and
salinity stress, marine phytoplankton have developed several strategies:
among them, the synthesis and accumulation of a small organic, likely
zwitterionic metabolites. These compounds, including the afore mentioned
DMSP, seem to be involved in the osmoadaptation and thermotolerance of
marine ecosystems. Recent metabolomic studies on marine phytoplankton
revealed a plethora of metabolites, most likely with osmoregulatory
properties, which have not yet been characterized. Taking advantage of
refined analytical methods based on ultra-high-performance-liquid
chromatography (UHPLC) and high-resolution-mass spectrometry (HRMS),
in our work we investigated further and expanded the group of
phytoplankton osmolytes by adding cysteinolic acid and ectoine. Both these
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molecules are widespread among microalgae: their identities were
confirmed through MS/MS experiments and co-elution with the
corresponding synthetic standards. In addition, their osmoregulatory
properties were verified by investigating the algal cells at physiological (35
PSU) and high (50 PSU) salinities conditions.

Prior to our work, ectoine was exclusively known as bacterial osmolyte but
its production has never been reported in marine algae, while cysteinolic
acid was already listed among the algal-derived metabolites, although its
osmoregulatory properties had never been reported. Due to the higher
intracellular concentrations of ectoine and cysteinolic acid found in the
high-salinity cultures of the diatom T. weissflogii, we could attribute to
these two metabolites osmoregulatory and osmoadaptative properties.
Quantification of ectoine in axenic cultures of the same diatom led us to
further investigate on its origin. With our results we could demonstrate the
dual origin of this metabolite, synthesized by both marine bacteria and
algae. Moreover, given the higher amount of ectoine found in xenic algal
cultures and the ability of microalgae to take up metabolites from the
external environment, in our work we demonstrated that externally
available ectoine can be readily taken up by marine algae to efficiently
compensate for the osmotic stress. To evaluate the distribution of ectoine
and cysteinolic acid among marine phytoplankton, we screened several
microalgal species and detected this metabolite in different taxa, including
diatoms, dinoflagellates, coccolithophores and haptophytes. In all the
analyzed algal species, intracellular concentrations of ectoine and
cysteinolic acid were in the same femtomolar range as DMSP, a key player
metabolite in marine ecosystem. This result points toward the pivotal
contribution of both these molecules in the phytoplankton osmoadaptation
strategies. In addition, we expanded our investigation on ectoine and
cysteinolic acid distribution to the class of marine macroalgae by including
in our screening the green seaweed Ulva sp. We investigated the
cryoprotectant properties of ectoine and cysteinolic acid in these species.
Interestingly, our results showed that both these metabolites were
upregulated in U. mutabilis after a warm to cold temperature shift, thus
demonstrating also their role in thermotolerance. With our work, we
therefore added ectoine and cysteinolic acid to the family of key compatible
solutes produced by marine phytoplankton, and provided new insights into
the molecular responses of marine algae to environmental stressors.
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1 Introduction

1.1 Why is the ocean salty? — Seawater salinity and its effects
on the ecosystem

Oceans are classified among humanity’s most important natural resources?,
covering more than 70% of the earth’s surface, providing almost 99% of the
“living space” on the planet, and being responsible for more than 35% of
the primary planet production'? In the aquatic ecosystem, salt is an
essential component that spreads through the environment, driving
currents that preserve the climate and contributing to global ocean
circulation®**. Next to light, temperature and nutrients, the concentration
of dissolved salts in the ocean, known as “salinity”, is one of the major
abiotic factors affecting the growth and distribution of living organisms in
marine habitats®. Thus, it is considered an environmental master factor for
aquatic organisms, playing a primary role in the global climate
functioning®®. Open ocean salinity is expressed in Practical Salinity Unit
(PSU, grams of salt per liter of water)”® and its levels are rather stable,
ranging from about 34 to 37 PSU, and resulting from a constant equilibrium
between different ionic species, including chloride (CI), sodium (Na*),
sulfate (S04%), magnesium (Mg?*), calcium (Ca%*) and potassium (K*)°.
Hence, much of the open ocean has an average salinity concentration of 35
PSU”, but variations in salinity levels naturally occur and affect water cycle
and ocean circulation (Fig. 1).

MAY 2022
e
33 34 35 36 37 38

Practical Salinity Unit (PSU)
Figure 1: Global map of sea surface salinity, updated May 2022.
Adapted from: https://salinity.oceansciences.org/smap-salinity.htm
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As schematically depicted below (Fig. 2), some processes (e.g., the
weathering of rocks that delivers minerals; the evaporation of ocean water
due to temperatures’ increase; the formation of sea ice) have served to
locally increase the salinity of the ocean®. As a consequence, whereas the
Baltic Sea (a semi- enclosed sea with many river inputs) has a low surface
salinity (10 PSU), the Red Sea is highly salty (40 PSU), due to the warmer
temperatures and lack of precipitations that determine high levels of
evaporation®. Nevertheless, these environmental phenomena are
continually counterbalanced by other events that decrease salinity levels,
like the continuous input of fresh water from rivers, precipitation of rain
and snow, melting of ice®° (Fig. 2).

Increase salinity Decrease salinity

Seawater evaporation Precipitation of rain or snow

% WATER CYCLE

s ~.. EFFECTSON [N
S B OCEAN

. g SALINITY

Seawater freezing Ice melting

Figure 2: The Water Cycle: how water moves from the land into the atmosphere,
and then back to the land and ocean. It consists of different steps, mainly
driven by the sun.

Changes in this balance will not only influence the local ecology and the
structure of biological communities, but will also affect the ability of living
organisms to survive and adapt to the new context. Monitoring sea surface
salinity patterns provides important clues about climate change and global
ocean dynamics®.

In this view, homeostasis of ionic composition, also referred to as
“osmoregulation”, is an important prerequisite for aquatic organisms and
their ability to adapt to different types of stress is necessary for the
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successful growth, development, and persistence of the species!!. Because
marine invertebrates are mainly iso-osmotic (30-35 PSU), deviations from
the ionic equilibrium, together with ocean warming, have detrimental
effects on the physiology of these organisms, as, indeed, they do not
possess, on their own, proper mechanism to overcome the related cellular
stress!?1>, Several marine species have, however, developed a variety of
strategies to survive these unbalanced conditions: among the strategies
implemented, the acclimation enables halophilic Archaea to counteract the
high salinity of external environments®®.

Mechanisms of acclimation are based either on the efflux of water from the
cell through water channels that enhance the restoration of cellular turgor
and volume, or on the influx of ions (K*, Na*, CI) according to the osmotic
gradients, through ion transport systems, including membrane-bound ion
regulatory pumps and ionic channels (e.g., Na*/K*-ATPases, Cl-/bicarbonate
exchangers, K*/Na*/ClI~ channels)!!. Thanks to this strategy, extremely
halophilic Archaea can accumulate inorganic salts up to molar intracellular
concentrations to counteract the osmotic pressure of the environment?®.
Species that use ion transport systems are commonly referred to as
osmoregulators, which, however, show a relatively narrow range of
osmoadaptation and are structurally unstable outside a limited range of
salinities'®. In aquatic environments, osmoregulators include both marine
fish and freshwater organisms, species typically characterized by regulatory
organs (e.g., kidneys) that, through ion channels, keep their internal body
fluids at osmotic concentrations around 400 milliosmoles per liter
(mOsm)Y’, unit of measurement of osmolarity that refers to the number of
particles (osmoles) per unit volume (liter) of solvent®.

On the other hand, most marine invertebrates and algae, including diatoms,
belong to the class of osmoconformers®®. Instead of taking up NaCl, which
is dominant in the extracellular fluids, osmoconformer organisms rather
keep the environmental ionic homeostasis through the synthesis and
accumulation of small organic osmolytes. These intracellular
osmoregulatory components can be up- or down-regulated according to
the extracellular osmotic pressure and can protect, regenerate and restore

proteins and membranes that might have been damaged by the salinity
shift®17:20,

In addition to the seawater ionic composition, environmental adverse
conditions may also derive from changes in sea surface temperature, which
affect the distribution, phenology and metabolism of many marine
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organisms (www.eea.com). Global warming, indeed, leads to increases in
water vapour over the seas, influencing the living systems at all levels of the
organization. Therefore, investigations on the effects of ocean temperature
on marine ecosystems are necessary to understand the related
consequences of global climate change®?.

Surface temperature in the ocean varies according to the amount of solar
energy absorbed, meaning that ocean surface temperatures cover a range
from 30 °C, in tropical regions, to -2 °C, the temperature detected near the
poles. In addition, these values change from top to bottom, resulting in a
vertical temperature structure, where the upper water layer (0-200 meters
deep) receives direct sun radiations, resulting in warmer temperatures,
while the below layers have colder temperatures??.

Important temperature changes lead to physiological stress in marine
inhabitants, and, in addition to their osmotic function, which provides
cellular protection against detrimental effects of high osmotic pressure,
compatible solutes show also other intracellular functions, including the
increase of thermotolerance, membrane stabilizers and protein protection.

Among marine organisms, algae are the principal primary producers of
waterbodies and they often run into extreme stress scenarios, reflecting
their ability to adapt to different types of stress. Due to their primary
contribution to aquatic systems, their mechanisms of adaptation and
tolerance against these hostile conditions assume a high relevance from an
ecological point of view?>3,

1.2 Marine algae and compatible solutes

Seawater salinity directly influences marine species by exerting, among
others, an osmotic stress®*. To counteract this stress and avoid any negative
consequence, living organisms have developed a wide range of adaptation
mechanisms®>?®, In particular, as osmoconformers, marine algae
accumulate, within the cells, organic osmolytes that neutralize the
detrimental effects that salinity shifts may exert at molecular and cellular
levels?’. These organic osmolytes are hydrophilic metabolites and, in many
cases, principal photosynthetic derived products®, such as sugars, polyols,
free amino acids and derivates, but also compounds not directly linked with
the photosynthesis, like quaternary ammonium (proline, betaines) and
tertiary sulfonium compounds (dimethylsulfoniopropionate and its
derivatives)>10202428  Based on their ionization, organic osmolytes are
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classified into (i) zwitterionic, (ii) uncharged and (iii) anionic molecules?
(Table 1).

Chemical
Compound Structure
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Table 1: Predominant compatible solutes accumulated by algae
and bacteria, adapted from Welsh'® and Roberts?.

Despite the different chemical categories to which they belong, compatible
solutes share many relevant characteristics: first of all, they are highly
soluble compounds, without a net charge at physiological pH and, from a
physiological point of view, they do not interfere at all with intracellular and
metabolic processes despite the high intracellular concentrations they can
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reach?®3°, Hence, they are collectively named “compatible solutes”, to
express and highlight their full compatibility with biological and
physiological cellular functions?®.

1.2.1 Biosynthesis and accumulation of compatible solutes

Biosynthesis and accumulation, as well as degradation of compatible
solutes, are physiological mechanisms involved in the balance of intra- and
extra-cellular osmotic pressure and, therefore, of the related cellular
turgor!®. Marine algae can tolerate sudden changes in salinity through rapid
water fluxes. Nevertheless, this fast and immediate response causes severe
metabolic perturbations and can be therefore replaced by uptake of ions
(mainly K*, Na*, CI) and biosynthesis and accumulation of low molecular
weight compatible solutes °.

Due to the high cellular concentrations that are needed to balance the
osmotic pressure, ionic species may exert secondary negative effects on
other physiological cellular functions. To avoid this drawback issue, ions are
mainly sequestered in the vacuole, and only small amounts are stored in
the cytoplasm, together with the compatible, in name and deed, solutes®.
Intracellular accumulation of compatible solutes in marine algae may occur
either by “de novo” biosynthesis or by transport into the cell*. Both these
mechanisms are energetically costly for the organism, requiring the
assimilation and reduction of sulfate and/or nitrate. The uptake of sulfate
and nitrogen ions, instead, is energetically favourable, highly regulated and
takes place at high rates in phytoplankton3%32,

Once synthetized or acquired, these small organic molecules carry out their
physiological duties through different mechanisms. Notably, some of them
bind to macromolecules (proteins), replacing water from their surface while
still ensuring cell viability. Others, like proline, adopt a second strategy and
behave as amphiphilic compounds, stabilizing the hydrophilic layer of
proteins. Furthermore, through a mechanism referred as “preferential
exclusion”, compatible solutes do not link proteins, but rather facilitate
intracellular Na® and CI" exclusion and the replacement of K* and glutamate
within the cell, restoring the cell water content>1®33,

Intracellular accumulation of a specific compatible solute instead of others
may depend on the specific requirement of an organism?®. Due to the high
intracellular amounts (up to molar concentrations), these compounds
accomplish also other tasks, acting, for example, as intracellular reservoirs
of carbon and nitrogen: when needed, compatible solutes will be released
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into the environment through passive diffusion across the cell membranes,
upon cell damage, death or lysis, and will exert their multiple functions. In
this way, they also help living organisms to reduce energetically costly
biosynthesis of this class of compounds, especially for N-derived compatible
solutes?.

1.3 Organic sulfur compounds in the environment

Sulfur is an essential component for living organisms and the 10™" most
abundant element in the universe, according to the Jefferson National
Linear Accelerator Laboratory (www.jlab.org).

In the ocean, sulfur is available mainly as inorganic sulfate>**>, which is
assimilated by marine phytoplankton and bacteria to be transformed into
organic matter, including amino acids, proteins, sulfate esters and
sulfolipids, heightening the levels of organic sulfur in the ocean. Dissolved
and particulate organosulfur compounds constitute the major source of
sulfur in marine environment3®3’. Chemically, sulfur has several oxidation
states, from -2 to +6, characterized by different redox properties that
ensure vital cellular functions. In particular, metabolites containing sulfur in
the most reduced state (-2), such as the amino acids cysteine and
methionine and the methyl-sulfur compounds dimethylsulfoniopropionate
(DMSP) and dimethylsulfide (DMS), have mainly antioxidant properties. In
addition to these metabolites, dimethylsulfoxide (DMSO), whose sulfur
atom has an oxidation state of 0, and taurine (oxidation state of +4), are
among the antioxidant compounds as well**®, Sulfur-derived metabolites
constitute a bargaining chip between marine bacteria and algal species,
establishing a  metabolic network where heterotrophs and
photoautotrophs intimately interact®. In this network, phytoplankton plays
an essential role, generating organic sulfur compounds, in form of DMSP
and other molecules like dihydroxypropanesulfonate (DHPS), acting as
growth factors for marine bacteria, supporting their nutrients requirements
and stimulating their chemotaxis. On the other hand, for their part, marine
bacteria produce secondary metabolites that promote algal growth and
distribution3+4°,

34,35

1.3.1 Methylsulfur compounds and the Sulfur Cycle
Structural and functional diversities of sulfur compounds make studies to
decipher the mechanisms involved in their biochemical and ecological
interactions challenging, but of high interest. One of the main reasons for



Introduction 9

the global interest in sulfur and its derived metabolites is related to the
impact they have on climate change and global warming.

Among the natural sources of sulfur-derived metabolites, marine
phytoplankton species are the main producers of the tertiary sulfonium
compound dimethylsulfoniopropionate (DMSP), a major dimethylsulfide
(DMS) precursor. Scientific attention towards DMS goes back to 1935, when
Haas*! described, for the first time, the production of this volatile
compound in the marine red macroalga Polysiphonia fastigiata when
exposed to air. Performing further studies on the same alga, 13 years later,
in 1948, the chemists Frederick Challenger and Margaret Isabel Simpson
(later Dr. Whitaker) detected and identified the sulfur metabolite DMSP as
the precursor of the gaseous molecule DMS*?. Based on these findings, in
1972, the British environmental scientist James Lovelock investigated
further the marine-derived DMS and, during a cruise over the Atlantic
Ocean, from Montevidea (Uruguay) to the United Kingdom, detected DMS
in surface ocean waters. The low DMS concentrations detected®® suggested
to Lovelock that DMSP might be the main carrier of sulfur from the seas,
through the atmosphere, to the land, explaining the global budget of
environmental sulfur, which could not be balanced without such transport,
thus highlighting the importance of this compound in climate regulation**.
Deepening this topic, in1987 Lovelock, together with the climate scientist
Robert Jay Charlson, the biogeochemist Meinrat Andrea and the
astronomer Stephen G. Warren, demonstrated that DMS acts as an Earth’s
thermostat and, by enhancing cloud formation, prevents its overheating®.
The theory behind these considerations became known as CLAW
hypothesis (acronym of its authors’ names) and shed new light on the
environmental contribution of marine microalgae to climate regulation®>%.
Hence, according to the CLAW hypothesis, changes in solar radiation, as
well as in Earth and oceanic conditions, depend on a negative feedback
mechanism that involves the production of DMS by marine phytoplankton,
its emission into the atmosphere and its subsequent oxidation to sulfate
aerosols. Once formed, these sulfate aerosols mitigate solar radiation
directed to the Earth, not only by spreading their energy, but also by
enhancing the formation of cloud condensation nuclei (CCN) and shaping
the cloud albedo (amount of sunlight reflected into space)*’.

Changes in the way the earth reflects sunlight (the aforementioned
“albedo”) determine temperature and solar radiation shifts, which affect
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the marine physiological processes. As a consequence, the biosphere and
its productivity and the abundance of marine-derived DMS are altered.
Hence, in line with the CLAW hypothesis, warmer temperatures would
enhance phytoplankton productivity, thus increasing the synthesis,
accumulation and excretion of sulfur metabolites, which contribute to the
pool of DMSP. Increased amounts of DMSP determine also higher levels of
its breakdown form DMS. As volatile metabolite, DMS leaves the oceans
and enters into the atmosphere, raising the concentrations of sulfate
aerosols and, in turn, of the CCN, making clouds brighter and reflecting
more sunlight, while cooling down the Earth. Less solar radiation reaching
the Earth and oceans decreases the productivity of marine organisms,
establishing a negative feedback loop*®. Despite years of observations and
studies, compelling and strong evidence of the accuracy of the CLAW
hypothesis is still missing. Before his theory, hydrogen sulfide (H.S) was
considered the gas responsible for this active exchange, although never
found in oceanic surface waters. After decades of research, the global
emissions of DMS from the ocean to the atmosphere are estimated to be
between 13-37 teragrams of sulfur (TgS)/year, impacting Earth’s
climate*®%-°1. Moreover, beside DMS and its derivatives, most recent
results suggest a more complex scenario behind the climate change and
ocean-derived aerosols, where other sources of CCN are involved®®.
Nevertheless, the exploration of the ecological and physiological roles of
DMSP in the marine environment are topics of social and scientific interest
and several unanswered questions are the focus of ongoing research,
feeding the scientific interest in this research area.

1.3.2 DMSP biosynthesis

Since its discovery, DMSP turned out to be abundant and widespread
among marine organisms>>>>® and the elucidation of its biosynthetic
pathway and its metabolism became a central topic of many studies.
Methionine is considered the immediate precursor in DMSP biosynthesis
and its environmental availability will determine the reaction yield of DMSP
biosynthesis. Hence, stress conditions and nitrogen starvation enhance
protein degradation and, as a consequence, increase the availability of
amino acids such as cysteine and methionine for DMSP synthesis.>*>®.

Intracellular synthesis of DMSP (Fig. 3) is initiated by a transamination
reaction, where methionine is converted into an unstable 2-ketoacid, the 4-
methylthio-2-oxobutyrate (MTOB)>. This intermediate reaction product
forms, through a reduction, the hydroxy-derivative 4-methylthio-2-
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hydroxybutyrate (MTHB). The following methylation yields the sulphonium
compound 4-dimethylsulphonio-2-hydroxybutyrate (DMSHB), a metabolite
only detected in species able to synthetize DMSP and proposed to be the
functional and evolutionary precursor of DMSP, as its oxidative
decarboxylation yields DMSP as final reaction product>>’ (Fig. 3).
Recently, Curson et al.>® identified the eukaryotic DSYB gene, an analogue
of the bacterial dsyB, encoding key methylthiohydroxybutryate
methyltransferase enzyme which transforms MTHB in DMSHB>°, providing
a molecular tool to predict the relative contributions of eukaryotic and
procaryotic organisms to environmental DMSP production. Moreover,
through an evolutionary analysis, the authors suggest that the eukaryotic
DSYB gene originated, indeed, in bacteria and then was transferred to
eukaryotic species either through endosymbiosis or by horizontal gene
transfer®®°8 (Fig. 3).
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Figure 3: Pathway for DMSP biosynthesis in bacteria and marine algae. Met,
methionine; MTOB, 4-methylthio-2-oxobutyrate; MTHB, 4-methylthio-2-
hydroxybutyrate; AdoMet, Adenosylmethionine; AdoHcy,
Adenosylhomocysteine; DMSHB, 4-dimethylsulfonio-2-hydroxybutyrate;
DMSP, dimethylsulfoniopropionate. Adapted from Curson et al., 2018.>2
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1.3.3 Biochemical pathways for DMSP catabolism

After its biosynthesis, the majority of DMSP is released into the marine
environment as dissolved DMSP (DMSPd), where it is available for living
organisms, mainly bacteria, which take DMSP up and catabolise it through
different competing pathways: the demethylation, the cleavage pathway
and the most recent discovered oxidation pathway*®t%%2 schematically
depicted below (Fig. 4).

Demethylation pathway for DMSP catabolism

The demethylation pathway does not liberate DMS, but rather leads to the
production of methylmercaptopropionic acid (MMPA) and, subsequently,
to the volatile compound methanethiol (MeSH), which provides energy,
organic carbon and reduced sulfur to the microbial food web®!. The first
step of this catabolic mechanism is mediated by the DmdA enzyme,
member of the glycine cleavage T-protein (GevT) superfamily and first gene
to be associated with DMSP catabolism. The activity of the DmdA enzyme
yields MMPA, using tetrahydrofolic acid as methyl-acceptor; MMPA is then
further degraded into acetaldehyde, carbon dioxide, Coenzyme A (CoA) and
MeSH, passing through the intermediates MMPA-CoA and
methylthioacryloyl-CoA (MTA-CoA), where DmdB, DmdC and DmdD
enzymes are respectively involved in each step of the biochemical pathway
(Fig 4)60:63-65,

DMSP cleavage and oxidation pathways

While the demethylation pathway degrades almost 80% of DMSP, only a
small percentage, between 2% and 21%, of DMSP is catabolized through
the cleavage pathway to form the climate-active metabolite DMS®.

The catabolic pathway leading to the formation of the volatile
dimethylsulfide (DMS) is the result of DMSP cleavage by enzymes known as
DMSP lyases®® that lead to the production of around 300 teragrams
(Tg)/year of DMS, of which about 10% is transferred to the atmosphere via
ocean-atmosphere sulfur flux3’:°,

In addition to DMS, this catabolic pathway leads to the formation of
acrylate, which is further converted into 3-hydroxypropionic acid (3HP) by
the action of AcuNK. Five different types of DMSP lyases (Ddd-L, -P, -Q, -W,
-Y ) catalyse the cleavage of DMSP into acrylate and DMS, while the Ddd-D
is the only DMSP lyase that does not directly generate acrylate, but rather
3HP, likely through the formation of a DMSP-CoA intermediate, rapidly
converted to 3-HP. Acrylate is further converted, by the action of AcuNK, to
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3-HP, which then is catabolized to malonate semi-aldehyde (Mal-SA) and
then acetyl-CoA by DddA and DddC, respectively®® (Fig. 4).

Although most of the cleavage of DMSP into DMS is made by marine
bacteria and the enzymes involved in this transformation have been known
for many years, the eukaryotic DMSP lyase gene, Almal, responsible for this
conversion was only recently identified in the haptophyte Emiliania huxleyi
by Alcolombri et al. (2015)%3, AImal belongs to the aspartate racemase
superfamily and converts DMSP into DMS and acrylate in a way similar to
the bacterial Ddd lyases. Moreover, orthologues and paralogues of Almal
have been found in a wide range of eukaryotes, including dinoflagellates
and haptophytes, revealing its wide distribution among marine
eukaryotes?866:67,

In addition to the previously described pathways, a third catabolic
mechanism, the oxidation pathway, has been recently highlighted. In this
pathway, DMSP is oxidized in marine microalgae and bacteria to form
dimethylsufoxonium propionate (DMSOP)®, a new DMSP derivative which
is further transformed, contributing to the marine DMSO pool. Due to its
recent discovery, the enzymes involved in this pathway haven’t yet been
elucidated®? (Fig. 4).
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Figure 4: Pathway for DMSP degradation and enzymes involved. DMSP,
dimethylsulfoniopropionate; DMS, dimethylsulfide; DddL/P/Q/W/Y, DMSP
lyases; 3HP, 3-hydroxypropionate; Mal-SA, malonate semi-aldehyde; DddA,
alcohol dehydrogenase; DddC, aldehyde dehydrogenase; DMSOP,
dimethylsulfoxoniopropionate; DMSO, dimethylsulfoxide; MMPA,
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tetrahydrofuran; DmdA/C/D, DMSP-demethylase; DddB, iron-containing
dehydrogenase; MMPA-CoA, methylmercaptopropionic acid-CoA; MTA-CoA,
methylthioacryloyl-CoA. Adapted from Curson et al., 2011.%°

1.4 Marine sulfonates

As phytoplankton species can accumulate DMSP in high concentrations, the
same is true for sulfonate metabolites, another class of sulfur-derived
molecules characterized by a direct carbon-sulfur bond (R-S037)3%,

These metabolites are abundant in terrestrial ecosystems, where they
constitute up to 95% of sulfur in soil®®, but, while sulfonates were detected
at very low concentrations in heterotrophic bacteria, phytoplankton turned
out to produce sulfonates at millimolar intracellular concentrations, on a
scale comparable with that of DMSP3*%8, A diel cycle-linked production and
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release of sulfonate by marine phytoplankton has recently been described
by Durham and co-workers®®. During the night, marine phytoplankton
releases a percentage of the intracellular sulfonates, which are then taken
up and imported by marine bacteria and catabolized to produce further
metabolites, such as pyruvate and acetyl-CoA, to fulfill cellular
requirements3¥®, Among these compounds, C2-sulfonates (taurine and
isethionate) are more abundant in phytoplankton species, while C3-
sulfonates (2,3-dihydroxypropane-1-sulfonate (DHPS), sulfolactate and
cysteate) are widespread among diatoms and haptophytes, suggesting a
taxon-specific production®. Furthermore, a DHPS salinity-dependent
accumulation by Thalassiosira pseudonana has been observed, suggesting
an osmoregulatory function of this metabolite and, likely, of the entire class
as well®8,

Taken together, these evidences confirm diatoms and other phytoplankton
species as the main source of sulfonates and highlight the presence of a
tight network between eukaryotic phytoplankton (sulfonate producers)
and heterotrophic bacteria (sulfonate consumers) in marine
environments.

Nevertheless, to date, studies on phytoplankton sulfonate-production and
their physiological function are still missing and several other questions
related to their biosynthetic pathway and their release into the ocean are
still open.

1.5 Metabolomic analysis of marine compatible solutes

In the era of precision medicine, modern molecular high-throughput
techniques enable to increase the amount and quality of data, helping to
improve knowledge in several biological and medical fields’®. These new
technologies are referred to as “omics” (from the Sanskrit “OM”,
“completeness”), denoting a universal detection of genes (genomics),
proteins (proteomics), RNAs (transcriptomics) and metabolites
(metabolomics) in specific biological samples’l. Genomics was the first
omics technology to appear, introduced in 1987 by Victor McKusick and
Frank Ruddle as the name of the journal they were starting, but since then
it became the way to refer to the study of the entire genome of an
organism, until nowadays, where the term defines the determination of an
entire DNA sequence of a specific organism’2. While traditional research
methods result to be often time-consuming and quite restrictive, omics
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technologies provide simultaneous multiple target analysis in a time-
efficient way’>.

Further research produced new omics technologies, which, together with
the most recent bioinformatic and computational tools, allow the
investigation and detection of physiological mechanisms and interactions
at molecular levels in different biological systems’*’3. Among the latter
developed “omics”, together with proteomics and transcriptomics, which
respectively focus on protein expression and genome-wide studies of
mRNA, metabolomics has been labeled as the new “omics”, joining the
others to study the global metabolite profiles in cells, tissues, and
organisms’#’> The word “metabolome” was introduced by Oliver et al.”® to
define a complete set of low-molecular-weight molecules (metabolites)
present within a cell and involved in vital cellular functions’®’’. The
importance of metabolomic analysis appeared to be significant soon,
showing “the potential to revolutionize an entire field of scientific
endeavour”, as Mitchell and colleagues stated’®, highlighting that “It is now
within our grasp to be able to detect subtle perturbations within the
phenomenally complex biochemical matrix of living organisms” through an
“all-encompassing approach to understanding total, yet fundamental,
changes occurring in disease processes, drug toxicity and cell function”’*7%,
Although scientists have been using metabolomics for decades, since the
first metabolite profile appeared in the 1950s, it has developed slowly,
becoming one of the scientific areas of major interest only recently.
Metabolomic analysis generates sample-specific metabolite profiles
through the use of high-performance analytical techniques, in particular
high-throughput nuclear magnetic resonance (NMR) spectroscopy and/or
mass spectrometry (MS), obtaining analytical spectra that are analyzed and
compared using statistical approaches’”.

Metabolomic applications are increasing in many different fields, from food
science, (e.g., to monitor component analysis), to medicine (e.g., in drug
research), to ecology, where metabolites can reflect the state of the
surrounding environment and reveal potential interaction mechanisms
between different organisms and the environment®®. Among the
ecological sciences, marine chemical ecology is the field where
metabolomics has been very powerful, enabling studies on interactions
within and between different marine organisms mediated by chemical
compounds, like defense mechanisms and allelopathic interaction®.



Introduction 18

Moreover, metabolomics analysis of marine organisms led to the discovery
of new active compounds, unraveling their mechanism of action and their
importance in the entire ecosystem®3® Despite being a promising
analytical tool, metabolomics applied to the study of marine organisms is
not devoid of complications, mainly due to the extremely low availability of
organisms, their remote collection sites, and the high concentrations of
salts and lipids present in the collected samples, requiring special
treatments to be removed and become ready for a metabolomic analysis®2
Moreover, the physical and chemical properties of the metabolites
produced in marine environments range from highly polar metabolites to
hydrophobic compounds, thus requiring powerful and particular extraction
and analytical techniques®.

1.5.1 Analysis of zwitterionic metabolites

In the present Ph.D. thesis, the metabolomic analysis of algal-derived
metabolites focused mainly on zwitterionic metabolites, taking advantage
of a refined analytical method based on Ultra-High-Performance Liquid
Chromatography (UHPLC) coupled with High-Resolution Mass
Spectrometry (HRMS) developed by Spielmeyer and Pohnert® to achieve a
chromatographic separation and direct determination of zwitterionic
compounds.

Before the development of this method, scientific interest towards the
sulfur metabolite DMSP and its related products led to the development of
analytical methods to identify and quantify these compounds. Therefore,
an indirect method based on the cleavage of DMSP to DMS and acrylate
and on the quantification of the released DMS via gas chromatography was
established®®®’. Nevertheless, the main disadvantage this indirect
quantification method had was that other DMS precursors were not taken
into account, resulting in an overestimation of actual DMSP
concentrations®®. To avoid this inaccuracy, other methods, based on direct
detection and quantification of these metabolites, were investigated. Thus,
analysis of zwitterionic metabolites was performed, among other
techniques, through ion chromatography® and capillary
electrophoresis®¥°, but significant improvements have been achieved
through the combination of liquid chromatography and mass spectrometry.
The first method based on LC-MS system was introduced in 2007 by
Wiesemeier and Pohnert’?, strengthening the retention of the polar
metabolite DMSP on a C-18 reversed phase column, through a
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derivatization reaction with pyrenyldiazomethane (PDAM), resulting in a
DMSP-PDAM ester, both UV-visible and MS-detectable.

This method was further developed in 2010 by Li and colleauges®?, who
increased the sensibility and the detection limit of DMSP by using a
pentafluorophenyl column, achieving a chromatographic separation of a
pool of several other zwitterionic metabolites, including glycine betaine and
proline from coral tissue®2.

In the same year, Spielmeyer and Pohnert® described the use of ultra-
performance liquid chromatography and mass spectrometry, together with
a zwitterionic (ZIC-HILIC) stationary phase column, as a promising and
suitable combination for the direct quantification of DMSP and other small
organic polar metabolites from aqueous samples and microalgal extracts.
Besides the reduced sample preparation steps and the small volumes
required, the analytical method allows a direct determination of DMSP and
other polar metabolites in aqueous extracts®.

t85

1.5.2 HILIC chromatography and the ZIC-HILIC® column

Hydrophobic Interaction Liquid Chromatography (HILIC) is a
complementary alternative to reversed-phase liquid chromatography
(RPLC): it combines polar stationary phases generally used for Normal
Phase (NP) chromatography with highly organic mobile phases, typical of a
Reversed Phase, with a small percentage of water®*°°, The small amount of
water characterizing the HILIC mobile phase is adsorbed on the column
surfaces (made either of silica or other polar adsorbents), thus creating a
water-enriched stationary phase®: the retention mechanism is considered
to be due to the separation of polar metabolites between the agueous
stationary phase, which immobilizes the polar metabolites, and the highly
organic mobile phase®. During the partitioning, the formation of hydrogen
bonds enhances the separation, while electrostatic interactions are
responsible for differences in the metabolite’s retention, which depend on
the strength of this interaction, thus on the type of stationary phase, the
ionic composition of the mobile phase and the ionization degree of the
compound.

In ZIC-HILIC columns, the stationary phase is made up of silica, where an
active layer or polymeric support contains a permanent, covalently bonded
hydrophilic zwitterionic functional group, where strongly acidic sulfonic
acid groups and highly basic quaternary ammonium groups are in a 1:1 ratio
and separated by an alkyl chain. As a consequence, the positive charge of



Introduction 20

the quaternary ammonium group is closer to the silica stationary phase and
more accessible to interact with the analytes than the negative (Fig. 5)%.

Mobile
~~..._Organic Phase

SLU3 N
/C\’\7/ i \ Ny

O\\'\'s /G\‘\’i -
® C\’\7 . \
N X
o2 - \ \
o CH &
3 \
\
|® o
CH, —N—CH,—CH,—CH,—SO0;
| ,
1
CH3 II
CH3 1 _
cHg \N/® % i
\C /
H. /
/ TCH, /
2~ /
CH3 CH? ~ SOJS .
H,0 -

Figure 5: The core architecture of a ZIC-HILIC column.

In HILIC separations, acetonitrile is usually used as a weak eluent, while
water and other aqueous buffers are considered strong eluents. At least 3%
of the strong eluent is necessary for the elution to guarantee the formation
of the aqueous layer characterizing the HILIC stationary phase, necessary
for a proper separation and analytes’ retention. On the other hand, because
of its chemical structure, acetonitrile does not interact with the stationary
phase as it does not form hydrogen bonds, thus avoiding competition with
water molecules for the stationary-phase interaction sites®’. Thanks to
these characteristics, this column provides ionic interactions with the
analyte suitable for the analysis of polar and hydrophilic compounds.
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1.6 Thesis objectives

Marine phytoplankton-bacterial interactions represent, indeed, a major
ecological link in aquatic ecosystems, driving the ocean sulfur cycle and
regulating climatic processes through the production and exchange of a key
compound: dimethylsulfoniopropionate (DMSP).

Considering the large-scale ecological implications that the fate of this
compound can have, and given the lack of information on the microbial
catabolism of DMSP, in this work | aim to investigate further on this aspect
and elucidate the environmental factors behind the release of DMS into the
atmosphere and, therefore, decipher the link between phytoplankton-
microbial processes and the carbon and sulfur biogeochemical cycles

(Publication 1).

Besides DMSP, several other metabolites, yet unknown, are involved in
networks between eukaryotic phytoplankton and heterotrophic bacteria.
Their elucidation and chemical characterization represent an important
step in linking microbial communities with phytoplankton species.

Thus, in this work, | aim to broaden the current knowledge on the inter- and
intraspecific interactions between marine species and the biochemical

mechanisms underlying ocean functioning (Publication 2).

Salinity and temperature are recognized as environmental master factors,
playing an active role in the ecological distribution, growth and
development of aquatic species. Variations in these key abiotic stressors
provide a frame how the ocean works, how it is linked to climate and how
it may respond to environmental changes. Marine organisms, therefore,
have developed physiological mechanisms to adapt to naturally occurring
salinity and temperature changes in the seawater, by intracellular
biosynthesis, or up-take from the extracellular environment, of organic
compatible solutes to adjust the osmolality of the cells. Osmotic and
thermal adaptation of marine species relies, therefore, on small organic



Thesis objectives 22

metabolites, whose identities and chemical structures have been partially
characterized during the Ilast decades. Nevertheless, in-depth
chromatographic analyses revealed that till now only a limited fraction of
polar metabolites produced by marine algae has been structurally and
functionally characterized, while several others, most likely zwitterions with
compatible solute properties, are still uncharacterized.

In this thesis, taking advantage of highly advanced analytical technologies
and developing instrumental methods and ecological bioassays, | aim to
identify such uncharacterized metabolites produced by marine algae and
investigate the molecular mechanisms behind the responses of marine
organisms to different environmental stressors and climate changes factors,
like seawater salinity changes and cold temperature adaptations

(Publication 3, Publication 4, Publication 5).
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Dimethylsulfoniopropionate (DMSP) is a pivotal compound in marine biogeochemical cycles
and a key chemical currency in microbial interactions. Marine bacteria transform DMSP via
two competing pathways with considerably different biogeochemical implications: deme-
thylation channels sulfur into the microbial food web, whereas cleavage releases sulfur into
the atmosphere. Here, we present single-cell measurements of the expression of these two
pathways using engineered fluorescent reporter strains of Ruegeria pomeroyi DSS-3, and find
that external DMSP concentration dictates the relative expression of the two pathways.
DMSP induces an upregulation of both pathways, but only at high concentrations (>1pM for
demethylation; >35nM for cleavage), characteristic of microscale hotspots such as the
vicinity of phytoplankton cells. Co-incubations between DMSP-producing microalgae and
bacteria revealed an increase in cleavage pathway expression close to the microalgae’s
surface. These results indicate that bacterial utilization of microscale DMSP hotspots is an
important determinant of the fate of sulfur in the ocean.
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the ocean is converted to dimethylsulfoniopropionate

(DMSP)!, resulting in a global production of this com-
pound that exceeds one billion tons per year’?. DMSP is an
important currency in the ecological and metabolic exchanges
between phytoplankton and heterotrophic bacteria, as it repre-
sents a major nutrient source that contributes significantly to the
sulfur and carbon demand of bacteria (up to 95% and 15%,
respectively?). DMSP is utilized by marine bacteria via two
competing catabolic pathways®: the demethylation pathway leads
to the incorporation of both carbon and sulfur into bacterial
biomass, whereas the cleavage pathway results in the utilization of
carbon but the release of sulfur in the form of the climatically
active gas dimethylsulfide (DMS). The environmental factors that
govern the utilization of one pathway over the other, and ulti-
mately the production and release of DMS to the atmosphere,
have remained elusive, marking a major gap in the mechanistic
link between microbial processes and global-scale carbon and
sulfur biogeochemical cycles.

The water-column concentration of DMSP has been hypo-
thesized to be an important factor regulating the choice of
degradation pathway by bacteria (DMSP Availability Hypoth-
esis®) and it has been speculated that bacteria control the fate of
sulfur from DMSP by adjusting the relative expression of the
demethylation and cleavage pathways (Bacterial Switch Hypoth-
esis’). Concentrations of DMSP in bulk seawater are typically
low, ranging from a few nanomolar (global oceanic average:
16.91 + 22.17 nM®) up to 200 nM during phytoplankton blooms?®.
However, much higher DMSP concentrations are expected to
occur in the vicinity of individual DMSP-producing organisms,
such as phytoplankton cells, which can have intracellular DMSP
concentrations of hundreds of millimolar!?. Efforts to elucidate
the environmental drivers of microbial catabolism of DMSP have
to date been limited to measurements in large-volume batch
cultures!\12 and seawater samples!3. As a consequence, an
understanding of the influence of microscale heterogeneity in
DMSP concentrations on the microbial choice of degradation
pathway is lacking.

Here, we report that the external concentrations of DMSP that
are relevant for controlling the expression of degradation path-
ways by a model copiotrophic bacterium are unexpectedly high,
and are characteristic of DMSP hotspots. This finding was
enabled by the development of the first single-cell, time-resolved
measurements of DMSP degradation pathway expression and
their application to study the response of bacteria to different
concentrations of DMSP.

l | p to 10% of the carbon fixed by phytoplankton cells in

Results and discussion

Construction and validation of fluorescent reporter bacteria.
To examine the relative expression of bacterial DMSP catabolism
genes at the single-cell level, we genetically transformed Ruegeria
pomeroyi DSS-3, a model Alphaproteobacterium from the
Roseobacter clade. Like many members of the Roseobacter clade,
which plays a central role in DMSP cycling!4, R. pomeroyi har-
bors both DMSP catabolic pathways!>. We transformed R.
pomeroyi cells with a custom-built tricolor promoter-fusion
plasmid designed to simultaneously report metabolic activity and
the expression of the genes encoding the two DMSP degradation
pathway enzymes through different fluorescence emission
(Fig. 1a, b). In the engineered plasmid, the promoter regions of
DMSP-dependent demethylase (DmdA) and DMSP lyase
(DddW), which catalyze the first steps of the demethylation and
cleavage pathways, respectively, control the expression of fluor-
escent proteins (Methods). Out of the three functional DMSP
lyases (DddP, DAdQ, and DddW)!¢ encoded in the R. pomeroyi

DSS-3 genome, DAddW was chosen in this study due to its
strong upregulation response to DMSP reported in previous
transcriptomic studies! 17, which suggests that it is the primary
DMSP lyase in this bacterium. However, some of the cleavage
dynamics, controlled by DddP and DddQ, may be missed by our
approach.

Construction of promoter-fusion reporter strains, followed by
quantitative single-cell time-lapse microscopy, has been com-
monly adopted to utilize fluorescence signal dynamics as a proxy
for native gene expression behaviors!8-20, To control for signal
bias caused by the choice of fluorescent protein fused to each
promoter region, we constructed two R. pomeroyi reporter strains
(Goofy and Regular), for which we interchanged the color of
fluorescent proteins fused to the dmdA and dddW promoter
regions (Fig. la, b and Supplementary Fig. 1). The choice of
fluorescent protein led to some differences in the temporal
evolution of fluorescence signal, but did not affect our overall
conclusions (Supplementary Fig. 2). A comparison of fluores-
cence signal output by tricolor and single-color reporter strains
confirmed that promoter fusion cassettes induce fluorescent
protein expression whether encoded alone or together (Supple-
mentary Fig. 2).

To confirm that the strains specifically report dmdA and dddwW
gene expression, and to test for non-specific responses, the
engineered bacteria were incubated with seven different carbon
sources. Rich medium (5% 1/2 YTSS), propionate, acetate,
succinate, and glucose did not elicit any fluorescence response
(Supplementary Fig. 3). Glucose was chosen as the most suitable
negative control for subsequent experiments for the following
reasons: it elicited no non-specific DMSP gene transcription
responses (Supplementary Fig. 3); its molecular weight is similar
to DMSP; and the metabolic pathways of glucose and
organosulfur compounds are distinct. The only carbon sources
that led to an increase in cell fluorescence were DMSP (activating
both dmdA and dddW promoters) and acrylate, a known dmdA
inducer?! (activating only dmdA, but not dddW), thus confirming
the validity of our reporter construct design (Supplementary
Fig. 3).

Time-lapse DMSP incubation experiments in microfluidic
chips. A custom microfluidic chip containing nine observation
chambers was employed for the simultaneous incubation of an
engineered reporter strain with a range of concentrations of
DMSP as a sole amended carbon source (Fig. 1c). The absence of
fluid flow in the observation chambers enabled us to monitor the
expression of DMSP degradation pathways in a time-resolved
manner at the single-cell level (Fig. 1d). Images in phase contrast
and fluorescence (in red, yellow, and teal channels) were acquired
every 45 min for 24 h at six or seven positions per observation
chamber (Fig. 2), encompassing 218 + 120 (mean + s.d.) cells per
field of view (at t = 45 min) per condition (Supplementary Fig. 4).
Microscope and camera settings were optimized to minimize
phototoxicity and photobleaching while maximizing fluorescence
signal capture.

Low levels of expression of both pathways occurred even in the
absence of DMSP (Supplementary Fig. 5 and Supplementary
Note 1), with baseline dmdA expression 1.0-6.7 times higher than
dddW expression (Fig. 3). High variability of fluorescence output
among replicate experiments at 210 uM DMSP (Supplementary
Fig. 6), likely caused by slight differences in subculture growth
phase, prevented the comparison of pathway reporters within
each color (Supplementary Fig. 5). Thus, across-color ratio
calculation, which enabled comparisons of pathway expression
within the same experiment, was employed in our study (Fig. 3).
Importantly, the across-color ratios (0.15-1.0; Fig. 3) and
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YFP signal was used as a proxy for plasmid copy number and metabolic activity. Transcriptional terminators (represented by T) were placed between
promoter fusion cassettes to prevent transcriptional read-through. To control for spectral bias caused by fluorescent protein choice (RFP or TFP), we
constructed two R. pomeroyi reporter strains—Regular (a) and Goofy (b)—in which the colors of fluorescent proteins fused to dmdA and dddW promoter
regions were interchanged. Vector backbone: pBBRIMCS-2 with origin of replication pBBR1 (open circles). € Schematic of a single microfluidic device used
for time-lapse DMSP experiments. Each time-lapse DMSP experiment used one microfluidic device containing nine observation chambers for parallel
incubation of a single reporter strain (Regular or Goofy; a, b) with different concentrations of DMSP. Glucose was used as negative control. White squares
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fluorescence images of a single cell (strain Goofy) over time in the presence of TmM DMSP. Scale bar, 2 pm.

within-color ratios (0.3-0.5; Supplementary Fig. 5) in glucose
showed consistent results.

No significant upregulation beyond these baseline levels of
either pathway was detected at DMSP concentrations below 1 M
(i.e., 100 nM and 500 nM) compared to negative controls (two-
tailed t-tests, n = 259-2125 cells, p > 0.01) (Supplementary Fig. 7).
At 1 uM DMSP, significant upregulation was only observed in
some replicate experiments (Supplementary Fig. 8). Only one out
of six replicate experiments of the demethylation pathway
(dmdA) was upregulated at 1 uM DMSP, while the cleavage
pathway (dddW) showed more consistent significant upregulation
(four out of six replicate experiments) at 1 yM DMSP compared
to glucose negative controls (two-tailed ¢-tests, n=1284-9362
cells, p <0.01) (Supplementary Fig. 8). At higher concentrations
(=10 uM), all replicate experiments exhibited upregulation
(Supplementary Fig. 6). These results suggest that 1uM
approximates the threshold DMSP concentration above which
bacteria start to increase dmdA gene expression beyond baseline
levels. Consistent with existing evidence that points to demethy-
lation as the major fate of DMSP in seawater??, our results also
suggest that DMSP at typical bulk seawater concentrations (16.91
+22.17 nM8) is primarily degraded through the higher baseline
expression levels of the demethylation pathway by Roseobacters
(such as R. pomeroyi), which are major players in marine organic
sulfur cycling'4.

Both pathways were consistently and significantly upregulated
compared to negative controls upon incubation with DMSP
concentrations between 10 pM and 1 mM, which led to upregula-
tion of 1.6-6.0-fold (dmdA) and 8.0-112.6-fold (dddW) compared
to glucose at 24h (Fig. 2a, b and Supplementary Figs. 6, 9;
averages of n=6 replicates). The rates of upregulation,
expressed as the slope of the exponential phase of the
fluorescence kinetics curves, were similar across different DMSP
concentrations (10 uM-1mM, Fig. 2a, b and Supplementary
Fig. 6), suggesting that upon exposure to DMSP concentrations
at or above 10 uM, cells are stimulated to initially increase the
expression of both demethylation and cleavage pathways at a
conserved rate.

While the rate of upregulation was conserved across DMSP
concentrations, maximum gene expression levels of dddW and
dmdA increased with DMSP concentration (Fig. 2¢, d). Due to the
stability of fluorescent proteins (half-lives of hours to more than a
day?3), the fluorescence signal is expected to persist even after
gene expression returns to baseline levels. We therefore used the
magnitude of the end-point fluorescence signal (averaged over the
last five time points, i.e., 20.4-24 h) as a proxy for maximum gene
expression levels of dddW and dmdA. Normalized maximum
gene expression levels of both pathways increased approximately
linearly with DMSP concentration between 1 and 75 uM DMSP
(0.07-0.77 a.u. for dmdA; 0.02-0.62 a.u. for dddW; Fig. 2¢, d).
This increase plateaued above 100 uM (Fig. 2¢, d), possibly as a
result of the gene expression machinery becoming saturated and
unable to respond as sensitively to DMSP at these high
concentrations (Supplementary Note 2).

To determine how consumption of DMSP in the chambers
may have affected our conclusions, we performed a larger-volume
(8 ml) experiment in which we directly measured DMSP
concentration and cell fluorescence, for selected timepoints (0,
2, 8, 24h) and initial DMSP concentrations (1 pM, 75uM,
1 mM). DMSP concentration decreased over time, due to uptake
by bacteria (Supplementary Fig. 10). Consistent with results from
the microfluidic chip experiments (Fig. 2), the initial rate of
increase in the fluorescent signal was conserved between the
75uM and 1mM conditions, but decreased as the DMSP
concentration diminished due to bacterial uptake (Supplementary
Fig. 10). The saturation of the fluorescence signal coincided
temporally with the depletion of DMSP (at 8h, for the 75 uM
condition; Supplementary Fig. 10). These results suggest that cells
initially increase gene expression at a rate that is independent of
DMSP concentration, but halt their gene upregulation when the
DMSP supply is exhausted.

Rather than expressing only one pathway at any given DMSP
concentration, as implied by the Bacterial Switch Hypothesis’, we
observed that bacteria express both pathways simultaneously, but
modulate the ratio of cleavage and demethylation according to
DMSP concentration (Fig. 3). Overall, the cleavage-to-
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Fig. 2 DMSP concentration-dependent upregulation of dmdA and dddW. a, b Mean fluorescence signals of dmdA (demethylation) (a) and dddW
(cleavage) (b) reporters in response to different concentrations of DMSP. One representative replicate experiment of reporter strain Goofy is shown (data
from additional replicate experiments (n =3 for each reporter strain) are shown in Supplementary Fig. 6). Spectral leakage correction, background
subtraction, and a threshold on YFP intensity were applied (see Methods and Supplementary Note 1). RFP and TFP signals of each cell were normalized by
the mean YFP signal at each time point of each experimental condition. Data points and error bars represent means £ s.e.m. of cells (error bars may be
smaller than markers). ¢, d Average end-point fluorescence levels of dmdA (c) and dddW (d) reporters. For each replicate experiment, baseline signal
(glucose) was subtracted at each time point, fluorescence signals over the final five time points (~20.4-24 h) were averaged, then normalized by the
corresponding end-point fluorescence signal at 250 pM DMSP. Data points and error bars represent means + s.d. of six total replicates (n =3 for strain

Regular and n=3 for strain Goofy combined).

demethylation expression ratio increased with DMSP concentra-
tion up to 100 uM, above which it started to plateau (Fig. 3b).
Baseline expression levels that are biased towards demethylation
were represented by cleavage-to-demethylation ratios of 0.15-1.0
in the glucose negative controls (Fig. 3). At high DMSP
concentrations between 10uM and 1mM, bacteria gradually
skewed their gene expression towards the cleavage pathway, with
the cleavage-to-demethylation ratio increasing from 1.89 £ 0.29 at
10 uM to 8.10+0.60 at 1 mM (Fig. 3, strain Regular). Similar
ratio values were obtained with strain Goofy (Fig. 3). These
results indicate that the cleavage pathway becomes more strongly
expressed than the demethylation pathway above a transition
concentration of DMSP that lies between 1 and 10 uM. We
propose that at this transitional concentration, the sulfur needs of
the bacteria are completely met through the demethylation

4

pathway, and excess organic sulfur at higher DMSP concentra-
tions is released as DMS via cleavage.

Raman microspectroscopy. The effect of sulfur satiation on
cleavage pathway expression was more directly observed via
single-cell Raman microspectroscopy. Measurements with
deuterium-labeled DMSP revealed that bacteria that were satiated
in sulfur through prior exposure to methionine (also an organic
sulfur source) maintained uptake of DMSP but skewed
gene expression toward the cleavage pathway (Supplementary
Fig. 11). Bacterial sulfur demand has been proposed as a factor
that regulates the fate of DMSP%712. Since different elements of
the DMSP molecule are harvested by the bacteria through
demethylation (both carbon and sulfur) and cleavage (carbon
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Fig. 3 DMSP concentration modulates relative expression of dddW and
dmdA. a Cleavage-to-demethylation pathway ratio was calculated at each
DMSP concentration for strains Regular (RFP/TFP) and Goofy (TFP/RFP).
High variability of fluorescence output amongst replicate experiments at
>10 pM DMSP prevented the comparison of pathway reporters within each
color (Supplementary Fig. 5). Average fluorescence signals at time points at
which dmdA expression is mid-exponential for each DMSP concentration
(shown in Supplementary Fig. 6), or at the second time point for glucose
and 1pM DMSP conditions, were used for ratio calculation. Close
agreement between strains Regular and Goofy at >10 pM DMSP suggests
that fluorescence ratios are close to true pathway expression ratios. The
deviation between strains Regular and Goofy of ratios in glucose and 1uM
DMSP may be due to low fluorescence signals; importantly, ratios
calculated within-color (0.3-0.5; Supplementary Fig. 5) and across-color
(0.15-1.0; Fig. 3) in glucose showed consistent results (similar values at
1uM DMSP). Pathway ratios from the phycosphere experiment (also
shown in Fig. 4f) were calculated using TFP signals of reporter strains
(reporting either dmdA or dddW expression in strains Regular or Goofy,
respectively) normalized by constitutive YFP signals, and were plotted
against modeled phycosphere DMSP concentrations (Supplementary

Fig. 13). Data points and error bars of DMSP concentration experiments are
slightly offset in the x-direction for presentation clarity, and represent
means t s.d. of replicate experiments (n =3 for strain Regular; n=3 for
strain Goofy). Error bars of the phycosphere experiment represent the
variance of the ratio of normalized cleavage and demethylation
fluorescence signals (Supplementary Note 1). Error bars may be smaller
than markers. b Inset represents the same data as a, plotted on a linear
scale on the x-axis to show the saturating relationship between DMSP
concentration and cleavage-to-demethylation ratio.

only), our observations are consistent with the hypothesis
that cells favor the cleavage pathway when they no longer
require additional sulfur but continue to harvest carbon
from DMSP.

Co-incubation of phytoplankton and engineered bacteria.
While uptake of DMSP was detected at all concentrations tested
(Supplementary Fig. 10), upregulation of DMSP degradation
genes was observed only in relatively high concentrations (=1 uM
in microfluidic chip experiments; Fig. 2). DMSP is not homo-
geneously distributed in the water column, but often occurs as
point sources of high concentration surrounding DMSP-
producing organisms?4. Bacterial exploitation of these enriched
microenvironments>® can influence DMSP transformation rates

and microbial pathway choice in the ocean. To determine DMSP
degradation gene expression in the context of microscale hot-
spots, we exposed the R. pomeroyi fluorescent reporter strains to
an ecologically relevant point source of DMSP: a unicellular
phytoplankton. Concentration gradients of nutrients, often
including DMSP, are present in the microenvironment directly
surrounding phytoplankton cells (the phycosphere?*). We co-
incubated the reporter strains with the unicellular dinoflagellate
Breviolum CCMP2459, which belongs to a family containing
some of the most prolific producers of DMSP (Symbiodinia-
ceae; with intracellular DMSP concentrations of 36-7590 mM)10,
Co-incubations were performed on agarose pads, which immo-
bilized both phytoplankton and bacterial cells for ease of
observation. After 24h of co-incubation in the dark, high-
magnification (100x objective) epifluorescence microscopy ima-
ges of the phycosphere surrounding individual Breviolum cells
were acquired (Fig. 4a, b and Supplementary Fig. 12). To avoid
alterations to the phycosphere due to microscopy light-induced
cellular stress, images were acquired at a single time point (24 h).
Only teal fluorescence was quantified to represent bacterial
pathway expression (due to spectral leakage in the red fluores-
cence channel by photosynthetic pigments, e.g., chlorophyll and
carotenoids), with strain Regular reporting demethylation (dmdA;
n =15 Breviolum cells) and strain Goofy reporting cleavage
(dddW; n =18 Breviolum cells) (Fig. 4). Fluorescence intensities
of bacteria were averaged across Breviolum cells as a function of
distance from the phytoplankton cell (Supplementary Note 3).

R. pomeroyi gene expression patterns reflected the spatial
locations of the bacteria within the phycosphere of Breviolum
cells. According to modeled DMSP diffusion assuming a leakage
rate of 11% of intracellular DMSP per day (Supplementary
Note 4), the steady-state concentration at the surface of a
Breviolum cell (radius =3.3+0.9 um, mean +s.d.) was 197 nM
and decayed exponentially with distance, r, from the center of the
phytoplankton cell (Supplementary Fig. 13). In line with the
predicted DMSP concentration profile within the phycosphere,
bacteria that were nearest to the surface of Breviolum cells, but far
enough not to be affected by spectral interference from
photosynthetic pigments (r = 7.4 um), were the most metaboli-
cally active, exhibiting YFP fluorescence intensities that were on
average double (1.4 + 0.5 a.u., Goofy; 0.4 £ 0.2 a.u., Regular) those
exhibited by bacteria located at r = 18.6 um (0.7 + 0.3 a.u., Goofy;
0.2+0.05 a.u., Regular), beyond which YFP intensities did not
change with distance (Fig. 4c, d).

The expression of the cleavage pathway (dddW) also increased
with decreasing distance from a Breviolum cell. The dddW
expression levels (3.4+1.1x1072 au., raw TFP signal) were
highest near the surface of Breviolum (r=7.4pum; modeled
DMSP concentration = 89 nM) (Fig. 4d) and decreased to
baseline levels (2.4 £ 0.4 x 10~2 a.u., raw TFP signal) at r>18.6
pm (modeled DMSP concentration = 35 nM). These results differ
from our previous microfluidic experiments where exposure to
pure DMSP at <1uM did not lead to dddW fluorescence
upregulation (Supplementary Fig. 7). This discrepancy may be
due to the presence of compounds in algal exudates that
positively influence the regulation of dddW expression, or by
the greater sensitivity of the camera setup used in the Breviolum
experiment. In contrast, the demethylation pathway (dmdA) was
not expressed above baseline levels at any distance from the
Breviolum cells (Fig. 4c), but its expression, normalized by the
average baseline YFP intensity (proxy for metabolic activity), was
still higher than that of the cleavage pathway throughout the
phycosphere (Fig. 4e). As a result, relative pathway expression
was skewed towards demethylation at all distances from a
Breviolum cell (Fig. 4f), but with decreasing distance, and thus
increasing DMSP concentration, the cleavage-to-demethylation
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pathway ratio increased in a pattern consistent with the
microfluidic observations (Fig. 3a).

These results suggest that within the phycosphere of a small
phytoplankton cell slowly exuding DMSP, elevated production of
DMS due to cleavage by marine bacteria occurs close to the
surface of the phytoplankton cell, but most of the DMSP within
the phycosphere is degraded through the demethylation pathway.
However, in the scenario of a lysing phytoplankton cell that
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releases its intracellular DMSP at once, for example at the demise
of a phytoplankton bloom, DMSP within the phycosphere can
reach micro- or millimolar concentration for seconds to
minutes?®. Matching these time scales, bacterial gene expression
(transcription and translation) can theoretically be upregulated
within a few minutes?’, although limitations in fluorescence
signal detection prevented the observation of such early responses
in the present study. Furthermore, oligotrophic DMSP degraders
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Fig. 4 Gene expression patterns in a natural DMSP hotspot. a, b Representative images of co-incubation between DMSP-producing microalgae, Breviolum
CCMP2459 (photosynthetic pigment, orange), and engineered bacteria, R. pomeroyi, constitutively expressing YFP (white) and fluorescently reporting
dmdA (a demethylation, strain Regular-TFP, magenta) or dddW (b cleavage, strain Goofy-TFP, blue) expression. Fluorescence signals are false-colored.
Representative concentric rings (widths, 20 pixels = 1.6 pm) that bin distances from the center (red dots) of Breviolum cells for fluorescence quantification
are shown at 15 and 30 pm. Scale bar, 5 um. ¢, d Quantification of YFP (constitutive) and TFP (dmdA (c), or dddW (d)) fluorescence at each distance ()
from the center of Breviolum cells (mean radius = 3.3 pm, red dotted line; n = 33). Fluorescence upregulation of YFP (¢, d) and TFP (dddW; d) were
detectable up to r=18.6 pm (gray shading), at which modeled DMSP concentration was 35nM (Supplementary Fig. 13). YFP of the cleavage pathway
reporter (b, d) was brighter than that of the demethylation pathway reporter (a, ¢), probably due to differences in metabolic activity levels in each bacterial
culture. Bacteria nearest to the surface of the phytoplankton (r = 4.2 pm, the first concentric ring) appeared dimmer than expected, possibly due to spectral
interference from photosynthetic pigments. Data points and error bars represent mean + s.d. of images (n=15 Breviolum cells for dmdA (¢); n=18 for
dddW (d)), calculated at each concentric ring (image analysis methods in Supplementary Note 3). e TFP fluorescence of each cell-containing pixel
normalized by the average YFP fluorescence of cell-containing pixels within the corresponding concentric circle to remove the effect of metabolic activity
differences on fluorescence intensities. Direct comparisons between demethylation and cleavage after normalization revealed that demethylation
expression was higher than cleavage expression at all distances from the phytoplankton. Data points and error bars represent mean * s.d. of normalized
fluorescence of images, calculated at each concentric ring. f Average normalized TFP intensity (e) of strain Goofy (dddW, n=18) divided by that of strain
Regular (dmdA, n=15) at each distance from the phytoplankton. Error bars represent the variance of the ratio of normalized cleavage and demethylation

fluorescence signals (Supplementary Note 3).

such as SAR11%829 likely employ regulatory mechanisms that
differ from copiotrophic bacteria such as R. pomeroyi. In general,
the results from our microfluidic experiments suggest that in the
vicinity of lysing phytoplankton cells (>10uM) or in other
microenvironments with similarly high DMSP levels®?, both
DMSP degradation genes increase expression, with cleavage more
so than demethylation. These microscale dynamics are consistent
with macroscale patterns of elevated DMS production that are
observed during the decline of phytoplankton blooms3! and
following high rates of viral-induced phytoplankton lysis>2.

Taken together, our observations reveal that the metabolic
machinery of DMSP-degrading copiotrophic bacteria may be
adapted for encounters with DMSP hotspots. Baseline expression
of both pathways was detected even in the absence of DMSP
(Supplementary Fig. 5), possibly owing to promoter leakage of
dmdA and dddW, which likely allows bacteria to be poised for the
next encounter with DMSP. Upregulation of DMSP degradation
genes, beyond baseline levels, was only observed at high DMSP
concentrations that are characteristic of hotspots: above 1 uM for
dmdA (Fig. 2a and Supplementary Fig. 6) and above 35nM for
dddW (Fig. 4b, d and Supplementary Fig. 13). Furthermore, K,
values of DMSP degradation enzymes (5.4 mM for DmdA33 and
4.50-8.68 mM for DddW?34) are orders of magnitude above the
mean seawater concentrations of DMSP (16.91 +22.17 nMS$),
further supporting the notion that bacteria are adapted to exploit
sporadic encounters with DMSP hotspots3> as we observed by
single-cell imaging.

Identifying the environmental determinants of microbial
DMSP cycling is key in understanding their effects on global
climate and biogeochemical cycles. Two interconnected concepts,
the DMSP Availability Hypothesis® and the Bacterial Switch?,
were proposed nearly two decades ago to explain the interplay
between the two DMSP degradation pathways and the factors
leading to the production of DMS, but have remained largely
hypothetical. The present study offers the first direct evidence
that the ambient concentration of DMSP regulates the relative
(i.e., cleavage-to-demethylation ratios; Figs. 3, 4), rather than
mutually exclusive, expression of demethylation and cleavage
pathways. We observed that elevated concentrations of DMSP
(>10 uM), which are typically found in microscale hotspots, shift
bacterial DMSP degradation toward cleavage and are ultimately
expected to increase the bacterial production and release of DMS.
Thus, we propose that the concentrations of DMSP that are most
relevant for the bacterial production of DMS, and ultimately for
global sulfur cycling and for the production of DMS-derived

cloud condensing nuclei, may not be the levels present in bulk
seawater, but instead those existing in microscale hotspots. This
points to the importance of understanding the relative contribu-
tion of DMSP catabolism rates in hotspots compared to the bulk
seawater, and the need to develop more realistic microscale
methods to quantify the utilization and fate of this ubiquitous and
important marine compound.

Methods

Construction of tricolor fluorescent reporter strains. Tricolor fluorescent
reporters were constructed in the marine model organism R. pomeroyi DSS-3
(wild-type strain, a gift from Prof. M. A. Moran, University of Georgia) to visually
report expression of DMSP degradation genes (dddW and dmdA). DAdW was
chosen due to its strong upregulation response to DMSP reported in previous
transcriptomic studies! 17, which suggests that DddW is the primary DMSP lyase
in R. pomeroyi DSS-3. Three fluorescent proteins were chosen for brightness,
monomeric structures, and spectral separation: mTFP1 (teal)3¢; mVenus-Q69M
(yellow)??, which is the mVenus YFP3® modified with a Q69M mutation to reduce
environmental sensitivity; and mKate2 (far-red)?. To control for bias caused by
the choice of color of fluorescent protein (RFP or TFP) fused to each promoter
region, we constructed two R. pomeroyi reporter strains (Goofy and Regular) in
which we interchanged the fluorescent proteins fused to dmdA and dddW pro-
moter regions (Fig. 1a, b).

Three promoter fusion cassettes were inserted into a single vector backbone
(pBBRIMCS-2, a 5.144 kb, broad-host-range, medium copy number plasmid with
a kanamycin resistance cassette and origin of replication pBBR1, originally isolated
from Bordetella bronchiseptica)*®*! to enable gene expression readouts from
individual cells (Supplementary Fig. 14): a dmdA promoter reporter cassette; a
dddW promoter reporter cassette; and a constitutively expressed yfp cassette
(Fig. 1a, b). The 500 bp sequence upstream of the dddW gene and 222 bp upstream
of the dmdA gene in the R. pomeroyi DSS-3 genome were determined as putative
promoter regions and used to construct promoter reporter cassettes. A strong,
constitutive synthetic promoter Pa;/p403 (an E. coli lac promoter derivative)*243
controlled the expression of YFP, whose intensity was utilized as a proxy for cell
viability, plasmid copy number, and metabolic activity (Supplementary Fig. 15).
Transcriptional terminators (RNAIL, TSAL, TR2-17, TL17, BS7, and T7TE+) and
spacer regions between promoter fusion cassettes were cloned from plasmid pZS2-
12344, As an intermediate step in the construction of the tricolor reporter strains, a
derivative of pZS2-123 (with its original promoters replaced with 500 bp sequence
upstream of dmdA or dddW genes), pZS2-200, was built using restriction enzymes:
Avrll, Xmal, Xhol, BamHI, Xmnl, and Sall (New England Biolabs).

Construction of control reporter strains. Truncated versions of the tricolor
reporters (Supplementary Fig. 1), each of which contained one of the promoter
fusion cassettes, were built to test the effect of including three promoter fusion
cassettes within one DNA construct (Supplementary Fig. 2). We also constructed
constitutively fluorescent, single-color R. pomeroyi strains (Supplementary Fig. 1)
to quantify spectral leakage amongst fluorescent protein colors, and to calculate the
spectral leakage correction matrix, B (Supplementary Note 1 and Supplementary
Fig. 16).
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DNA assembly. All R. pomeroyi strains and plasmids engineered in this study are
listed in Supplementary Table 1 and Supplementary Fig. 1. For assembly of the
promoter fusion cassettes into the pBBRIMCS-2 vector, DNA fragments con-
taining overlapping regions (~30 bp) were amplified with 25 cycles of polymerase
chain reaction (PCR) using KAPA HiFi HotStart ReadyMix (Kapa Biosystems)
with primers listed in Supplementary Table 2. Putative promoter regions of dmdA
and dddW were amplified from R. pomeroyi DSS-3 genomic DNA isolated with
DNeasy Blood & Tissue Kits (Qiagen). Plasmids that were used as PCR templates
(Supplementary Table 3) were isolated using the QIAprep Spin Miniprep Kit
(Qiagen). Primers for vector backbone amplification were designed to eliminate the
multiple cloning site (MCS) within the lacZa gene in the pBBRIMCS-2 vector to
prevent fusion with the B-galactosidase a-peptide. Two extra stop codons (TAA-
TAA) were added to each fluorescent protein gene sequence through primer
design.

DNA fragments were assembled using NEBuilder HiFi DNA Assembly Master
Mix (New England Biolabs). Assembled plasmids were transformed into
electrocompetent E. coli (NEB 10-beta; New England Biolabs) through
electroporation (Gene Pulser Xcell, Bio-Rad), positive colonies were picked on X-
Gal/IPTG Luria Broth (LB) plates, and correct assembly of DNA fragments was
confirmed through sequencing of purified plasmids using diagnostic primers listed
in Supplementary Table 2.

Transformation of R. pomeroyi through conjugation. Reporter plasmids were
transformed into R. pomeroyi DSS-3 through a triparental conjugation method,
which was found to be ideal due to the large sizes of our reporter plasmids (up to
7.974 kb). Overnight liquid culture of wild-type R. pomeroyi was prepared in half-
strength YTSS (1/2 YTSS) containing (500 ml~1) 2 g yeast extract (BD Biosciences),
1.25 g tryptone (BD Biosciences), 10 g sea salts (Sigma-Aldrich). In addition,
overnight liquid cultures of helper E. coli containing the pRK600 plasmid*® (15 pg
ml~! chloramphenicol) and donor E. coli containing a constructed reporter plas-
mid (50 pg ml~! kanamycin) were prepared in LB. E. coli cultures were washed
twice in 1/2 YTSS medium to eliminate antibiotics. The following mixture was
concentrated and resuspended in a final volume of 100 pl 1/2 YTSS medium: 2 ml
overnight culture of R. pomeroyi, 200 ul of washed overnight culture of helper E.
coli, and 200 pl of washed overnight culture of donor E. coli. 50 pl of this bacterial
mixture was spotted on a 1/2 YTSS plate, and incubated overnight at 30 °C to allow
mating to occur. Selection for plasmid-containing R. pomeroyi was achieved by re-
streaking onto a 1/2 YTSS plate amended with kanamycin (50 pgml~!) and
potassium tellurite (50 pg mI~!; Fluorochem). Like many marine
microorganisms*®47, R. pomeroyi was found in this study to be resistant to
potassium tellurite, while E. coli is known to be sensitive to the oxide mineral.
Successfully transformed R. pomeroyi were confirmed through colony PCR and
sequencing.

Bacterial culture preparation for experiments. A frozen glycerol stock of each R.
pomeroyi reporter strain was streaked onto a half-strength YTSS (1/2 YTSS) culture
plate containing (500 ml~1) 7.5 g agar (Bacto Agar, BD Biosciences), amended with
50 pg ml~! kanamycin sulfate (Sigma-Aldrich), and incubated at 30 °C for 48-72 h.
A single colony was picked from the plate to inoculate 1 ml of 1/2 YTSS liquid
medium amended with 25 pg ml~! kanamycin for overnight culture (~19 h) in the
dark at 30 °C on an orbital shaker (200 rpm). When overnight cultures reached
visible turbidity, subcultures were prepared by washing (6300 x g, 3 min) and
diluting (1/75 vol/vol) overnight culture cells to a final volume of 1.5 ml in marine
basal medium (MBM) consisting of 0.07 M Tris HCI (pH 7.5), 0.24 mM K,HPO,,
13.4 mM NH,CI, 0.073 mM FeEDTA, 2% (wt/vol) sea salts, and 0.1% (vol/vol)
vitamin solution?8. D-glucose (10 mM) was provided as a sole amended carbon
source in MBM, and kanamycin (25 ug ml~!) was added for plasmid retention.
Initial ODq of 10 mM glucose MBM subcultures ranged from 0.04 to 0.05. After a
4-h incubation in similar conditions as overnight cultures, OD;qo decreased to 0.03
to 0.04, probably due to a decrease in cell size as cells transitioned from rich
medium (elongated cells) to MBM (shortened cells).

To prepare for the low DMSP concentration (<1 uM) experiment
(Supplementary Fig. 7), several colonies of strain Regular cells on an agar plate
were resuspended directly into MBM amended with 1 mM succinate and
50 pg ml~! kanamycin, and grown overnight at 30 °C in the light. The overnight
culture was diluted (1/50 vol/vol) into fresh 1 mM succinate MBM with kanamycin
(50 ug ml!) and incubated for an additional 4 h. Similar to other time-lapse
experiments, OD7 was 0.3 before initiation of incubation with DMSP.

Carbon sources test. To assess the validity of engineered reporter strains, as well
as to identify an appropriate negative control carbon source, R. pomeroyi reporter
strains Regular and Goofy were incubated with a range of carbon sources, and their
fluorescence response and growth were measured (Supplementary Fig. 3). Carbon
sources chosen for this experiment were utilized in previous studies to cultivate R.
pomeroyi. MBM solutions amended with 10 mM of the following carbon sources
were prepared: DMSP (Tokyo Chemical Industry), sodium succinate dibasic hex-
ahydrate (Sigma-Aldrich), sodium propionate (Sigma-Aldrich), sodium acetate

(Sigma-Aldrich), sodium acrylate (Sigma-Aldrich), or p-glucose (Sigma-Aldrich).
MBM solutions were filter sterilized (0.2 pm) after dissolution of carbon sources.

The 5% 1/2 YTSS was prepared with a dilution (1/20 vol/vol) of the rich medium in
non-carbon amended MBM.

Several colonies of R. pomeroyi reporter strains on agar plates were washed and
resuspended in non-carbon amended MBM. Resuspended cells (2 pl) were seeded
into 0.75ml of each carbon source MBM solution amended with 25 pl ml~!
kanamycin. Incubations were performed in 2-ml microcentrifuge tubes
(Eppendorf) in the dark at 30 °C with 200 rpm orbital shaking for 18.5 h before
microscopy imaging.

Glucose was chosen as the most suitable negative control for the following
reasons: it elicited no non-specific DMSP gene transcription response
(Supplementary Fig. 3); its molecular weight is similar to DMSP; and the metabolic
pathways of glucose and organosulfur compounds are distinct. The low DMSP
concentration (<1 uM) experiment (Supplementary Fig. 7) was the only instance in
which succinate was used as the negative control, as it had been utilized in previous
studies?!4%. While succinate was also suitable as negative control (Supplementary
Fig. 3), it produced slightly higher non-specific fluorescence response than glucose;
thus, glucose, unless otherwise noted, was utilized as the negative control for all
other experiments.

Growth curves. Growth curves of R. pomeroyi strains Regular and Goofy in dif-
ferent carbon sources (Supplementary Fig. 3) were measured in a flat-bottom 96-
well plate (Thermo Fisher Scientific), containing 200 ul of carbon source-amended
MBM per well in the absence of antibiotics. Each carbon source was prepared in
triplicates, with corresponding blank wells in duplicates. Each well was inoculated
with 2 pl of bacteria, grown overnight in 1/2 YTSS amended with 25 pg ml~!
kanamycin, and washed and resuspended without dilution in non-carbon amended
MBM. Optical density was measured at 700 nm (OD-q,) to avoid spectral inter-
ference from fluorescence. The plate was incubated at 25 °C, and ODoy was
measured every 1 h (3 min of fast orbital shaking before each time point) for 56 h
using a Synergy HTX Multi-Mode Microplate Reader (BioTek Instruments).

Microfluidic device fabrication. The microfluidic device containing nine parallel
observation chambers (Fig. 1c) was fabricated using soft lithography>. A mold for
the observational chamber geometry was fabricated with SU8 on a silicon wafer.
The microfluidic device was then created by casting polydimethylsiloxane (PDMS)
(SYLGARD 184 Silicone Elastomer Kit; Dow Corning) onto the mold. The cured
PDMS was then removed from the mold, perforated with inlet and outlet holes
with a biopsy punch (1.5 mm diameter), and permanently fixed to a glass coverslip
(60 mm x 24 mmj; 0.17 + 0.005 mm precision thickness; Carl Roth) by plasma
bonding. Depth of each observation chamber was ~60 pum.

Microscopy. All experiments were performed using an inverted epifluorescence
TE2000 microscope (Nikon) controlled through Nikon Elements software (unless
otherwise specified). A Spectra X LED light source (Lumencore) provided single
wavelength excitation illumination for fluorescence imaging (100% LED power
unless otherwise indicated). The Perfect Focus System (Nikon) was engaged to
maintain focus in time-lapse experiments. Three filter cubes (Chroma) were used
for fluorescence imaging: a custom filter cube optimized for mKate2 RFP (ET580/
25x excitation filter, T600lpxr band-pass filter, and ET645/75m emission filter),
Chroma 49003 for YFP, and Chroma 49013 for TEP. Unless otherwise indicated,
the excitation filter of each cube was removed for imaging to maximize fluores-
cence signal captured. At each field of view, phase contrast and fluorescence images
were captured sequentially in the following order: phase contrast, red fluorescence
channel (575 nm excitation), yellow fluorescence channel (508 nm excitation), and
teal fluorescence channel (440 nm excitation). Bacteria were introduced into
microfluidic devices, allowed to settle for 20-30 min, and imaged at the plane of the
glass coverslip surface.

Images were acquired with an electron multiplying CCD (EMCCD) camera
(iXon; 885; Andor Technology) (1004 x 1002 pixels; 8 um pixel size) for the
following experiments: time-lapse DMSP experiments in microfluidic chips; large-
volume DMSP concentration measurement experiment (Supplementary Fig. 10);
carbon sources test (Supplementary Fig. 3); DMSP uptake experiment
(Supplementary Fig. 11); and phytoplankton co-incubation (Fig. 4 and
Supplementary Fig. 12). For time-lapse DMSP experiments in microfluidic chips
and the large-volume DMSP concentration measurement experiment, a 40x
objective (CFI S Plan Fluor ELWD ADM 40x, correction collar adjusted to 0.17;
Nikon) was used with electron multiplier gain at 3x, and the following exposure
times: phase contrast (20 ms, 5% white LED power), red (100 ms), yellow (100 ms),
and teal (200 ms). Imaging conditions for the carbon sources test were identical,
except exposure time for teal fluorescence imaging was 100 ms. Time-lapse imaging
for the DMSP uptake experiment was done in parallel with, but on a different
microscope from, Raman microspectroscopy measurements (see below). Only
phase contrast and teal fluorescence were acquired, with microscopy setup as
described above. For phytoplankton co-incubation imaging, an oil-immersion 100x
objective (CFI Plan Apo Lambda DM 100x Oil; Nikon) was used, without electron
multiplier gain, with the following exposure times (total 240 ms per image) and
LED powers: phase contrast, 60 ms, 10%; red, 100 ms, 100%; yellow, 40 ms, 50%;
and teal, 40 ms, 100%.
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Finally, images for the low DMSP concentration (<1 pM) experiment
(Supplementary Fig. 7) were acquired with an sCMOS camera (Zyla 4.2; Andor
Technology) (2048 x 2048 pixels; 6.5 um pixel size). A 40x objective (described
above) was used, with the following camera exposure times: phase contrast, 9.8 ms,
10% white LED power; and all fluorescence channels, 200 ms.

Image analysis. Analysis of fluorescence images was performed in MATLAB
(MathWorks) using an automated image segmentation and fluorescence quanti-
fication software developed in-house. Detailed descriptions of image processing
and analysis methodologies for microfluidic and agarose pad co-incubation
experiments are provided in Supplementary Notes 1 and 3, respectively. Briefly,
cells were segmented by pixel intensity thresholding in phase contrast images.
Background subtraction and spectral leakage correction were performed to enable
accurate quantification of cellular fluorescence. Thresholding on YFP fluorescence
intensity (proxy for metabolic activity) was applied to only include viable cells for
further analyses. Finally, fluorescence signals in red and teal channels of each cell
were normalized by the mean YFP signal at each time point of each experimental
condition.

DMSP pathway expression time-lapse experiment. Each replicate experiment
represents a biological replicate performed on a single microfluidic device con-
taining nine observation chambers (Fig. 1c). For each replicate experiment, one of
the two R. pomeroyi reporter strains (Regular or Goofy) was prepared for
experimentation as described above. At the end of subculture incubation, cells were
washed and concentrated by 4.5x in non-carbon amended MBM amended with
kanamycin (10 pg ml~1), and distributed into nine separate microcentrifuge tubes
(Eppendorf) representing each treatment condition. For each tested concentration
of glucose or DMSP, a 10x concentrated stock solution was prepared in non-
carbon amended MBM amended with kanamycin (10 pug ml~!). To initiate incu-
bation, 10x stock solutions were diluted to 1x final concentration in the cell-
containing MBM, resulting in a 4.05x cumulative concentration of subcultured
cells. Each observation chamber was populated with 12.5 pl of treated cells. Inlet
and outlet holes of observation chambers were sealed with clear tape to minimize
evaporation. Since PDMS is a gas-permeable material, oxygen is not expected to be
limited in our experimental setup. Cells in observation chambers were allowed to
settle onto the glass coverslip surface with gravity for 20-30 min before initiation of
image capture. Phase contrast and fluorescence images were captured at seven
positions, determined manually before start of imaging, per observation chamber
every 45 min for ~24 h. Replicate experiment 3 of strain Regular (Supplementary
Figs. 4, 6, 15) contained 6 imaging positions (instead of 7) per observation
chamber. All fluorescence kinetic experiments, except the low DMSP concentration
(<1 uM) experiment, were conducted at room temperature (21 °C) and in the dark.
In the low DMSP concentration (<1 uM) experiment only (Supplementary Fig. 7),
1 mM succinate was used as negative control, all experimental conditions contained
50 pg ml~! kanamycin, and fluorescence was monitored by microscopy with image
acquisition every 30 min for 7.4 h with a cage incubator set to 30 °C.

Cultivation of phytoplankton. The dinoflagellate Breviolum (strain CCMP2459,
formally within genus Symbiodinium®') was chosen for its prolific production of
DMSP. Breviolum cells were grown in sterile plastic culture flasks (Nunclon
EasyFlasks, 25 cm? volume; Thermo Fisher Scientific) under a diel light cycle (14 h
light:10 h dark, (100 pmol m~2s~1)) in 30 ml f/2 medium at 22 °C. Cells at 22 days
post-inoculation (a 1:100 dilution into fresh medium) were harvested for experi-
mentation at 14:00 in the afternoon. Cellular concentration was determined by
counting in a microfluidic observation chamber (21 cells pl-1).

Phytoplankton-bacteria co-incubation experiment. Co-incubations between
Breviolum cells and R. pomeroyi reporter strains Regular or Goofy were performed
on agarose pads, which immobilized the algal cells and allowed them to establish
their phycospheres (ie., the immediate regions surrounding unicellular algae cells)
through steady exudation. For agarose pad preparation, low melting temperature
agarose (Promega) was combined with 1/2 YTSS medium at 15 mgml~!, and
gently dissolved in a microwave. After partial cooling, kanamycin was added at
25 pgml~! final concentration. Rubber gaskets (0.5 mm thickness) were manually
cut into square frames (~2 cm x 2 cm inner square area) and placed on glass
coverslips (22 mm x 50 mm; VWR). The inner square areas of rubber gaskets were
filled with ~500 pl melted agarose-kanamycin mixture. Agarose pads were allowed
to cool and solidify for 1.5h before seeding with R. pomeroyi strains.

Bacteria were first seeded onto agarose pads and allowed to grow for 24 h
without phytoplankton. Overnight cultures of R. pomeroyi strains grown in 1/2
YTSS were washed and concentrated threefold in non-carbon amended MBM
amended with 10 pg ml~! kanamycin. Ten microlitre of this concentrated cell
mixture was spotted onto the center of each agarose pad, and loosely covered with
a plastic lid (without contacting the agarose) to minimize evaporation. R. pomeroyi
strains were allowed to grow in patches of monolayer cells on the agarose pads for
24 h at 30°C in the light before Breviolum cells were added to initiate co-
incubation.

In preparation for co-incubation with bacteria, Breviolum cells were washed and
concentrated 20-fold in fresh f/2 medium amended with 10 ug ml~! kanamycin.

Prepared Breviolum cells (10 pl) were spotted onto the middle of each agarose pad
containing monolayer growth of R. pomeroyi. Co-incubation agarose pads were
incubated at room temperature (21 °C) in the dark, loosely covered with a plastic
lid without contacting the agarose, for 24 h before imaging. Prior to imaging, a
glass coverslip (60 mm x 24 mm; 0.17 + 0.005 mm precision thickness; Carl Roth)
was placed onto the agarose pads carefully to avoid agitation of established
phycospheres, and flipped onto the oil immersion objective for imaging. Only one
time point (24 h) was taken for microscopy, to avoid microscopy light-induced cell
stress that could alter the phycosphere profile.

To calculate the spectral leakage correction matrix (Bygareses Supplementary
Note 1), different colors of single-color constitutive control strains of R. pomeroyi
(Supplementary Fig. 1) were grown on separate agarose pads for 24 h without
phytoplankton, and imaged as described above.

Large-volume DMSP concentration measurement experiment. To estimate the
DMSP concentration evolution in microfluidic observation chambers over time, a
large-volume (8 ml) experiment was performed to allow sampling for DMSP
concentration measurements (Supplementary Fig. 10). The experiment, while
larger in volume by ~800-times compared to microfluidic experiments, preserved
cell-to-volume ratio at all steps in the protocol. Three representative initial con-
centrations of DMSP were chosen, each of which was incubated in triplicates: 1 uM,
75uM, and 1 mM.

R. pomeroyi (strain Regular) was grown and prepared as described above, with
modifications as described below. Three biological replicates (i.e., three different
colonies as inocula) of overnight cultures were prepared in 2.5 ml of 1/2 YTSS rich
medium per replicate. Overnight culture cells were washed and concentrated
tenfold in non-carbon amended MBM. For each biological replicate, 153 ul of
concentrated overnight culture was used to inoculate subculture flasks containing
115 ml of 10 mM glucose MBM amended with 25 pg ml~! kanamycin. This led to a
cumulative dilution factor of 1/75 (vol/vol) of overnight culture for subculture
preparation, consistent with microfluidic experiments. Subcultures were incubated
in the dark at 30 °C on an orbital shaker (200 rpm) for 4 h, at the end of which
0Dy was measured to be 0.02-0.04. A volume of 110 ml of subcultured cells per
biological replicate was washed and concentrated fivefold in non-carbon amended
MBM and 7.2 ml of this concentrated cells was allocated into each treatment flask
of each biological replicate (150-ml glass Erlenmeyer flasks). The addition of
800 pL concentrated DMSP solution stocks (10x concentration, i.e., 10 uM, 750
uM, and 10 mM) and kanamycin (final concentration = 10 pg ml~!) marked the
initiation of incubation, with a starting volume of 8 ml. Final cumulative
concentration from subcultured cells was 4.5x (nearly consistent with microfluidic
experiments). One replicate of blank control flasks (i.e., without cells) representing
each DMSP concentration condition was also prepared. All experimental flasks
were sealed and incubated in the dark at room temperature (21.4-22.8 °C) and in
the absence of agitation.

At each sampling time point, incubation flasks were swirled to resuspend
sunken cells. From each flask, a 1.5-ml sample was taken for DMSP concentration
measurement, and an additional 10-ul sample was placed in a microfluidic
observation chamber for microscopy observation (imaged as described above). The
first time point (0 h) was taken from the blank control flasks, for measurement of
initial DMSP concentration. Subsequent time points, at which samples were taken
from blank control flasks as well as from all replicate experimental conditions, were
approximately 2, 8, and 24 h after the start of incubation with DMSP.

Each sample was immediately centrifuged at 2500 x g for 3 min to remove cells
from solution. One millilitre of the supernatant was placed in an acid-washed 5-ml
glass scintillation vial containing 3 ml methanol (>99.9%, HPLC gradient grade;
VWR International). Sample vials were sealed and stored in the dark at 4 °C until
DMSP concentration measurement using ultra-high-pressure liquid
chromatography/high-resolution mass spectrometry (UHPLC/HRMS).

Chromatography/high-resolution mass spectrometry. To prepare samples for
DMSP concentration measurements, 50 pl of each sample (processed and stored as
described above) was diluted with 100 pl of a mixture of acetonitrile and water (9:1
v/v), centrifuged (4500 x g, 5 min), and the supernatant was used for UHPLC/
HRMS measurements. All UHPLC/HRMS results were obtained on a Dionex
Ultimate 3000 system (Thermo Scientific) coupled to a Q Exactive Plus Orbitrap
mass spectrometer (Thermo Scientific).

UHPLC/HRMS quantification followed a previously reported protocol*’: the
eluent consisted of high-purity water with 2% acetonitrile and 0.1% formic acid
(solvent A) and 90% acetonitrile with 10% 5 mmol 1~! aqueous ammonium acetate
(solvent B). The flow rate was set to 0.60 ml min—1. A linear gradient was used for
separation with 100% solvent B (1 min), 20% B (6.5 min), 100% B (7.1 min), and
100% B (10 min). The LC separation column (SeQuant ZIC-HILIC column (5 mm,
2.1 x 150 mm) equipped with a SeQuant ZIC-HILIC guard column (5 mm, 2.1 x
20 mm)) was kept at 25 °C. Electrospray ionization was performed in positive mode
ionization, recording the mass range from 75 to 200 m/z, with the following
parameters: capillary temperature 380 °C; spray voltage 3000 V; sheath gas flow 60
arbitrary units; and aux gas flow 20 arbitrary units. The injection volume was 2 pl.

Calibration curves for DMSP were recorded in triplicate using synthetic
standards prepared as described in a previous study*’. Calibration curve for DMSP:
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area [DMSP] = 470,540c [DMSP in nM] with r=0.9999. Data analyses were
performed using the software Thermo Xcalibur version 3.0.63.

Pre-exposure to sulfur experiment with Raman microspectroscopy. Raman
microspectroscopy was utilized to infer uptake of DMSP at the single-cell level by
measuring the deuterium-labeling status of cells incubated with deuterated DMSP
([%He]-DMSP), in which the two CH; groups of the DMSP molecule were
labeled with deuterium in a protocol previously reported®? (Supplementary

Fig. 11). Three incubation conditions were tested to probe the effect of sulfur
satiation (due to pre-exposure of R. pomeroyi to 10 mM methionine) on DMSP
uptake and cleavage pathway expression: [2Hg]-DMSP without pre-exposure to
methionine; [2H,]-DMSP with pre-exposure to methionine; and non-labeled
DMSP without pre-exposure to methionine (negative control for Raman micro-
spectroscopy signal).

The Pg4aw=mTFP1 single-color R. pomeroyi reporter strain (cleavage pathway
promoter-fusion with TFP) was used to avoid spectral interference with Raman
microspectroscopy measurements (see below). An overnight culture in rich medium
was prepared as described above. Two subculture conditions, with or without 10 mM -
methionine (Sigma-Aldrich), were prepared in 10 mM glucose MBM amended with
25 ug ml~! kanamyecin, and incubated for 4 h as described above. Subcultured cells were
washed, concentrated threefold, and resuspended in the appropriate solution for
incubation: 1 mM [?Hg]-DMSP MBM or 1 mM unlabeled DMSP MBM. All incubation
conditions contained final concentrations of 1% methanol (solvent in which [2Hg]-
DMSP was dissolved) and 10 pg ml~! kanamycin. Treated cells were incubated at room
temperature (22.8 °C) in the dark for 5.5 h before imaging and Raman
microspectroscopy measurements.

We utilized a commercial confocal Raman microspectroscope (LabRAM HR
Evolution; HORIBA Scientific) based on an inverted microscope (Eclipse Ti;
Nikon) with two cameras: an sCMOS camera (ORCA-Flash 4.0; Hamamatsu
Photonics; field of view of 221.867 um x 221.867 um; camera #1) for fluorescence
and brightfield measurements with high sensitivity; and a CMOS camera (UI-
3580LE; IDS Imaging Development Systems GmbH; camera #2) for positioning the
Raman laser (532-nm neodymium-doped yttrium garnet—Nd:YAG) onto each
cell. After incubation of cells with deuterated or non-deuterated DMSP as
described above, a 4 pl-droplet of cells was placed on a CaF, coverslip (25 mm x
15 mm x 0.2 mm; Crystran), which was chosen to avoid background Raman signal
noise®>. A thin liquid column containing cells was achieved by separating the
bottom (CaF,) and top (glass, 18 mm x 18 mm, no. 1 thickness) coverslips with
0.17 mm-thick glass coverslips placed along two opposing edges of the setup. As
the Raman measurements took place at the surface of the CaF, coverslip (i.e.,
170 um away from glass), this arrangement generated sufficient thickness of liquid
sample in the z-direction to prevent interference from the glass material of the top
coverslip>*. The coverslip setup was secured onto the microscope stage with the
CaF, surface interfacing with the 60x water-immersion objective (Plan Apo IR
60XC 1.27 WI; Nikon), and was left undisturbed for 10 min to allow cells to settle
to the bottom surface with gravity.

To measure the expression of the cleavage pathway, a fluorescence image in the
teal channel (filter cube Chroma 49013 with excitation (445/30 nm) and emission
(500/40 nm) filters installed to minimize interference with the Raman
measurements performed with the 532 nm laser) was first acquired with camera #1
(50 ms exposure). A matching brightfield image (2 ms exposure, white LED light
source) was also captured to visualize all cells. After fluorescence and brightfield
image capture, the system was shifted to the Raman configuration (i.e., Raman laser
and camera #2).

Single-cell Raman measurements were performed (1.5-s exposure time; 150-pm
pinhole size) by manually moving the xy-stage to align the Raman laser (532 nm,
400 mW power), as well as to focus it (confirmed via inspection with camera #2),
onto each cell. For each experimental condition sample, Raman measurements of
as many cells as possible were taken within 30 min (n = 32-52 cells per treatment
condition). Each cell's Raman measurement and fluorescence signal were
retrospectively matched using the brightfield image as the reference.

To determine the presence of DMSP uptake by cells, the DMSP uptake index
(Ppmsp) was computed for each cell
Pomse = ;z(mﬂ’

24002450

where Ly4o_2300 (numerator) and L4go_2450 (denominator) represent the integrated
intensities in the Raman spectrum regions between the wavenumbers 2040 and
2300 cm™! (the C-D peak whose intensity is affected by deuterium®?) and between
2400 and 2450 cm ™! (reference region where background intensity was low),
respectively.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the corresponding
authors on request (total data size approximately 1 TB). The source data underlying
Figs. 2, 3, and 4c—f are provided as a Source Data file.

Code availability
All computer code (in MATLAB) developed for this study is available from the
corresponding authors on request.
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Supplementary Figures
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Supplementary Fig. 1 All engineered fluorescent R. pomeroyi DSS-3 strains used in this study. Two
tricolor reporter strains, Regular (a) and Goofy (b), with interchanged colors of fluorescent proteins
fused to dmdA and dddW promoter regions were built to control for spectral bias during fluorescence
intensity quantification. Four single-color reporter strains, representing truncated versions Regular
and Goofy, were built to verify that incorporating three promoter fusion cassettes within one DNA
construct did not affect our conclusions (Supplementary Fig. 2): Pamada::mTFP1 and Pddaw::mKate2
(truncated Regular, a) and Pamaa::mKate2 and Paaaw::mTFP1 (truncated Goofy, b). Finally, a spectral
leakage correction matrix, B (Supplementary Note 1), was calculated using images of constitutively
fluorescent single-color control strains (c). Vector backbone: pBBR1MCS-2 with origin of replication

pBBR1 (open circles).
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Supplementary Fig. 2 Tricolor and truncated single-color reporter strains yield similar fluorescence
responses in the presence of DMSP. To confirm that the incorporation of three promoter fusion
cassettes within one DNA construct (i.e., in tricolor reporter strains Regular and Goofy) did not affect
our overall conclusions, four single-color reporter strains, representing truncated versions of tricolor
reporter strains Regular and Goofy, were incubated with DMSP or glucose (1 mM), and their
fluorescence signals were recorded: Pamda::mKate2 (@); Pasow::mKate2 (b); Pamaa:mTFP1 (c); and
Padaw::mTFP1 (d). Tricolor reporters Goofy (a,d) and Regular (b,c) were also incubated with DMSP in
the same experiment for comparison. Image segmentation and background subtraction were
performed as described in Methods. For tricolor reporters only, spectral leakage correction and YFP
thresholding (at 25 a.u.) were performed, but normalization by constitutive YFP was not (i.e., raw
fluorescence). While absolute magnitudes and slopes of fluorescence responses were not identical
between tricolor and truncated single-color reporter strains (probably due to slight differences in
physiological states in different bacterial cultures), and the choice of fluorescent protein led to slight
differences in the temporal evolution of fluorescence signals, the general patterns of fluorescence
kinetics were preserved (i.e., initial lag, followed by linear increase that flattens after ~8—17 h; further
discussion in Supplementary Note 2). These conserved behaviors validate the tricolor reporters’
design and accuracy of their fluorescence signals in reporting dmdA and dddW expression dynamics
and relative expression levels. Data points and error bars represent mean + s.e.m. of raw
fluorescence intensities of cells.
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Supplementary Fig. 3 Fluorescence response and growth of engineered R. pomeroyi reporters in
diverse carbon sources. a and b Mean fluorescence intensities of strains Regular (a) and Goofy (b)
after incubation with DMSP; succinate; 5% rich media (1/2 YTSS); propionate; acetate; acrylate; or
glucose provided as sole amended carbon sources for 18.5 h in the presence of antibiotic pressure
(25 uM kanamycin; 30 °C; continuously shaken). All carbon sources were provided at 10 mM
concentration except rich media (1/2 YTSS). YFP threshold of 10 a.u. was applied, and each cell’s
teal and red fluorescence were normalized by its own yellow fluorescence. After spectral leakage
correction and background fluorescence subtraction, mean fluorescence values of glucose (used as
negative controls in experiments) were subtracted from each cell’s signals in corresponding color
channels before calculation of mean; thus, some mean fluorescence values were negative. Bars and
error bars represent mean + s.e.m. of fluorescence signals of cells. ¢ and d Growth curves of R.
pomeroyi reporter strains incubated with different organic compounds as sole amended carbon
sources in the absence of antibiotic pressure (25 °C). Data points and error bars represent mean +
s.d. of blank-subtracted triplicate wells. e and f Average number of YFP-positive cells per field of view
(f.o.v.; 200 um x 200 um) in images acquired for fluorescence quantification (a,b). Example phase
microscopy images are shown in g (strain Regular; scale bars, 5 um). Relative growth yields
according to optical density (c¢,d; ODz00) were consistent with cell counts (e,f) except in DMSP, due to
their smaller cell size compared to bacteria grown in other carbon sources. Data points and error bars
represent mean = s.d. of cell number in a field of view.
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Supplementary Fig. 4 Number of cells in time-lapse DMSP experiments performed in microfluidic
chips (all replicate experiments). Mean number of cells per field of view (f.0.v.; 200 um x 200 um) in
time-lapse DMSP experiments. Images were acquired at seven different fields of view per
observation chamber (Fig. 1c¢) except strain Regular replicate experiment 3 (f), in which six fields of
view were taken. Only cells that passed the YFP intensity threshold were included in the analysis.
The large increase in cell number between the first and second time points is likely attributed to cells
settling into the field of view due to gravity. On average, the number of cells in a field of view at the
second time point was 218 + 120 (mean =+ s.d.) across replicate experiments. Replicate experiments
correspond to those presented in Supplementary Fig. 6. Data points and error bars represent mean +
s.d. across seven (or six for f) fields of view.
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Supplementary Fig. 5 Within-color comparisons of demethylation (dmdA) and cleavage (dddW)
pathway reporters. a Cleavage-to-demethylation fluorescence ratios were calculated within each color
(TFP/TFP (o) or RFP/RFP (©)) similarly to Fig. 3. At =10 uM DMSP, the variability amongst replicate
experiments resulted in large variance (error bars) for RFP within-color ratios (though not TFP,
probably due to the relatively small signal values of TFP (Supplementary Fig. 6)). This result
prevented within-color comparisons of pathway reporters except in glucose (b,c) and 1 uM DMSP
(similar values). Thus, across-color ratio calculation, which enabled comparisons of pathway
expression within the same experiment, was employed in our study for consistency (Fig. 3). Error
bars represent the variance of the cleavage-to-demethylation ratio calculated using Eq. S6
(Supplementary Note 3; n= 3 for each reporter). b and ¢ Average baseline fluorescence of
demethylation and cleavage reporters incubated in glucose (cells aggregated over three time points,
~2.5-4h). In glucose, baseline demethylation expression was significantly higher than that of
cleavage (two-tailed t-tests; * p < 0.05; ratios 0.3 in TFP, b; 0.5 in RFP, ¢). Importantly, this higher
baseline demethylation expression was conserved in both within-color and across-color ratios (0.15—
1.0; Fig. 3). Fluorescence signals in glucose were significantly higher than the theoretical ‘off’
intensities of TFP (2.5 4.1 x 103 a.u.) and RFP (-1.6 £ 0.37 x 102 a.u.), indicating that dmdA and
dddW are expressed at a baseline level even in the absence of DMSP (two-tailed t-tests, p < 0.01).
Some theoretical ‘off’ intensities were slightly overcorrected to below zero due to background
subtraction and spectral leakage correction (Supplementary Note 1). Each grey symbol represents a
replicate experiment (symbols and error bars = mean + s.e.m. of fluorescence signals of cells), and
each bar represents the average of replicate experiments (bars and error bars = mean = s.d. of
replicate experiments, n = 3).



Demethylation (dmdA) reporter
average normalized fluorescence (a.u.)

Cleavage (dddW) reporter
average normalized fluorescence (a.u.)

Demethylation (dmdA) reporter
average normalized fluorescence (a.u.)

Cleavage (dddW) reporter
average normalized fluorescence (a.u.)

Goofy replic;ate 1 . . Goofylreplicgte 2 ' . Goofy replic;ate 3|

- I c @® DMSP 1 mM

: * @® DMSP 250 uM
@ DMSP 100 uM

0.05¢ ® DMSP 75 uM
® DMSP 50 uM

0.04 © DMSP 25 uM
@ DMSP 10 uM

0.03¢ ) DMSP 1 uM
@ glucose 1 mM

0.02

0.01 P8 e stsesngggyrreest Il m et

ol8 < ate o 3 5 & B 5

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time of incubation (hours)

e f
0.5

0.4
0.3}

0.2

01 g»aa.»..aa;¢.»a0¢0¢""‘
.g.ﬂ‘."*".“

soooo®
e OO b Sanos
-

000

oo000
o00-000

foo . .

0O 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time of incubation (hours)

Regular replicate 1 Regular replicate 2 Regular replicate 3
g h i

0.3

0.25

0.2

0.15

01}

0.05

0o 5 10 15 20 o0 5 10 15 20 O 5 10 15 20
Time of incubation (hours)

31 1r k |

o]

s 0000,
000 sssss00000000

0 (o000 00000008000050006906666000d 9000008800000 TOITTIDE 0D
b g 5 > S0-0-0-0-08 e e

B ) ™ N S

0516152005-10152005101520
Time of incubation (hours)



Supplementary Fig. 6 Demethylation and cleavage pathway expression measurements in time-lapse
DMSP experiments performed in microfluidic chips (all replicate experiments). Results from all
replicate experiments (n = 3 for strain Goofy (a—f); n = 3 for strain Regular (g-1)). In strain Goofy,
dmdA was reported by RFP (a—c) and dddW by TFP (d—f). In strain Regular, dmdA was reported by
TFP (g—i) and dddW by RFP (j=l). The time points of mid-exponential in dmdA expression, used for
cleavage-to-demethylation ratio calculation (shown in Fig. 3), are represented as colored dots at the
appropriate time points on the x-axis in demethylation pathway plots (a=c, g—i). Red asterisks (*)
identify the replicate experiment shown in Fig. 2 (c,f). While the magnitudes of end-point fluorescence
intensities, and the timepoints of mid-exponential and saturation of fluorescence kinetics curves, were
not the same across replicate experiments and strains, other aspects (e.g., concentration-
dependence of end-point fluorescence intensities, and the preservation of slopes of the fluorescence
curves across concentrations) were consistent (further discussion in Supplementary Note 2). Data
points and error bars represent mean + s.e.m. of fluorescence signals of cells.
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Supplementary Fig. 7 Fluorescence response to DMSP concentrations below 1 uM was
undetectable in the microfluidic chip experimental setup. Lower DMSP concentration experiment (<1
uM): R. pomeroyireporter strain Regular was incubated with succinate (negative control) or DMSP (at
100 nM, 500 nM, 1 uM, or 500 uM) in observation chambers of a microfluidic chip in the presence of
50 pg/ml kanamycin. TFP (dmdA reporter; open circles) and RFP (dddW reporter; closed circles)
fluorescence of each cell were normalized by its own YFP intensity (constitutive expression). Each
experimental condition was imaged at 4—10 different positions, with each field of view containing 25—
200 cells that passed the constitutive YFP fluorescence intensity threshold. No cell division was
observed over the experimental duration. Fluorescence signal upregulation above baseline was either
absent, or not detectable, in DMSP concentrations at and below 1 uM compared to succinate (two-
tailed t-test at 6.4 h, p> 0.01). Data points and error bars represent mean + s.e.m. of normalized
fluorescence intensities of cells. This represents the only experiment in which succinate was used as
negative control. Succinate, which did not elicit a fluorescence reporter response (Supplementary Fig.
3) and possesses a molecular weight that is similar to DMSP, was initially used as negative control in
some early experiments. All other experiments presented in this manuscript used glucose as the
negative control.
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Supplementary Fig. 8 Onset of dmdA and dddW upregulation at 1 pM DMSP in microfluidic
experiments. Probability distributions of fluorescence signals of dmdA (a—c, g—i) or dddW (d—f, j=I)
reporters (strain Goofy (a—f) or Regular (g-l)) incubated with 1 mM glucose or 1 uM DMSP in
microfluidic chip experiments (cells aggregated across three time points, ~2.5—4 h). Mean
fluorescence of the first time point was subtracted from the fluorescence of each cell in appropriate

color channels. Two-tailed t-test was performed on fluorescence data within each replicate

experiment to determine statistically significant upregulation of dmdA or dddW in DMSP compared to
glucose (glucose, n=1,284-7,191 cells; DMSP, n = 1,488-9,362 cells; **, significant upregulation
with p < 0.01). Only one (i) out of six replicate experiments showed significant upregulation of the
demethylation pathway (dmdA) at 1 uM DMSP compared to glucose, while at higher concentrations
(=10 uM) all experiments exhibited upregulation of dmdA (Supplementary Fig. 6). These results
suggest that 1 uM approximates the threshold DMSP concentration above which bacteria increase
dmdA gene expression beyond baseline levels.
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Supplementary Fig. 9 Upregulation of demethylation (dmdA) and cleavage (dddW) at the single-cell
level. a=f, Fluorescence of dmdA and dddW reporters at ~23 h (time point 30) from representative
microfluidic chip experiments are shown (also in Supplementary Fig. 6): replicate experiment 1 of
strain Regular (a,c,e) and replicate experiment 1 of strain Goofy (b,d,f). Each data point represents
fluorescence signals of a single cell. Blue dots represent cells that have been incubated with 1 mM
glucose, while red dots represent cells that have been incubated with DMSP at 1 mM (a,b), 250 uM
(c,d), or 25 uM (e,f). Dotted lines mark two standard deviations from the mean (green circle) of the
glucose population, representing cutoffs for defining the four populations: cells that upregulated (1)
dddW only (cyan), (2) dmdA only (magenta), (3) both pathways (green), and (4) neither pathways (no
response, black). g, Fractions of total number of cells at ~23 h (time point 30) in each of the four
populations, averaged across all replicate experiments of both reporter strains (Goofy and Regular).
At DMSP concentrations ranging between 10—-100 pM, the ‘dddW only’ population (cyan) represented
the majority of responsive cells. At DMSP concentrations ranging from 250 uM—1 mM, cells that
upregulate both pathways (green) formed the majority. Data points and error bars represent mean +
s.d. of replicate experiments (n = 6). Heterogeneity in DMSP degradation gene upregulation is
discussed in Supplementary Note 2.
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Supplementary Fig. 10 Concentrations of DMSP in time-lapse experiments decrease over time due
to cell uptake. a=¢c DMSP concentration measurements in a large-volume (8 ml) experiment with
engineered R. pomeroyi (strain Regular) incubated with 1 mM DMSP (a), 75 uM DMSP (b), or 1 uM
DMSP (c). Small differences between measured and expected initial concentrations are attributed to
experimental or measurement errors. Samples were taken for DMSP concentration measurements
(left y-axis, black) and fluorescence microscopy (right y-axes, cyan and magenta) at approximately 0,
2, 8, and 24 h after the start of incubation. Consistent with our microfluidic chip experiments, both
pathways increased expression when bacteria were incubated with 75 uM and 1 mM DMSP, but 1
uM DMSP led to little or no response in either pathway. Data points and error bars represent mean +
s.d. of three biological replicates for DMSP concentration measurements and fluorescence intensities.
Specifically, mean fluorescence intensities of cells within a field of view, then across fields of views,
were calculated before averaging across the three biological replicates (n = 90-151 average number
of cells per field of view at 0 h; seven fields of views per condition at 0 h; two fields of views per
condition at subsequent time points). Each cell’s fluorescence signals were normalized by its own
constitutive-YFP signal. d Mean number of cells per field of view (f.0.v.; 200 um x 200 um), counted
in images taken for fluorescence intensity quantification at each sampling time point. Growth was
observed in all DMSP concentrations. At 1 mM DMSP, a burst of growth during the last two time
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points (between 8 and 24 h after start of incubation), coincided with the largest DMSP concentration
decrease (a). Data points and error bars represent mean =+ s.d. across three biological replicates of
average number of cells per f.0.v. e-g Rates of change in DMSP concentration (e), cleavage (dddW)
reporter fluorescence (f), and demethylation (dmdA) reporter fluorescence (g). Slopes between
pairwise time points were calculated for each DMSP concentration condition. The 1 mM condition
(black) is marked by an initial period (0—8 h) of slow DMSP concentration decay (e) but rapid pathway
upregulation (f,g). This initial period is followed by fast DMSP uptake (8—24 h; e) coinciding with rapid
increase in cell number (d) and continued increase in pathway expression (f,g). In contrast, the 75
uM condition (dark grey) is marked by a rapid initial decline in DMSP concentration during the first
time points (0-2 h; e), followed by a period of fast pathway expression increase (2-8 h; f,g), which
plateau at the same time as DMSP is depleted (8—24 h; b). Differences in rates of DMSP uptake,
growth, and pathway expression between 75 uM and 1 mM DMSP conditions point to potentially
different physiological adaptations corresponding to low and high nutrient conditions.
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Supplementary Fig. 11 Cells satiated in sulfur maintain DMSP uptake but increase cleavage
pathway expression. a The Pdswow::mTFP1 single-color R. pomeroyi reporter strain (cleavage pathway
promoter-fusion with TFP) was used to avoid spectral interference with Raman microspectroscopy
measurements. b Raman microspectroscopy measurements were performed at 5.5 h after incubation
initiation. The reporter strain (a) was incubated with 1 mM deuterium-labeled DMSP ([2Hes]-DMSP),
either with or without prior exposure to 10 mM L-methionine (an alternative sulfur source to DMSP).
All DMSP and methionine were dissolved in marine basal medium (MBM). The DMSP uptake index,
Powmsp, was calculated as the ratio of integrated intensities at Raman spectrum regions between the
Raman wavenumbers 2040 and 2300 cm' (C-D peak) and between 2400 and 2450 cm' (reference
region where background intensity was low) (Methods). Each filled-circle data point represents the
Powmsp value and the background-subtracted, raw TFP fluorescence signal of a single cell, measured
by the Raman microspectroscopy setup (Methods) (n = 43 cells treated with deuterium-labeled DMSP
only (cyan); n = 50 cells pre-fed with methionine and treated with deuterium-labeled DMSP (red)). For
clarity of presentation, individual cell data points for unlabeled DMSP condition are not shown. Empty
circles and error bars represent mean = s.d. of fluorescence (horizontal) and DMSP uptake index
(vertical) of cells in each experimental condition. ¢ Fluorescence response of cells incubated with
deuterium-labeled DMSP (red and cyan), unlabeled DMSP (black), non-carbon amended MBM (dark
grey), or no treatment (light grey) in observation chambers, monitored over time by microscopy (start
of incubation at Oh). All conditions except ‘no treatment’ contained a final concentration of 1%
methanol (solvent in which [?He]-DMSP was dissolved). At each time point, seven images were taken
at different positions within each observation chamber (n = 330 + 325 (mean + s.d.) cells per image).
Following image segmentation and background subtraction (Methods), the mean cellular
fluorescence was calculated for each image, then averaged across images. Results confirmed that
DMSP, unlabeled (black) or deuterium-labeled (cyan), elicit the same fluorescence response. Pre-
feeding with methionine (red) led to faster upregulation and higher fluorescence signals of the
cleavage (dddW) reporter cells compared to control cells (i.e., not pre-fed with methionine). Data
points and error bars represent mean + s.d. of average cellular fluorescence of seven images.
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Supplementary Fig. 12 Images of phytoplankton-bacteria co-incubation experiment. Representative
images of the agarose pad co-incubation experiment (also shown in Fig. 4) with DMSP-producing
phytoplankton, Breviolum CCMP2459, surrounded by R. pomeroyi bacteria fluorescently reporting
dmdA (a—f, strain Regular; out of 15 total images) or dddW (g-I, strain Goofy; out of 18 total images)
gene expression. Fluorescence signals are false-colored orange for photosynthetic pigments of
phytoplankton, white for YFP (constitutive expression), magenta for dmdA reporter (TFP; a—f), and
blue for dddW reporter (TFP; g-l). Representative concentric rings (widths of 20 pixels = 1.6 um),
used to bin distances from the center of Breviolum cells (red dots; a,g) for quantification of

fluorescence signals, are shown for distances 15 and 30 um. Scale bar, 15 um.
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Supplementary Fig. 13 Model of DMSP concentration in a phycosphere. Concentration profile of
DMSP within a phycosphere predicted using Eq. S7 (Supplementary Note 4). The dark blue line
shows modeled DMSP concentrations at distances (r) from the center of a Breviolum cell, with a
radius of 3.3 um (average radius in our co-incubation experiment; lower x-axis limit). Modeled DMSP
concentration at the surface of the cell (r= 3.3 um) was 197 nM. Green dotted line marks the distance
of the first concentric ring at which bacterial fluorescence was quantified (r = 4.2 um; modeled DMSP
concentration = 157 nM). Grey dotted line represents the distance within the phycosphere beyond
which bacterial fluorescence signals were observed to return to baseline levels (r=18.6 um; modeled
DMSP concentration = 35 nM). Shaded regions show two further cases in which modeled DMSP
concentrations are 3-fold greater (upper boundary of the shaded region) or 3-fold smaller (lower
boundary) than in the baseline case.
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7974 bp 7974 bp

Supplementary Fig. 14 Plasmid maps of tricolor reporter constructs, pCG301 (a, strain Regular) and
pCG401 (b, strain Goofy).
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Supplementary Fig. 15 YFP fluorescence in time-lapse DMSP experiments performed in microfluidic
chips (all replicate experiments). Replicate experiments correspond to those presented in
Supplementary Fig. 6. Background subtraction, spectral leakage correction, and YFP intensity
thresholding (50 a.u.) were performed. YFP signals decreased over the duration of experiments,
which may be due to a number of factors including plasmid-loss by bacteria and fluorescence signal
dilution due to cell division. Data points and error bars represent mean + s.e.m. of fluorescence
signals of cells.
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Supplementary Fig. 16 Calculation of spectral leakage correction matrix, B, with constitutively
fluorescent single-color control strains. Each constitutively fluorescent single-color control strain of R.
pomeroyi (a, Paioyos::mTFP1; d, Paiwwos::YFP; g, Paiwo4os::mKate2) was imaged in its appropriate
color channel (‘true’) and the two inappropriate color channels (‘leakage’) (n = 10 biological replicates
per strain; data point = one cell in b—c, e~f, h—i). Non-fluorescent cells were eliminated from analyses
by applying minimum intensity thresholds in the true fluorescence channels (Supplementary Note 1).
Only 10% of cells, randomly sampled across ten biological replicates, are plotted for clarity. In images
of tricolor reporter strains (Regular or Goofy), recorded fluorescence signals are sums of ‘true’ and
‘leakage’ signals (Eq. S1-3). Specifically, recorded teal fluorescence (f) includes leakage from YFP
(ay; b) and RFP (Br; c); recorded yellow fluorescence (y) includes leakage from TFP (yt; e) and RFP
(o6r; f); recorded red fluorescence () includes leakage from TFP (et; h) and YFP ({y; i). Slopes of
linear regressions (a.,B3,y,9,¢,C) were used to generate the spectral leakage correction matrix, B, which
was used for quantification of true fluorescence signals of tricolor reporter strains (Supplementary

Note 1).
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Supplementary Tables

Supplementary Table 1
Fluorescent strains constructed in R. pomeroyi DSS-3 for this study.

Strain / Plasmid | Description GenBank
Accession #

Regular / tricolor reporter (Pamaa::mTFP1, Paoaw::mKate2, Pa1o40s::YFP) | MN744962
pCG301

pCG302 single-color reporter (Pamaa::mTFP1) MN744963
pCG303 single-color reporter (Paow::mKate?2) MN744964
Goofy / pCG401 | tricolor reporter (Pamaa::mKate2, Pagaw::mTFP1, Paioaos::YFP) | MN744965
pCG402 single-color reporter (Pamaa::mKate?2) MN744966
pCG403 single-color reporter (Paaaw::mTFP1) MN744967
pCG101 single-color constitutive control (Paiv40s::mKate2) MN744959
pCG102 single-color constitutive control (Pa10403::YFP) MN744960
pCG103 single-color constitutive control (Pa1o040s::mTFP1) MN744961
pZS2-200 pZS2-123 with replaced promoters (Pdmada, Pddaw, Piac) for MN744968

cloning aid only
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Supplementary Table 2

Sequences of all oligonucleotide primers used in this study (in accompanying Excel sheet).

Supplementary Table 3

Plasmids externally obtained and used in this study.

Plasmid Description Source / Reference
pZS2-123 DNA architecture of tricolor reporters; | AddGene #26598

source of Venus YFP and terminators | (Reference: 1)
pBBR1MCS-2 vector backbone (Kan®) Provided by Prof. M.E. Kovach

(Reference: 2)

pXGFPC-2 Pjac::mKate2

source of mKate2 and Pa1403
modified /ac promoter

Provided by G. D’Souza
(Reference: 3)

pXGFPC-2 Plac:mTFP1

source of mTFP1

Provided by G. D’Souza
(Reference: 3)

mating (CamR)

pRK415 source of lac promoter that is weakly | Provided by Prof. C.R. Reisch
active in DSS-3 (Reference: 4, 5)
pKR600 helper strain (E. coli) for triparental Provided by Prof. C.R. Reisch

(Reference: 6)
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Supplementary Notes

Supplementary Note 1: Image analysis for cellular fluorescence quantification

1.1. Cell segmentation, thresholding, and generation of ‘cell mask’ and ‘background mask’
Analysis of fluorescence images was performed in MATLAB (MathWorks) using an automated image

segmentation and fluorescence quantification software developed in-house. First, cell-containing
pixels were recognized by applying a threshold (determined manually for each replicate experiment)
on pixel intensity in phase contrast images, in which cells appear as dark (i.e., low intensity) pixels.
Subsequently, cells were segmented by grouping cell-containing pixels that were in contact with each
other.

Not all recognized cells were suitable for further analyses due to their orientation or size. Cells that
were positioned perpendicular to the glass slide, which contained high intensity pixels in phase
contrast images, were not suitable for quantification due to the larger integration distance in the z-
direction for fluorescence signals. These perpendicular cells were eliminated from further analyses by
applying a threshold (determined manually for each replicate experiment) on the upper quartile pixel
intensity within each cell in phase contrast images, whereby cells containing many high intensity (i.e.,
white) pixels were eliminated from further analyses. Furthermore, thresholds on maximum and
minimum size (i.e., number of pixels within a segmented cell; pixel size = 0.2 um x 0.2 um) eliminated
aggregates of many cells (large size; maximum area threshold = 200 pixels), or other particles (small
size; minimum area threshold = 10 pixels). The average size of a cell was 39.0 + 4.02 pixels (mean +
s.d. of cells in replicate experiments). As a result of thresholding, ~20% of originally recognized cells
were eliminated from further analyses. The position of each cell was recorded, and a ‘cell mask’ was
generated from each phase contrast image. Appropriate cell segmentation and thresholding were
visually inspected and confirmed for each image. In some images, a small offset (e.g., by 1-5 pixels)
between ‘cell masks’ and fluorescence images were manually corrected.

Background fluorescence was defined as the average intensity of pixels that do not contain cells,
within a fluorescence channel image. Cell-containing areas of ‘cell masks’ were dilated by a radius of
20-30 pixels, and the negatives of these expanded ‘cell masks’ served as ‘background masks’.
Representative samples of ‘background masks’ were visually inspected for appropriate background
pixel identification. The background intensity for each fluorescence image was calculated as the
average intensity of pixels containing no cells, labeled in ‘background masks’.

Cell and background masks were applied to fluorescence images for cellular and background
fluorescence intensity quantification. Fluorescence intensity (TFP, YFP, or RFP) of each cell was
defined as the mean intensity of pixels contained within a recognized cell. Background fluorescence
was subtracted from each cell to account for variation in background signal levels in different images.
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1.2. Spectral leakage correction in image processing and analyses
Our tricolor reporter strains (Fig. 1a,b) expressed three fluorescent proteins (TFP, YFP, and RFP)

which were chosen for maximum spectral separation. However, the wide excitation and emission
spectra of fluorescent proteins, combined with the range of wavelengths that pass through emission
filters of filter cubes, led to some fluorescence emission signals leaking into inappropriate channels
(e.g., fluorescence emission from YFP leaking into the teal channel). Thus, spectral leakage
correction was applied during image processing and analyses for accurate quantification of true
fluorescence intensities. True fluorescence intensities expressed by the tricolor reporter strains are
represented in the following equations:

t=t+ay+pr (Eq. S1)
Yy=yt+y+or (Eqg. S2)
F=ct+{y+r (Eqg. S3)

where £, 9, and # represent the recorded intensities in teal, yellow, and red channels, respectively.
The recorded intensity (£, 9, or ) of each fluorescent protein was expressed as a sum of (i) the true
intensity (¢ y, or r) in the color channel that match the fluorescent protein of interest and (ii) leakage
intensities from the other two fluorescent proteins, which were represented as fractions (a, £, y; 6, &
and ¢) of the true intensities of the two auxiliary fluorescent proteins. Equations S1-S3 can also be
represented in aggregate:

1% t
[y] =BX|y (Eq. S4)
T r
where
1 a B
B = [y 1 (5] (Eq. S5)
e ¢ 1

Thus, B is the spectral leakage correction matrix that enabled us to solve for the true intensities (¢, y,
and r) from recorded intensities (£, 9, and 7).

1.3. Calculation of spectral leakage correction matrix, B
To calculate the spectral leakage correction matrix, B, the intensities of signals that leaked into

inappropriate channels were quantified for each fluorescent protein (Supplementary Fig. 16).
Constitutively fluorescent single-color control strains (TFP-, YFP-, or RFP-expressing strains) were
grown as described in Methods. These control strains were placed in separate observation chambers
of a microfluidic device, allowed to settle for ~30 minutes, and imaged in every fluorescence color
channel with microscopy specifications as described in Methods. Images were obtained from ten
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biological replicates (i.e., from overnight cultures prepared on 10 different days) of each single-color
control strain.

Cells in images were segmented by thresholding on pixel intensity in phase contrast images, followed
by background fluorescence subtraction. Only cells with fluorescence intensity values above 0 a.u. in
the true fluorescent color channel were included for calculation of B (mean + s.d. number of cells
included for analysis in a biological replicate were n= 4,765 + 1,955; n= 3,246 + 1,938; n= 3,367 +
1,952 for RFP, YFP, and TFP single-color strains, respectively). All cells across all biological
replicates (n = 10) were pooled, and the signals of each cell measured in all three fluorescence
channels were plotted on pairs of axes each representing a color channel (n=47,648; n=32,458; n
= 33,672 cells after pooling, for RFP, YFP, and TFP single-color strains, respectively) (Supplementary
Fig. 16). Linear least squares regression, assuming an intercept at x = 0 and y = 0, was performed on
the pooled fluorescence signal data for the calculation of B (Supplementary Fig. 16):

1 9.8 x1072 7.2 x1073
B=111 x1073 1 4.0 x 107*
1.0 x 10™* 2.6 x 1073 1

The spectral leakage correction matrix, B, was used to solve for the true fluorescence intensities (¢, y,
or r) of each cell in microfluidic experiments using Equation S4.

A similar method, with images of single-color strains grown on agarose pads, was used to calculate a
different spectral leakage correction matrix, Bagarose, for the phytoplankton-bacteria co-incubation
experiment:

1 89 x10™2 1.9 x 1073
Bagarose = | 6.0 x 10™* 1 1.0 x 1074
-2.0 x10™* 1.1 x 1072 1

1.4. Spectral leakage correction, and thresholding and normalization by constitutive YFP
True fluorescence intensities of each cell were solved for by using the spectral leakage correction

matrix, B. The largest correction occurred with teal fluorescence signals, into which YFP leaked
significantly (Supplementary Fig. 16). After spectral leakage correction, dim or non-fluorescent (i.e.,
low metabolic activity or dead) cells were eliminated from further analyses by applying a threshold (50
a.u.) on constitutive YFP fluorescence. The distribution of cellular YFP signals revealed a bimodal
distribution: one population with a sharp peak near 0 a.u. containing non-fluorescent or dim cells, and
a second, larger population consisting of bright cells. A cutoff YFP intensity of 50 a.u. was applied to
all replicate experiments of time-lapse DMSP experiments in microfluidic chips (Supplementary Fig.
6) to eliminate non-fluorescent or dim cells. As a result of thresholding on YFP intensity, 6—-33% of
recognized cells were eliminated from further analyses.

Finally, RFP and TFP signals of each cell were normalized by YFP fluorescence, which served as a
proxy for metabolic activity level and plasmid number. Fluorescence signals in red and teal channels
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of each cell were normalized by the mean YFP signal at the corresponding time point and
experimental condition (Supplementary Fig. 15).

1.5. Calculation of theoretical ‘off’ fluorescence intensity
Due to detector noise, a non-zero signal was detected even in the absence of fluorescence

expression by cells. Thus, the theoretical ‘off’ intensity value of cells had to be determined to
differentiate absence of fluorescence (e.g., promoters that are turned off) from weak signal intensities
(e.g., leaky promoters).

The theoretical ‘off’ fluorescence intensities were defined as the values of signal leakage detected in
the red and teal fluorescence channels while imaging the single-color YFP control strain, after
background subtraction, and spectral-leakage correction using B. Only YFP cells whose true
fluorescence intensities in the yellow channel were above 30 a.u. were included in the analysis.

To calculate the average theoretical ‘off’ fluorescence intensities, signals in red and teal channels
were first averaged across cells in each image, then subsequently averaged across images within a
replicate, and normalized by the average YFP intensity of the corresponding replicate. Finally,
normalized leakage intensities were averaged across all replicate experiments (n = 10). The values
(mean = s.d.) of the theoretical ‘off’ fluorescence were —1.6 + 0.37 x 103 a.u. (red channel) and 2.5 +
4.1 x 1073 a.u. (teal channel) (Supplementary Fig. 5).
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Supplementary Note 2: Interpretation of fluorescence results

2.1. Time-lapse DMSP experiments in microfluidic chips
Results from all replicates of time-lapse DMSP experiments are presented in Supplementary Fig. 6.

While the magnitudes of end-point fluorescence intensities (i.e., average fluorescence signals over
the final five (~20.4—24 h) time points), and the timepoints of mid-exponential and saturation of
fluorescence kinetics curves, were not the same across replicates and strains, other aspects
(concentration-dependence of fluorescence intensities and the preservation of slopes of the kinetics
curves across concentration) were consistent. The decline in RFP signal after signal saturation may
be due to bleaching, plasmid loss, or fluorescent protein degradation. The slight increase in TFP
signal in glucose negative control and after signal saturation may be due to a delay in protein folding,
or clumping of cells as they reach overgrowth in the experimental chamber, leading to a perceived
increase in brightness of cell-containing pixels over time. Due to spectral (i.e., bleaching and effect of
cell clumping on signal) and biological (i.e., rate of protein folding and degradation, and effect of
plasmid loss) differences between the fluorescent proteins, these phenomena are expected to affect
signals detected in red and teal fluorescence channels in different ways. However, these small
artefacts did not affect our overall conclusions outlined in the main text.

Temporal evolution of constitutively-expressed YFP fluorescence in all time-lapse DMSP experiments
are presented in Supplementary Fig. 15. All experiments were performed with antibiotics (kanamycin)
to slow plasmid-loss during experiments, but at a low concentration (10 pg/ml) to minimize
interference with biological processes. We observed a 13.4 + 17.0% (mean + s.d. of replicate
experiments) decay in YFP signals in glucose between 1 h and 10 h of the microfluidic experiments
(Supplementary Fig. 15), which may be a predictor of the rate of plasmid-loss in our experiments.
Loss of plasmid over the experimental duration may contribute to an underestimation of fluorescence
signals reporting dmdA and dddW expression. However, the relatively small variability in the level of
YFP signal decay across replicate experiments suggests that the rate of plasmid-loss is comparable
amongst cells on average. Thus, we conclude that comparisons of cell fluorescence relative to each
other (e.g., between different concentrations of DMSP, or between dddW and dmdA) is valid.

2.2. Heterogeneity in DMSP degradation gene expression

Our single-cell approach revealed the emergence of heterogeneity in the DMSP degradation pathway
response within a single bacterial strain (R. pomeroyi DSS-3). Underlying the population averages
were concentration-dependent shifts in the proportions of cells classified in four discrete categories:
(1) dddW response only, (2) dmdA response only, (3) dddW + dmdA response, and (4) no response
(Supplementary Fig. 9).

End-point expression levels were defined as the average fluorescence signals over the last five time

points (i.e., ~20.4—24 h) of a time-lapse DMSP experiment performed in observation chambers, and

were used as proxies for maximum gene expression levels that dddW and dmdA reached as a result

of exposure to a DMSP concentration (Fig. 2c,d). For DMSP concentrations ranging between 10-50

uM, the mean end-point cleavage (dddW) pathway expression level (shown in Fig. 2d) was driven by

a population of cells that solely upregulated the dddW gene (the ‘dddW response only’ population),
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which made up nearly half (40.0 £ 21.4% to 44.3 = 14.9%) of total cells at 10-50 uM (Supplementary
Fig. 9g); while the other half of the population maintained baseline expression of the DMSP pathways
(the ‘no response’ population). In contrast, the average end-point demethylation (dmdA) pathway
expression level (Fig. 2c) was driven by a subpopulation of cells that upregulated both dmdA and
dddW genes (the ‘both pathways on’ population; Supplementary Fig. 9g). This population grew
exponentially between DMSP concentrations of 10 uM (7.0 + 3.7% of total cells) and 75 uM (28.9 +
9.3% of total cells), and surpassed all other subpopulations at 250 uM (Supplementary Fig. 9), at
which the increase in the maximum gene expression levels with DMSP concentration also dampened
(Fig. 2c,d).

Taken together, these results suggest that specific cell subpopulations drove the average increases
in dmdA and dddW gene expression in different DMSP concentration regimes. At the highest DMSP
concentrations tested (>100 uM), the majority of cells shifted their metabolic strategy towards
upregulating both pathways (dddW + dmdA), probably in order to capitalize on the abundance of
DMSP. However, upregulation of both pathways came at the expense of the ability to respond
sensitively to DMSP concentration, as the positive relationship between end-point gene expression
levels and concentration dampened above 100 uM (Fig. 2c,d). Finally, we speculate that the shift in
the relative expression towards cleavage pathway with increasing DMSP concentration (Fig. 3) is
controlled at two distinct levels: (i) at the single cell level (i.e., individual cells increase dddW
expression levels), as well as (ii) at the population level (i.e., increasing fractions of ‘dddW only’ or
‘dddW + dmdA’ subpopulations with concentration).

29



Supplementary Note 3: Image analysis for phytoplankton-bacteria co-incubation experiment

3.1. Segmentation of Breviolum cells and identification of concentric rings
Phycosphere images were analyzed using a similar MATLAB software as that described for the

analysis of observation chamber experiments (Supplementary Note 2). Additional steps and
differences in image processing of phycosphere images are described below.

Due to spectral leakage in the red channel by photosynthetic pigments (which masked any RFP
signals from bacteria), only signals in the teal (reporting dmdA in strain Regular and dddW in strain
Goofy) and yellow (constitutive YFP expression) channels were quantified, while the red channel was
used only to assess the fluorescence signal of Breviolum photosynthetic pigments. Images were
selected for analysis by screening for bright photosynthetic pigment fluorescence in the red channel
(Breviolum cells with diffuse, low-intensity pigment fluorescence were excluded from analysis).
Furthermore, images with only one phytoplankton cell per field of view (80 um x 80 um) were
selected. These selection criteria yielded 15 images for strain Regular (reporting dmdA with TFP) and
18 images for strain Goofy (reporting dddW with TFP), with a combined total of 33 phycosphere
images for further analyses.

Segmentation of Breviolum cells was achieved through pixel intensity thresholding on photosynthetic
pigment signal in the red channel, and approximating Breviolum cells as circles. Concentric rings with
20 pixels width (1.6 um), emanating from the surface of circularly approximated Breviolum cells, were
used to bin distances within phycospheres. Since the radii of Breviolum cells slightly differed across
33 cells (3.3 + 0.9 um; mean radius = s.d.), the distance of concentric rings from the center of
Breviolum cells varied slightly from image to image. The largest concentric ring (i.e., the farthest
distance within the phycosphere) was determined to be the ring before the one that contacted any
edge of the image.

3.2. Uneven illumination correction, background fluorescence subtraction, and spectral
leakage correction with Bagarose
Uneven illumination across the field of view was observed at high magnification (100x), probably due

to factors related to the light path between the camera and the microscope. To quantitatively correct
for uneven illumination, images of agarose pads in the absence of cells were taken in each channel at
different stage positions (n = 4). At each pixel position, intensities were averaged across the 4 images
to create a master ‘uneven illumination correction’ image. Phycosphere images in teal and yellow
channels were corrected by division, at each pixel position, by the master ‘uneven illumination
correction’ image at the corresponding pixel position in corresponding channels. The effect of uneven
illumination was small: as an estimate of the magnitude of the maximum correction, the ratio of
minimum and maximum intensities in the ‘uneven illumination correction’ images were 0.81 in teal
and 0.87 in yellow.

Background fluorescence intensity was calculated by first roughly identifying Breviolum- and bacteria-

containing regions by thresholding on pixel intensity in the phase contrast channel (to identify

dark/low- and bright/high-intensity pixels), then expanding the region by a distance of 35 pixels. The
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negative of this expanded area generated the ‘background masks’. Average intensities of background
pixels were calculated in teal and yellow fluorescence channels for each phycosphere image, and
were subtracted from each non-background pixel.

Phycosphere experiment-specific spectral leakage correction matrix, Bagarose, Was generated by
analyzing images of constitutively fluorescent single-color control strains (RFP, YFP, or TFP) grown
on agarose pads in the absence of phytoplankton. Single-color bacteria-containing pixels were
identified by thresholding on fluorescence intensity, and linear regression on pixel intensities were
performed to calculate the spectral leakage correction matrix, Bagarose. The spectral leakage correction
matrix was applied to each pixel of co-incubation images to solve for the true fluorescence intensities
in teal and yellow channels.

3.3. Quantification of bacterial dmdA and dddW gene expression in phycospheres
After background subtraction and spectral leakage correction, pixels containing R. pomeroyi cells

were identified by thresholding for high YFP fluorescence (proxy for metabolic activity), and for
positive teal fluorescence values. Due to differences in magnification and experimental setups,
different fluorescence intensity thresholds were chosen for the phycosphere experiments than those
applied in the time-lapse DMSP experiments performed in observation chambers. Constitutive YFP
was brighter in strain Goofy than in strain Regular, reporting dddW and dmdA in TFP, respectively,
probably due to slight differences in growth phase in each bacterial culture. As such, different
thresholds of YFP intensity (>0.08 a.u. for dmdA and >0.23 a.u. for dddW reporters) were chosen
through visual inspection of resulting images, whereby appropriate YFP intensity thresholds accepted
cell-containing pixels but excluded background pixels. The YFP intensity threshold values were
roughly in the same place in the distribution of pixel intensities for the two reporter strains. Finally,
pixels that passed the YFP intensity threshold had to also have positive teal fluorescence values (>0
a.u.) for inclusion in further analyses. Appropriate cell-associated pixel identification and thresholding
were visually inspected and confirmed for each image.

Rather than segmenting each bacterial cell, each bacteria-containing pixel was independently
quantified. In each phycosphere, only distances at which the area of 20-pixel-width concentric rings
contained at least 500 bacteria-associated pixels (equivalent area of a 6.3 um x 6.3 um square, or
approximately 3 cells) were included for further analyses. Despite this 500-pixel threshold, at least 10
images (out of 15, for dmdA) and 14 images (out of 18, for dddW) were included for analyses at any
given concentric ring distance within the phycosphere. Fluorescence intensity values at each
concentric ring were aggregated across images to calculate the average values presented in Fig.
4c,d.

3.4. Calculation of relative expression of dmdA and dddW in phycospheres
To compare dmdA and dddW expression levels, TFP intensity (reporting dmdA or dddW) of each

pixel was normalized by its own YFP intensity (Fig. 4e). Cleavage-to-demethylation ratio (dddW/
dmdA) was calculated as the product of the mean normalized TFP intensity of strain Goofy (dddW, n
= 18) and the mean of the inverse of normalized TFP intensity of strain Regular (dmdA, n= 15) at

each distance within the phycosphere (Fig. 4f). Error bars represent the variance of the cleavage-to-
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demethylation ratio, or the product of cleavage and inverse of demethylation gene expression ( py -
u1 ), and was calculated with the following equation at each distance within the phycosphere:
A

Var(uw-u%)=azw-02§+ o2we u?s+ 023 utw (Eq. S6)

where puy,, and gy, represent the mean and standard deviation of dddW expression level at a

concentric ring; and p: and o: are the mean and standard deviation of the inverse of dmdA
A A

expression levels at a concentric ring.
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Supplementary Note 4: Model of DMSP concentrations in the phycosphere

The microenvironment surrounding a unicellular phytoplankton, the ‘phycosphere’, is often
characterized by a concentration gradient of exudates and dissolved organic matter (DOM)’.
Exudates include DMSP, which comprises up to 10% of fixed carbon in some phytoplankton species®.
Here, we predict the concentration of exuded DMSP in the phycosphere as a function of the leakage
rate, L, and its molecular diffusivity, D (Supplementary Fig. 13).

Experimentally, we simulated a phycosphere by seeding R. pomeroyi fluorescent reporter bacteria
with Breviolum phytoplankton cells on agarose pads, which preserved the spatial arrangement of co-
incubated organisms (Methods). We assumed a 30% reduction in diffusivity of DMSP in agarose
(Dagarose) compared to solution (Dsowtion = 0.5 x 10> cm?2 s~)°. A similar percentage of diffusivity
reduction was observed for sucrose in agarose in a previous study'?. The thickness of agarose (~0.5
mm) was much larger (150x) than the average radius of Breviolum cells (3.3 um); thus, a 3D diffusion
model was used to describe the concentration of DMSP in agarose. However, since the
phytoplankton cell was immobilized with agarose on one side, diffusion may be more accurately
approximated on a half-volume around the cell, instead of its entire volume. Thus, the effective
leakage rate would be double of that expected (2L). Taken together, the concentration of DMSP in
agarose at distance r from the center of a phytoplankton cell is modeled as:

C, =—2 (Eq. S7)

N 4mtDggarose”
with L, the constant exudation rate (mol/s) of DMSP, defined as:
L = ubf (Eqg. S8)

where uis the doubling rate of the Breviolum cell, 6is the amount of intracellular DMSP if there were
no leakage (1@ is thus the rate of production of DMSP by the cell), and £ is the fraction of the
production rate that is leaked.

The actual, stable quantity of intracellular DMSP that is maintained by the cell, ¢, is defined with the
following relationship with and f:

¢=0601-f) (Ea. S9)

Thus, L, the constant exudation rate (mol/s) of DMSP, is described as:

— Hof
L="75 (Eq. S10)

Breviolum cells in our experiment were most likely under physiological stress, or undergoing
senescence, due to immobilization on an agarose pad, proximity to high numbers of bacteria, and
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exposure to vigorous shaking of cell cultures prior to co-incubation; stress and shaking have been
shown to increase intracellular DMSP and exudation rate'".'2. However, all Breviolum cells included in
our image analyses maintained high fluorescence signal from photosynthetic pigments to ensure
viable phycospheres at the time of imaging. We considered the leakage fraction (4 to be constant and
not dependent on cell size; however, in reality, leakage fraction may be expected to decrease with
increasing cell size, though little information is available on this issue.

Up to 50% of all organic materials produced can be released by phytoplankton'3'4 and a survey of
intracellular DMSP measurements of 55 samples of Symbiodiniaceae found a range of 0.021-3.831
pmol DMSP per cell'®. In this model, we assumed a doubling rate (x) of 1 day' or 86,400 s, a
leakage fraction (4 of 1/9 (~11%), and an intracellular content (¢) of 1 pmol per cell for a small,
spherical phytoplankton (mean radius of Breviolum cells in our experiment was 3.3 um), in the
absence of fluid flow.

Two further cases, in which gz, ¢, L, or 1/Dagarose by themselves, or the product of these four terms
1-f

overall, is 3-fold greater or 3-fold smaller, are calculated and shown as upper and lower boundaries
compared to the baseline case scenario (the edges of the shaded region in Supplementary Fig. 13).
The former case (i.e., upper boundary) represents the scenario in which parameters are as in the
baseline case, but leakage or intracellular DMSP content is high (as is the case for stressed cells''; in
our model, £=0.25 or ¢ = 3 pmol per cell) or diffusivity is low (e.g., agarose reduces diffusivity by
more than 30% of Dsoution; in our model, Dagarose = 0.12 x 105 cm? s~'). The same reasoning applies to
the lower boundary. Parameters for the baseline case were chosen to represent realistic values, and
the two further curves thus provide a measure of possible DMSP concentration ranges in a
phycosphere under different conditions.
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y ion: Single-cell of marine bacterial iption reveal the i of di iiopropionate (DMSP) hotspots in ocean sulfur cycling.

y Table 2: of all ol ide primers used in this study.
Overlapping regions (~30 bp) for DNA assembly are underlined.

Two extra STOP codons inserted in fluorescent protein sequence are indicated in red.

For restriction enzyme cloning (pZS2-200), underlined region contains random sequence (~5 bp) and restriction sites; restriction sites are indicated in bold.

Constructed Plasmid __ Primer Name. Sequence (' to 3') Equivalent Primer Description of PCR Product or Primer Template
pCG302 ATFP-fragl-F CGCTACCAACGGTGGTTTGTTTGCCGGATCTCGCCTTGCGTATAATATTT vector backbone PBBRIMCS-2
pCG302 ATFP-fragl-R CCGGTGCGACCCGGCGTCAGGACCACAGCCATCATTTATTCTGCCTCCCA
pCG302 ATFP-frag2-F  TATCAGGCTCTGGGAGGCAGAATAAATGATGGCTGTGGTCCTGACGCC dmdA promoter (222 bp) DSS-3 genomic DNA
pCG302 ATFP-frag2-R CATTGTGGTCTCCTCGCCCTTGCTCACCATGATCGGATCTCCAGACGAGC
pCG302 ATFP-frag3-F  ATACCATAACGCTCGTCTGGAGATCCGATCATGGTGAGCAAGGGCGAG Ji— PXGFPC-2 Py :mTFP1
pCG302 ATFP-frag3-R GCACCGATCAAGTCTTCGCGATGATTATTATTACTTGTACAGCTCGTCCA
pCG302 ATFP-fragd-F  ACCGACGGCATGGACGAGCTGTACAAGTAATAATAATCATCGCGAAGACT 15-bp spacer region + RNAI and TSAL terminators p282:123
pCG302 ATFP-fragd-R CCCCATGGGCAAATATTATACGCAAGGCGAGATCCGGCAAACAAACCACC

pCG303 WmK-frag1-F ACTGAGCCTTTCGTTTTATTTGATGCCTGGTCGCCTTGCGTATAATATTT

vector backbone PBBRIMCS-2
pPCG303 WmK-ragi-R ___ GTTCTATTGATTCTCATTATTTTTGTCGACATCATTTATTCTGCCTCCCA
pCG303 WmK-fag-F  TATCAGGCTCTGGGAGGCAGAATAAATGATGTCGACAAAAATAATGAGAATCA 231-bp inter-promoter spacer region + dGGW promoter (500 bp) p252-200
pPCG303 WmK-rag-R___ CATGTTCTCCTTAATCAGCTCGCTCACCATGATGGGCTCCTTTGTGCTTG
pCG303 WmK-frag-F  TAACTGACCCCAAGCACAAAGGAGCCCATCATGGTGAGCGAGCTGATTAA mKate2 PXGFPC-2 Py, smKate2
pPCG303 WmK-rag3-R __ CTTCTCGATCCGAGACGACCTGCATTATTATTATCTGTGCCCCAGTTTGC
pCG303 WmK-fragd-F  CCTAGCAAACTGGGGCACAGATAATAATAATGCAGGTCGTCTCGGAT TR2-17, TL17, BS7, TTTE+ torminators 252123
pCG303 WmK-ragd-R  CCCCATGGGCAAATATTATACGCAAGGCGACCAGGCATCAAATAAAACGA
pPCG301 regularfragi-F  CGCTCACAAGTCAACACTCTTTTTGATAAATCGCCTTGCGTATAATATTT vestor backbone PBERIMCS-2
pPCG301 regular-fragi-R __ CGCTACCAACGGTGGTTTGTTTGCCGGATCATCATTTATTCTGCCTCCCA
pCG301 regularfrag2-F  TATCAGGCTCTGGGAGGCAGAATAAATGATGATCCGGCAAACAAACCACC Pangn :mTFP + terminators pCG302
pPCG301 regular-frag2-R __ GTTCTATTGATTCTCATTATTTTTGTCGACGGCTGTGGTCCTGACGC
pPCG301 regularfrag-F  CCGGTGCGACCCGGCGTCAGGACCACAGCCGTCGACAAARATAATGAGAATC P - Kate2 + terminators pCG303
pPCG301 regular-frag3-R _ GGTATGGACGAACTGTATAAATAATAATAACCAGGCATCAAATAARACGA
pCG301 regularfragd-F  CCTTTCGTTTTATTTGATGCCTGGTTATTATTATTTATACAGTTCGTCCATACC Venus YFP p252-123
pPCG301 regular-fragd-R __ ACATCTAGAATTAAAGAGGAGAAATTAAGCATGAGCAAAGGTGAAGAACT
pPCG301 regularfrag5-F  GCCGGTGAACAGTTCTTCACCTTTGCTCATGCTTAATTTCTCCTCTTTAATTCTAG P aoa0s promoter (107 bp) PXGFPC-2 Py :mTFP1
pPCG301 regular-frag5-R  CCCCATGGGCAAATATTATACGCAAGGCGATTTATCAAAAAGAGTGTTGACTTG
pCGA01 goofyfragl-F  ACCGACGGCATGGACGAGCTGTACAAGTAATAATAATGCAGGTCGTCTCG WTFP-1ag1-F) | ctor backbone + Payosns promoter + Venus YFP CG301
pCG401 goofy-fragl-R _ GACCTCCCTAGCAAACTGGGGCACAGATAATAATAATCATCGCGAAGACTTGATC
PCG401 goofy-frag2-F  GCACCGATCAAGTCTTCGCGATGATTATTATTATCTGTGCCCCAGTTTGC (AmK-frag2-R) o2 PXGFPC-2 Py, :mKate2
pCG401 goofy-frag2-R _ ATACCATAACGCTCGTCTGGAGATCCGATCATGGTGAGCGAGCTGATTAA (AmK-frag2-F)
PCG4O1 goofy-fragd-F  CATGTTCTCCTTAATCAGCTCGCTCACCATGATCGGATCTCCAGACGAGC (AMKA@GIR) ) oter (222 bp) + nter-promoter spacer region (231 bp) + ddeW promoter (S00bp)  pCG301
pPCG401 goofy-frag3-R __ CATTGTGGTCTCCTCGCCCTTGCTCACCATGATGGGCTCCTTTGTGCTTG (WTFP-frag1-R)
PCG4D1 goofy-fragd-F  TAACTGACCCCAAGCACAAAGGAGCCCATCATGGTGAGCAAGGGCGA WTFPfrag2-F) o PXGFPC-2P,
PCG401 goofyfragd-R _ CTTCTCGATCCGAGACGACCTGCATTATTATTACTTGTACAGCTCGTCCATGC (WTFP-frag2-R)
pCG402 AmK-fragl-F  CGCTACCAACGGTGGTTTGTTTGCCGGATCTCGCCTTGCGTATAATATTTGCC vector backbone + dimdA promater (222 bp) pCG302
pPCG402 AmK-frag1-R __ CATGTTCTCCTTAATCAGCTCGCTCACCATGATCGGATCTCCAGACGAGC (goofy-frag3-F)
pCG402 AmK-frag2-F  ATACCATAACGCTCGTCTGGAGATCCGATCATGGTGAGCGAGCTGATTAA (goofyfrag2R) DXGFPC-2 Py, mKate?
pCG402 AmK-frag>-R  GCACCGATCAAGTCTTCGCGATGATTATTATTATCTGTGCCCCAGTTTGC (goofy-frag2-F)
pPCG403 WTFP-fragl-F TAATAATAATGCAGGTCGTCTCG (QUO-f1ag1-F) o\ ackbione + ddaW promoter (500 bp) pCG303
pPCG403 WTFP-fragi-R __ CATTGTGGTCTCCTCGCCCTTGCTCACCATGATGGGCTCCTTTGTGCTTG (goofy-frag3-R)

-frag2-F TAACTGACCCCAAGCACAAAGGAGCCCATCA - .
pPCG403 WTFP-frag2-F TGGTGAGCAAGGGCGA (goofy-fragd-F) Lo PXGFPC-2 Py 5mTFP1
pCG403 WTFPrag2R  CTTCTCGATCCGAGACGACCTGCATTATTATTACTTGTACAGCTCGTCCATGC (goofy-fragd-R)
pCG101 PAmKate-frag2-F  TATCAGGCTCTGGGAGGCAGAATAAATGATTTTATCAAAAAGAGTGTTGACTTG (PATFP-frag2:F)

s10403 Promoter + miate2
pCG101 PAmKate-frag-R  GGGCAAATATTATACGCAAGGCGATTATTATTATCTGTGCCCCAGTTTGC
-F TATCAGGCTCTGGGAGGCAGAATAAATGAT! .
pCG102 PAVenus-frag2-F TTTATCAAAAAGAGTGTTGACTTG Prvo40s promoter (107 bp) PXGFPC-2 Py, :mTFP1
pCG102 PAVenus-frag2-R _ GCCGGTGAACAGTTCTTCACCTTTGCTCATGCTTAATTTCTCCTCTTTAATTCTAG
pCG102 PAVenus-rag3-F  ACATCTAGAATTAAAGAGGAGAAATTAAGCATGAGCAAAGGTGAAGAACT Venus YFP pz52-123
pCG102 PAVenus-rag®-R  GGGCAAATATTATACGCAAGGCGATTATTATTATTTATACAGTTCGTCCATAC
pCG103 PATFP-rag2-F  TATCAGGCTCTGGGAGGCAGAATAAATGATTTTATCAAAAAGAGTGTTGACTTG (PATKaeAG2F) o o mTFRY PXGFPC2 Pys:
pCG103 PATFP-rag2R  GGGCAAATATTATACGCAAGGCGATTATTATTACTTGTACAGCTCGTCCA
pZ52-200 PdmdA-F CTGATACCTAGGGATCGGATCTCCAGACGAGC Avtll restriction site + dmdA promoter (500 bp) DSS-3 genomic DNA
p252-200 PdmdA-R ATATCCCGGGAAGTCGAGGTGGTGATCTGCTG Xmal restriction site + dmdA promoter (500 bp) DSS-3 genomic DNA
pZ52-200 PdddW-F ATTTCTCGAGCGGGGGTCGCCTCACCATACTCC Xhol restriction site + ddaW promoter (500 bp) DSS-3 genormic DNA
p252-200 PdddW-R ACTAGGATCCCGGATGGGCTCCTTTGTGCTTG BamHI restriction site + dddW promoter (500 bp) DSS-3 genomic DNA
pZ52-200 Plac-F GGCGCGAAGATCTICAGCTGTTTCCTGTGTGAAAT Xmnl restriction site + /ac promoter weakly active in DSS-3 PRK415
p252-200 Plac-R AACCGTCGAGAATGTGAGTTAGCTCACTCA Sall restriction site + Jac promoter weakly active in DSS-3 PRK415
- R-diag-PdmdA  GGAAGTCGAGGTGGTGATCT primer for diagnostic sequencing of pZ52-200
- F-diag-PdddW ~ CAGGAGTATGGTGAGGCGACCC primer for diagnostic sequencing of pZ§2-200
- R-diag-PdddW ~ CCATCCGGGATCCCGGTGCAGAAAA primer for diagnostic sequencing of pZ52-200
- PBBR_F CTTGGGCTTGATCGGCCTTC primer for diagnostic sequencing of all pBBR1MCS-2 vector backbone plasmids
- PBBR_R TGAAGCCCGTTCTGGAC primer for diagnostic sequencing of all pBBR1MCS-2 vector backbone plasmids
- PBBR_diag F  GCACCTCGCTAACGGATTCA primer for diagnostic sequencing of all pBBR1MCS-2 vector backbone plasmids; binding site 37 bp upstream of cloning site
- pPBBR_diag_F_v2 CCCTATACCTTGTCTGC primer for diagnostic sequencing of all pBBR1MCS-2 vector backbone plasmids; binding site 118 bp upstream of cloning site
- PBBR_diag R GGGGATCTCATGCTGGAGTT primer for diagnostic sequencing of all pBBR1MCS-2 vector backbone plasmids; binding site 40 bp downstream of cloning site
- 3cv3 diag F AAGGTGGTGACCGTGAC primer for diagnostic sequencing; binding site in the middle of ddW promoter sequence

- 30v3_diag R AAACAGCCGTTGCCAGAAAG primer for diagnostic sequencing; binding site in the middle of terminator sequence
- midmKate_diag_R CGGGCATCTTGAGGTTC primer for diagnostic sequencing; binding site in the middle of mKate2 sequence
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description In this study, a model marine microorganism (Ruegeria pomeroyi DSS-3) was genetically engineered to visually report the expression
of dimethylsulfoniopropionate (DMSP) degradation genes. Unless otherwise noted, three replicate experiments, each with hundreds
to thousands of cells, were performed.

Research sample Ruegeria pomeroyi DSS-3 strains transformed with engineered plasmids containing 1-3 promoter-fluorescent protein fusions.
Sampling strategy For each experiment, a single colony was picked from a culture plate to inoculate overnight liquid cultures (unless otherwise noted).
Cells were prepared for experimentation at the same growth phase (OD) for each experiment. In each observation chamber of a

microfluidic chip, microscopy fields of views were manually selected with roughly equal spacing for time-lapse observation.

Data collection We used phase contrast and fluorescence microscopy to capture time-resolved images.
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Timing and spatial scale Images were captured every 45 minutes for 24 hours. Images were acquired with an electron multiplying CCD (EMCCD) camera
(iXon3 885; Andor Technology) (1004 x 1002 pixels at 8 um/pixel), unless otherwise indicated.

Data exclusions N/A
Reproducibility Unless otherwise indicated, three replicates were generated and confirmed to generate consistent results.
Randomization N/A
Blinding N/A

Did the study involve field work? |:| Yes |X| No
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies & |:| ChIP-seq
[] Eukaryotic cell lines X|[] Flow cytometry
|:| Palaeontology |Z| |:| MRI-based neuroimaging

[] Animals and other organisms
|:| Human research participants

|:| Clinical data

XXNXNXXNX s




Publication 2 73

2.2 Publication 2

“A new glance at the chemosphere of macroalgal-bacterial interactions: In
situ profiling of metabolites in symbiosis by mass spectrometry.”

Marine Vallet, Filip Kaftan, Veit Grabe, Fatemeh Ghaderiardakani,
Simona Fenizia, Ales Svatos, Georg Pohnert, Thomas Wichard

Beilstein Journal of Organic Chemistry, Vol. 17, 1313-1322, 2021
DOI: 10.3762/bjoc.17.91

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License

Vallet M.1, Kaftan F2, Veit G2, Ghaderiardakani F.%, Fenizia S.5, Svato$ A%, Pohnert G.7, Wichard T.2 A new glance at the
chemosphere of macroalgal-bacterial interactions: In situ profiling of metabolites in symbiosis by mass spectrometry.
Beilstein Journal of Organic Chemistry, 2021 17, 1313-1322. 10.3762/bjoc.17.91

Author 1 2 3 4 5 6 7 8
Development of concept X X
Planning of research X X
Data collection X X X X
Data analysis X X X X X
Preparation of the
. X X X X X X X X
manuscript
Correction of the
; X X X X X X X X
manuscript
Proposed publication
. 0.5
equivalent
Authors contribution:
Marine Vallet Conceptualization, research planning, data analysis,

writing-original draft, writing-review, editing

Filip Kaftan Experiment preparation and implementation, data
analysis, writing-original draft, writing-review, editing

Veit Grabe Experiment preparation and implementation, data
analysis, writing-original draft, writing-review, editing

Fatemeh Ghaderiardakani Experiment preparation and implementation, data
analysis, writing-original draft, writing-review, editing

Simona Fenizia Data analysis, writing-original draft, writing-review,
editing

Ales Svato$ Supervision, writing-review, editing

Georg Pohnert Supervision, writing-review, editing

Thomas Wichard Conceptualization, research planning, experiment

preparation and implementation, writing-review,
editing



Publication 2

74




(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

A new glance at the chemosphere of macroalgal-bacterial
interactions: In situ profiling of metabolites in
symbiosis by mass spectrometry

Marine Vallet'!, Filip Kaftan?, Veit Grabe3, Fatemeh Ghaderiardakani4,
Simona Fenizia*®, Ale§ Svato$2, Georg Pohnert'#6 and Thomas Wichard™

Full Research Paper

Address: Beilstein J. Org. Chem. 2021, 17, 1313-1322.
TResearch Group Phytoplankton Community Interactions, Max Planck https://doi.org/10.3762/bjoc.17.91
Institute for Chemical Ecology, Jena, Germany, 2Research Group

Mass Spectrometry/Proteomics, Max Planck Institute for Chemical Received: 31 December 2020

Ecology, Jena, Germany, 3Research Group Olfactory Coding, Accepted: 28 April 2021

Department of Evolutionary Neuroethology, Max Planck Institute for Published: 19 May 2021

Chemical Ecology, Jena, Germany, *Institute for Inorganic and

Analytical Chemistry, Friedrich Schiller University Jena, Germany, This article is part of the thematic issue "Chemical ecology".
5Max Planck Institute for Chemical Ecology, Jena, Germany and

6Microverse Cluster, Friedrich Schiller University Jena, Germany Guest Editor: C. Beemelmanns

Email: © 2021 Vallet et al.; licensee Beilstein-Institut.

Marine Vallet' - mvallet@ice.mpg.de; Thomas Wichard” - License and terms: see end of document.

Thomas.Wichard@uni-jena.de
* Corresponding author

Keywords:
algae; AP-SMALDI; ectoine; holobiont; high-resolution mass
spectrometry; mass spectrometry imaging; marine bacteria; Ulva

Abstract

Symbiosis is a dominant form of life that has been observed numerous times in marine ecosystems. For example, macroalgae
coexist with bacteria that produce factors that promote algal growth and morphogenesis. The green macroalga Ulva mutabilis
(Chlorophyta) develops into a callus-like phenotype in the absence of its essential bacterial symbionts Roseovarius sp. MS2 and
Maribacter sp. MS6. Spatially resolved studies are required to understand symbiont interactions at the microscale level. Therefore,
we used mass spectrometry profiling and imaging techniques with high spatial resolution and sensitivity to gain a new perspective
on the mutualistic interactions between bacteria and macroalgae. Using atmospheric pressure scanning microprobe matrix-assisted
laser desorption/ionisation high-resolution mass spectrometry (AP-SMALDI-HRMS), low-molecular-weight polar compounds
were identified by comparative metabolomics in the chemosphere of Ulva. Choline (2-hydroxy-N,N,N-trimethylethan-1-aminium)
was only determined in the alga grown under axenic conditions, whereas ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecar-
boxylic acid) was found in bacterial presence. Ectoine was used as a metabolic marker for localisation studies of Roseovarius sp.
within the tripartite community because it was produced exclusively by these bacteria. By combining confocal laser scanning
microscopy (cLSM) and AP-SMALDI-HRMS, we proved that Roseovarius sp. MS2 settled mainly in the rhizoidal zone (holdfast)
of U. mutabilis. Our findings provide the fundament to decipher bacterial symbioses with multicellular hosts in aquatic ecosystems
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in an ecologically relevant context. As a versatile tool for microbiome research, the combined AP-SMALDI and cLSM imaging

analysis with a resolution to level of a single bacterial cell can be easily applied to other microbial consortia and their hosts. The

novelty of this contribution is the use of an in situ setup designed to avoid all types of external contamination and interferences

while resolving spatial distributions of metabolites and identifying specific symbiotic bacteria.

Introduction

In intertidal zones with high temporal and spatial ecosystem
variations, bacteria and macroalgae establish close mutualistic
relationships, in which both gain reciprocal benefits forming an
ecological unit (holobiont) [1-3]. Chemical exchange and physi-
cal proximity are the basis of this algae—bacterial mutualism [4],
but little is known about the spatial distribution of the bacteria
on the algal host and the locally released and exchanged com-
pounds within the algal chemosphere [3]. Bacterial biofilms on
macroalgae can be crucial for developing algae and their inter-
actions with other marine organisms. The exchange of resources
in this spatially limited region is of high interest for under-
standing the macroalgal-bacterial interactions. The chemos-
phere was proposed as a region that supports chemical medi-
ator-based cross-kingdom interactions [3]. High-throughput
sequencing analysis provides the abundance and composition of
the bacterial community on macroalgal surfaces [5,6]. It does
not reveal any information on the metabolically active bacteria
and the spatial distribution of substances exchanged. While the
study of bacterial symbiosis is often limited to either chemistry
or microscopy work, recent functional and metabolomics
methods are available to enable chemical imaging of specialised
metabolites involved in host—bacteria interactions.

In our study, comparative metabolomics using atmospheric
pressure scanning microprobe matrix-assisted laser desorption/
ionisation high-resolution mass spectrometry (AP-SMALDI-
HRMS) enables the identification of specialised metabolites of
the marine macroalga Ulva mutabilis (Chlorophyta) and its as-
sociated essential bacteria, a model system for cross-kingdom
interactions [7]. The method provides a tool to formulate
hypotheses about metabolic processes in the phycosphere while
preserving spatial structure. This novel depth of insight into a
multicellular host and bacteria interactions can characterise
natural products in symbiotic interactions.

Algal growth and morphogenesis-promoting factors (AGMPFs)
are required for the development of the model organism
U. mutabilis [7]. They are provided by a combination of two
essential bacteria, Maribacter sp. MS6 and Roseovarius sp.
MS2 forming a tripartite community [3,7,8] (see also Figure 1a
and the Graphical Abstract). In turn, Roseovarius sp. benefits
from the released photosynthate glycerol as a carbon source [9].
Axenic Ulva germ cells (i.e. gametes) develop into a callus-like
phenotype composed of undifferentiated cells with malformed

cell walls [8,10]. Up to now, the bacterial sesquiterpenoid
thallusin, released by Maribacter spp. [11,12], is the only
known AGMPF that induces morphogenesis such as rhizoid and
cell-wall formation in Ulva spp. [11,12] or thallus development
in Monostroma spp. [13]. The Roseovarius-factor that promotes
cell division is still unknown [3,8]. Algal substances are re-
leased into the surrounding environment to attract epiphytic
bacteria and initiate the cross-kingdom interaction [14,15].
Ulva attracts Roseovarius sp. MS2 through the sulphur-contain-
ing zwitterion dimethylsulphoniopropionate (DMSP), resulting
in biofilm formation on the algal surrounding [9]. The
bacterium subsequently uses the provided glycerol for growth
and transforms DMSP into methanethiol and dimethyl sulphide
[9].

The metabolic activities of marine bacteria and algae can be
surveyed using mass spectrometry-based methods. For example,
stable sulphur isotope (34S) labelled DMSP was used to track
DMSP uptake and degradation by marine bacteria, and second-
ary ion mass spectrometry was applied to visualise it at the
single-cell level [16]. The interaction between epibiotic bacteria
on algal surfaces and their metabolic activities can be moni-
tored in situ or using an imprinting method by desorption elec-
trospray ionisation mass spectrometry [17,18]. In U. mutabilis
gametophytes, matrix-assisted laser desorption ionisation mass
spectrometry imaging (MALDI-MSI) was used to identify cell
differentiation markers [19]. However, there has yet to be a
thorough investigation of associated-mutualistic bacteria.
MALDI-MSI has been shown to have high sensitivity and
spatial resolution at the microscale in plant tissues, plankton,
and other microbes [20,21].

The application of a MALDI matrix to a sample is an important
part of the MALDI-MSI experiment. MALDI-MS can be used
to identify proteins and metabolic signatures [22-24] from
bacteria and microalgae, as well as biofilms [25]. The primary
function of the applied matrix is to improve the quality of the
MS spectra, particularly the signal intensities of the compounds
of interest. In some cases, the matrix might also work in opposi-
tion to this premise, suppressing desired ions. Then, matrix-free
approaches such as LDI-HRMS can overcome this limiting phe-
nomenon and have been applied for species-level microalgal
identification based on metabolic profile fingerprint matching
[26-28].
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Our research combines cutting-edge laser scanning microscopy
and high-resolution mass spectrometry to uncover Ulva/bacteria
interactions and specialised metabolites at the microscale level.
In this study, we demonstrate that the chemosphere of
U. mutabilis changes depending on the presence or absence of
the bacterial symbionts (Roseovarius sp. MS2 and Maribacter
sp. MS6). As a result, specific metabolic markers can be used to
identify bacteria in the vicinity of U. mutabilis. We used an
untargeted comparative metabolomics approach that also
provides micrometre-resolved MS imaging data through
AP-SMALDI-HRMS. Two sample preparations, matrix-free
LDI and MALDI, were performed to increase the range of
metabolites recovered with this type of ionisation. We identi-
fied significant metabolites that define the host—bacteria interac-
tions based on spectral similarity with standards. Using
combined imaging mass spectrometry and confocal laser scan-
ning microscopy, we then linked the chemical and microscopic
observations that characterise the symbiotic association
(cLSM).

Results and Discussion

Comparative metabolomics using
AP-SMALDI-HRMS identifies metabolites in
axenic algae and those present during
macroalgal-bacterial symbiosis

Axenic gametes of U. mutabilis (phenotype slender) were
allowed to settle onto glass plates in Petri dishes filled with
growth medium. In the absence of the symbionts, the axenic
gametes developed into undifferentiated cells known as the
callus-like form [8,29]. In the second set of samples, algae were
inoculated with the two marine bacteria, Roseovarius sp. MS2
and Maribacter sp. MS6, developing into a phenotype
composed of bilayer cells and organised tissues, as previously
reported [8]. The algal germlings incubated with the marine
bacteria showed a rhizoidal zone that serves for substrate
attachment and a thallus zone. From apex to rhizoid, Ulva
germlings had an average length of 50 to 150 um after three
weeks of growth. The samples were recovered, dried on tissue,
and for MALDI, immediately covered with 2,5-dihydroxy-
benzoic acid (DHB) applied by spraying. We targeted either
specialised tissues (rhizoidal zone versus thallus) or the whole
alga germlings (axenic callus versus alga in symbiosis) using a
mounted AP-SMALDI camera (Figure 1a). The metabolic
profiles of tissue and whole alga were obtained from callus or
alga in symbiosis using AP-SMALDI-HRMS with the two sam-
ple preparations, either with matrix deposition (MALDI-
HRMS) or matrix-free analysis (LDI-HRMS) (Figure 1a and b).
The data matrix was generated by processing the raw spectra,
and the data tables produced were from 1534 to 4986 features
(m/z) (Figure 1b and Table S1 in Supporting Information

Beilstein J. Org. Chem. 2021, 17, 1313-1322.

File 1). The principal component analysis (PCA) visualised
differences between metabolic profiles of axenic algae, algae in
symbiosis, and specialised tissues (thallus, rhizoidal zone),
analysed either with LDI or MALDI-HRMS. The metabolic
profiles of axenic algae and algae in symbiosis were significant-
ly different, while tissue-specialised metabolomes were less
differentiated in the PCA score plots (Figure 1b). Significant
features in the loading plots were listed in a heatmap to
compare their relative abundance of intensities averaged per
sample class (Figure 1c). Among the statistically significant
features in all datasets (Table S1, Supporting Information
File 1), six metabolites were identified, which were annotated
using spectral similarity with analytical standards. For example,
the features m/z 104.1064 and m/z 143.0815 were selected
among the significant markers of the MALDI-HRMS profiling
of axenic algae and the rhizoid tissue (whole alga profiling) of
U. mutabilis grown with the marine symbiotic bacteria, respec-
tively (Figure 1c). The heatmap shows the complementarities of
both methods, LDI or MALDI-HRMS, as the significant fea-
tures m/z 104.1064 and m/z 143.0815 have only been detected
by one of the two methods.

Identification of metabolites in Ulva—bacteria
symbiosis

To identify the selected markers found by the comparative
metabolomics study, we searched several mass spectra libraries,
including METLIN, and determined the chemical formula based
on exact mass. We also used spectral similarity matching of
data acquired from analytical standards. Choline was identified
from the molecular peak m/z 104.1064 for [M]" (calculated m/z
as 104.1069 + 4.8 ppm for CsH4NO) in the profiles of axenic
U. mutabilis (Figure 2a). This small polar metabolite was linked
to the metabolic homeostasis of Ulva lactuca during tidal cycles
[30]. Choline is the precursor of the membrane constituent
phosphatidylcholine [31]. We inferred that the accumulation of
choline in axenic U. mutabilis germlings might correlate with
the absence of the key bacterial morphogen thallusin, which in-
duces cell wall and rhizoid formation. The accompanying for-
mation of cell wall protrusions might disrupt the cell membrane
arrangement indicated by choline accumulation. Screening the
tripartite community Ulva—Roseovarius—Maribacter identified
ectoine as a metabolic marker of the rhizoidal zone (Figure 2b).
The molecular formula C¢H;gN,0O; was deduced from the mo-
lecular peak at m/z 143.0817 for [M + H]* (+ 1.4 ppm) and
m/z 165.0636 for [M + Na]* (+ 1.2 ppm) detected in the
AP-SMALDI-HRMS profiles of the standard and rhizoid tissue
of U. mutabilis in symbiosis with the marine bacteria. To sepa-
rate algal and bacterial metabolism, single colonies of Roseo-
varius sp. MS2 and Maribacter sp. MS6 were deposited onto
glass slides and analysed with AP-SMALDI-HRMS/MS. Using
spectral similarity matching based on the fragmentation pattern
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Figure 1: Untargeted comparative metabolomics using AP-SMALDI-HRMS highlighted metabolites involved in Ulva—bacteria symbiosis. a) The study
looked at axenic algae with cell wall protrusions, the whole algae, and specific tissues with bacterial symbionts. b) The profiles of axenic alga
(“axenic”) were contrasted with alga with bacterial symbionts (“symbiosis”) in the PCA score plots for LDI and MALDI-HRMS. The ellipses represent
the 95% confidence region. c) The significant features (m/z) characterising axenic algae, algae in symbiosis, or differentiated tissues (blades/thalli,
rhizoids) are represented in a heatmap with their relative abundance. The colour scale represents the averaged TIC normalised intensities per sam-

ple class (red colour for high intensity, blue for low intensity).

obtained from AP-SMALDI-HRMS/MS experiments, we
proved that the bacterial symbiont Roseovarius sp. MS2
produces ectoine (Figure 2c). This observation supports earlier
assumptions that the rhizoidal zone is mainly colonised by
Roseovarius sp. MS2 [8,29].

Ectoine is a known osmoprotectant produced by marine bacteria
and phytoplankton with high concentrations during saline stress
conditions [32]. It has not yet been described in the
Ulva-bacteria symbiosis. Not all essential genes for ectoine bio-
synthesis reported by [33] were found in the U. mutabilis
genome [34], providing further support for the bacterial origin
of ectoine. Homologs of EctA (UM017_0070.1, E value 0.34),
EctB (UMO084_0040.1, E value < 0.0001) that provide the
central intermediate N-acetyl-2,4-diaminobutyrate and EctD
(UMO025_0127.1, E value 0.094) an ectoine hydroxylase could
be identified. However, a homolog gene for EctC (ectoine
synthase) is missing in the U. mutabilis genome. In addition,
despite the low E value of EctB, the reciprocal NCBI-blast
search against the anoxygenic photosynthetic halophile and
ectoine-producing bacterium Halorhodospira halochloris [35]
did not confirm the presence of the sequence in the algal
genome. Therefore, it is unlikely that the alga produces
ectoine. In summary, ectoine is indicative of Roseovarius sp.
MS?2 in the tripartite community and can serve for localisation
studies.

Localisation of bacterial symbionts of Ulva
mutabilis using fluorescence microscopy and

imaging mass spectrometry

Based on the above results, we combined LDI-MS imaging
mass spectrometry and cLSM using a non-specific fluorescence
labelling probe to visualise the bacterial cells living in
symbiosis with U. mutabilis. Following a one-month incuba-
tion in clean cuvette slides placed in Petri dishes filled with me-
dium, axenic and bacteria-inoculated U. mutabilis germlings
were stained with SYBR Gold, a sensitive probe forming a
complex with DNA with high fluorescence quantum yield [36].
In the axenic callus-like form, the nuclei of algal cells and the
bacterial cells accumulated around the rhizoidal tissue and
exhibited the specific fluorescence after SYBR Gold staining
(Figure 3a) as previously described [8,37]. These findings indi-
cated that bacteria are associated with their algal host during
symbiosis.

In parallel, we visualised the metabolites produced by the
biofilm formed around U. mutabilis by imaging analysis with
AP-SMALDI-HRMS. Three replicates each of the axenic algae,
algae in symbiosis, germlings, and bacterial cells in monocul-
tures were imaged after matrix deposition by AP-SMALDI-
HRMS over a centimetre-scaled area (Figure 3b). The algal pig-
ment chlorophyll was localised with the algal tissues (Figure 3b
and Figure S1 in Supporting Information File 1). Even though
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Figure 2: Identification of significant features associated with axenic or bacterial symbiont-associated alga Ulva mutabilis (phenotype slender). a) The
structural determination was achieved by spectral matching with the analytical standards using AP-SMALDI-HRMS. b) Relative amounts of ectoine
(m/z 143.0815 for [M + H]*) were determined by AP-SMALDI-HRMS measurements to compare different tissues: axenic and algae in symbiosis. One-

way ANOVA with a Fisher HSD post hoc test found choline to be significant in profiles of axenic algae (F = 42, P-value < 0.0001) and ectoine in
profiles of rhizoidal zones of algae in symbiosis (F = 4, P-value < 0.005) (colour code with reference to Figure 1a). c) Ectoine (m/z 143.0815 for
[M + HJ*, precursor ion) was identified in a single colony of the bacterial symbiont Roseovarius sp. MS2 using AP-SMALDI-HRMS/MS analysis.

most of the seawater media was removed from the Ulva sam-  their distribution within an imaged area were examined using a

ples during sample preparation, crystallisation of seawater salts  digital microscope and found to be homogeneous and consis-

on the sample surface occurred. The size of the crystals and  tent across the samples and experiments. As a result, the ion
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Figure 3: Visualisation of algae Ulva mutabilis grown under axenic conditions or with bacterial symbionts Roseovarius sp. MS2 and Maribacter sp.
MS6. a) Images acquired after nucleic acid staining with SYBR gold and with confocal laser scanning microscopy. The protrusion of alga grown with-
out bacterial symbiont is highlighted (red arrow). DIC: differential interference microscopy. b) The images show ectoine spatial localisation and thus
the presence of Roseovarius sp. (m/z 143.0814 for [M + H]*, m/z 165.0633 for [M + Na]*, shown in green) as well as chlorophyll (m/z 892.5360 for
[M + HJ*, m/z 614.2375 fragment shown in white). These metabolite traces are visible in axenic algae, symbiotic algae, and cell cultures of bacteria
Roseovarius sp. MS2. White arrows indicate the rhizoidal zones.
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suppression effect caused by the presence of seawater crystals
on the Ulva samples and surroundings was consistent across all
measurements (Supporting Information File 1, Figures S1 and
S2).

Ectoine was detected in both profiling and imaging MS spectra
as the [M + Na]™ adduct at m/z 165.0633. Ectoine was mainly
found around the rhizoid in elevated amounts. Thus, Roseo-
varius sp. MS2 became visible in the rhizoidal zone and on the
thallus due to the exclusive production of ectoine within the
tripartite community (Figure 3b). AP-SMALDI-HRMS studies
extended to the entire clade of motile Rhodobacteraceae will
reveal other characteristic metabolites of the Ulva—bacteria
interactions. Those species attracted by U. mutabilis (e.g.,
through DMSP) that use the provided photosynthates [9], will
preferentially succeed the previously described competitive
colonisations of Ulva spp. [38,39]. Also, related species of
Roseovarius sp. MS2 can often release unknown AGMPFs
[29,40], which further foster the bacterial-algal interactions. As
more species-specific metabolic markers become available,
AP-SMALDI imaging will be a powerful tool to track these
dynamic microbial colonisation processes using the
U. mutabilis model system with a designed microbiome.

Conclusion

Metabolic profiling of whole alga and specialised tissues con-
ducted with AP-SMALDI-HRMS enabled identitying specific
metabolites in host—bacteria symbiosis. We report the first iden-
tification of choline and ectoine as markers of symbiont-free
U. mutabilis and rhizoid tissue of algae in symbiosis with
bacteria. We visualised the rhizoidal zone formed by the bacte-
rial symbionts using chemical staining, confocal laser scanning
microscopy, and imaging mass spectrometry. Notably, ectoine
was used as a metabolic marker to identify bacteria in the
biofilm associated with U. mutabilis and the algal surface. Visu-
alising the spatial distribution of epiphytic bacteria in the
phycosphere will contribute to the general understanding of the
chemically mediated cross-kingdom interactions. The combined
AP-SMALDI and cLSM imaging with resolution down to the
level of a single bacterial cell introduced here can be applied to
other microbial consortia and their hosts and will be instru-
mental for microbiome research.

Experimental

Biological experiments and imaging
microscopy

The laboratory strains of U. mutabilis (s1-G[mt+]) are direct
descendants of the original isolates collected by B. Fgyn in
Portugal (Ria Formosa) in 1958 [8]. This strain is used as a
model organism in cross-kingdom interactions [7,34,37] and
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cultivated under standardised conditions [41,42]. Ulva strains
are available from the corresponding author (Thomas Wichard,
Friedrich-Schiller-Universitit Jena, Germany).

Gametogenesis of U. mutabilis was induced by chopping
harvested algal tissue, and released gametes were purified from
accompanying bacteria according to the protocol of Wichard
and Oertel (2010) [41]. The strains Roseovarius sp. MS2
(Genbank EU359909) and Maribacter sp. MS6 (Genbank
EU359911) were originally isolated from U. mutabilis [8] and
were cultivated in Marine Broth medium (Roth, Germany) at
20 °C. Ulva gametes were either grown axenically or inocu-
lated with the bacteria (final optical density ODgpo = 0.001). All
algae were cultivated in Ulva culture medium (UCM) [43]
at 18 °C with the illumination of about 60 pmol photons

=2 57! under a 17:7 light/dark regime. Axenic Ulva gametes

m
deposited on cleaned glass slides and inoculated with bacteria
MS2/MS6 were prepared following the procedure for in situ
MS imaging described by Kessler et al. [19]. Briefly, algal
gametes were inoculated to 10 mL medium in 9 cm diameter
sterile Petri dishes with a clean and autoclaved glass slide
(25 mm x 75 mm) with cavities (Paul Marienfeld, Germany) on
the bottom; samples were incubated for one month at 18 °C in
static conditions. An inverted microscope was used to monitor
the algal growth. Transmitted light microscopy pictures were
obtained using a Keyence BHX-500 digital microscope. Sam-
ples were recovered with pliers and fixed with glutaraldehyde
1% (Merck), stained with SYBR Gold (1% in DMSO, Invit-
rogen, Thermo Fisher); a cover slide was added, followed by
incubation in the dark at 15 °C for 15 min. Cavity slides were
spotted with 100 pL of SYBR Gold or unstained bacterial
monoculture (Roseovarius sp MS2 or Maribacter sp. MS6) to
use them as controls. Fluorescence images (1024 x 1024) were
acquired using a Zeiss cLSM 880 (Carl Zeiss AG, Oberkochen,
Germany) with a Plan-Apochromat 20 x 0.8 and 488 nm
Argon-laser excitation (5% transmission). Emission wave-
lengths for SYBR Gold (490-650 nm) and chlorophyll A
(653-735 nm) were separated via the spectral detection unit.
Transmitted light was detected by the transmitted light-PMT.
The effect of an additional quick washing step was tested by
gently adding 100 pL of sterile MQ water for two seconds. The
controls consisted of bacteria grown for one week in monocul-
ture in 40 mL of marine broth medium and the axenic medium
with fixative and stain. All the experiments with glass slides
were performed in biological triplicates.

Genome analysis

To identify the putative biosynthetic gene cluster (ect gene
cluster) in U. mutabilis [34], the algal genome was searched for
the gene ectoine hydroxylase (ectD) and also for a specialised
aspartokinase (ask_ect). Aspartokinase (Ask), along with
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L-aspartate-f-semialdehyde-dehydrogenase (Asd), provides the
precursor L-ASA for ectoine biosynthesis [33,44,45]. Homologs
of the enzymes of the ectoine pathway from Halorhodospira
halochloris were identified by BLAST searches of the
U. mutabilis genome at ORCAE using default parameters
(https://bioinformatics.psb.ugent.be/orcae/overview/Ulvmu).

AP-SMALDI-HRMS metabolic profiling and
imaging

All standards and Ulva samples were analysed via AP-SMALDI
(AP-SMALDII10, TransMit, Germany) ion source equipped
with a UV (337 nm) nitrogen laser (LTB MNL-106, LTB,
Germany) coupled to a high-resolution mass spectrometer
Q-Exactive Plus (Thermo Fisher Scientific, Bremen, Germany).
Glass slides with one month-grown algal gametophytes were
gently recovered from a Petri dish filled with UCM using a
sterile tweezer and dipped for one second in sterile ultrapure
water to remove the excess salts before metabolic profiling.
When algae were investigated directly on a glass slide before in
situ MS imaging, blotting paper was used to remove sea water
(see also Supporting Information File 1). The desired area of a
glass slide covered with algal individuals was first marked,
photographed, and finally fixed on the AP-SMALDI metal
target.

AP-SMALDI profiling and imaging experiments unless other-
wise stated were enhanced by a 2,5-dihydroxybenzoic acid
(DHB) MALDI matrix. A methanolic solution of the DHB
matrix at a concentration of 4 mg mL~! was applied onto a sam-
ple via SunChrom MALDI spotter (SunChrom GmbH,
Germany). The spraying method was optimised using the
following parameters: line distance 2 mm, spraying speed
800 mm min~! with 5 seconds drying time, and matrix solution
flow rate in 4 cycles from 10 uL up to 30 uL min~!. Solvents
used in this study were all LCMS analytical grade. 2,5-
Dihydroxybenzoic acid with a purity of above 98% and high
purity MS-grade methanol were purchased from Sigma-Aldrich
(Germany).

All Ulva samples were imaged in the positive ion mode using a
step size of 5 um and with the number of laser shots per spot set
to 30 (approximately 1.2 pJ shot™!) within the laser frequency
of 60 Hz. MS spectra were acquired in a mass range from
m/z 100 to m/z 1000 with a resolving power of 280000. Pseudo
ion intensity maps of selected m/z values were generated using
the Mirion V3 software package with an m/z width of 0.01 u.

In the profiling mode, the single Ulva individuals were targeted
visually and ablated with a laser spot size of approximately
10 pm in positive and negative polarity in a mass range from
m/z 100 to m/z 1000. The other parameters stayed like for the
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MSI mode. In profiling, the same area of the rhizoid and the tip
of the thallus of different individuals were analysed by laser
ablation over one-minute time acquisition. Axenic and alga in
symbiosis germlings were profiled with a UV laser along a
longitudinal axis to investigate the effect of bacteria on metabo-
lism changes in U. mutabilis.

The size of the sample groups analysed by AP-SMALDI-
HRMS in profiling mode was n = 10 for thallus tissue, n = 9 for
rhizoid tissue, n = 8 for axenic callus, and n = 10 for alga in
symbiosis. Matrix-free experiments (LDI-HRMS) were per-
formed in profiling mode under the same experimental condi-
tions as the AP-SMALDI-HRMS. The size of the sample
groups was defined as follows: n = 6 for rhizoid, n = 7 for
thallus and whole alga profiling, n = 10 for alga in symbiosis,
and n = 15 for axenic alga.

The metabolic profiles of nutrient media were obtained by
analysing 30 pL deposited onto cleaned glass slides and
following the same protocol used for the Ulva samples. In the
late exponential stage, bacterial monoculture was recovered
from agar plates with a 10 pL loop and diluted in 100 pL of
sterile water. Five microliters of the solution were spotted onto
a glass slide and analysed in AP-SMALDI-HRMS mode in pos-
itive and negative polarity.

The data acquired in MSI mode were collected with Xcalibur
software version 2.8 SP1 Build 2806 (Thermo Fisher Scientific,
Germany) while the acquisition of spatial scans, pre-defined in
the x- and y-direction as rectangular sample regions, was con-
trolled by the MCP (Master Control Program, TransMIT
GmbH, Giessen, Germany). The raw data acquired in profiling
mode were visualised in Thermo Xcalibur™ version 3.0.63
(Thermo Fisher Scientific, Germany) and then converted to
netCDF format using the Thermo File Converter tool. Data pre-
processing was performed to extract the intensities in each
profile, excluding the features of the nutrient medium using a
script adapted from the MALDIquand package [46]. Spectra
were de-noised with a signal-to-noise ratio of 5. Normalisation
was done based on total ion current (TIC) recommended for
MALDI-MS analysis [47]. All spectra, images, R data, scripts,
and results from the statistical analysis were uploaded and are
freely accessible in the Max Planck repository Edmond (https://
dx.doi.org/10.17617/3.4v).

Significant features analysis and metabolite
identification

Data analysis was conducted in MetaboAnalyst 4.0 [48] to
perform univariate and multivariate statistical tests and find sig-
nificant differences in intensities and the presence or absence of
metabolites in the samples. Pareto scaling and cube root trans-
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formation were conducted to normalise the datasets before the
multivariate statistics. PCA highlighted the metabolic differ-
ences between axenic and alga in symbiosis and between thallus
and rhizoid tissues. Significant features were searched in the
PCA loading plots and also in the pattern hunter plots obtained
from a correlation analysis based on the Pearson correlation
coefficient R. A one-way ANOVA with Fisher's LSD post hoc
test (P-value < 0.05) was performed, and the relative amounts
of the significant features were displayed as a boxplot. The
selected significant features were further searched in the raw
HRMS profiles to identify those with the reliable isotopic
pattern assigned to a metabolite. The m/z values were searched
in the METLIN database, using a mass deviation equal to or
lower than five ppm, which suggested several known natural
products such as ectoine [49].

To confirm the identity of the significant features, mass spec-
tral information was compared with analytical standards
analysed with the AP-SMALDI-HRMS (DMSP, chlorophyll-a,
ectoine, choline). MS/MS experiments were performed with
AP-SMALDI-HRMS to match the fragmentation pattern be-
tween the standard ectoine and bacteria monoculture profile.
Fragmentation spectra of ectoine were acquired from the bacte-
rial isolate Roseovarius sp. MS2 and an ectoine standard. To
perform a measurement, 4 pL of ectoine at concentration 50 pM
was pipetted onto a clean glass slide (washed with dH;O, ace-
tone) and overlaid with 2 pL of a methanolic solution of the
DHB matrix at a concentration of 4 mg mL™L. For a bacterial
isolate, the sample was prepared from one colony smeared onto
a glass slide and covered with the DHB matrix, following the
standard ectoine procedure. Samples were analysed in positive
ion mode, with the number of laser shots per spot set to 30
(approximately 1.2 uJ shot™). All-ion fragmentation (AIF)
mode was set as follows: molecular ion of ectoine at m/z 143.1;
isolation window m/z £ 0.2; 45 NCE. The peak resolution was
set at 280000, and the mass range was set from m/z 50 to
m/z 300.

Supporting Information

Supporting Information File 1

Details on sample preparation and additional figures.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-17-91-S1.pdf]
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Table S1: Descriptive information and significant features found by the Student’s test in

the LDI and MALDI-HRMS datasets for tissue profiling and whole alga profiling (compare

with Figure 1b). The results of the Student’s tests can be found on the Edmond - the

Open Research Data Repository of the Max Planck Society. (Title: “High-resolution mass

spectrometry-guided identification of metabolites in Ulva-bacteria symbiosis”; Max Planck
Society, submitted by Marine Vallet, 2020; https://dx.doi.org/10.17617/3.4v)

Dataset

Samples

number

Total number of

features analyzed

Number of significant
features found by
Student’s test (p-value <
0.05)

Number of significant
features found by
Student’s test (p-
value < 0.01)

LDI-HRMS tissue
profiling:
(rhizoidal zone

versus thallus)

14

1534

653

66

LDI-HRMS whole
alga profiling:
(axenic culture

versus symbiosis)

25

4986

1399

970

MALDI-HRMS
tissue profiling:
(rhizoidal zone

versus thallus)

19

3936

290

86

MALDI-HRMS
whole alga
profiling:
(axenic culture

versus symbiosis)

18

4476

676

327

S2



Notes on the sample preparation methodology: Excess seawater salts were removed
from the glass slide substrate's surface with a fine blotting paper placed on the side of the
glass slide while the medium was absorbed. This simple method was successful in
removing most of the diluted salts without disrupting the actual sample. This sample
preparation step ensured that the seawater crystals were distributed almost uniformly
across the imaged area.

lon maps of potassium ([M + K]*) and sodium adduct ([M + Na]*) of the compound(s) with
the molecular formula C10H160O3 were generated to show the presence of seawater salts

and their distribution across the Ulva sample attached to a glass slide (Figure S1).

lon maps confirmed that both cations were distributed uniformly throughout the imaged
area, albeit at slightly different concentrations. A region covered with slightly larger
crystals served better as a source of potassium cations, according to optical images taken
with a digital microscope before and after UV laser ablation. Fine crystal-covered regions,
on the other hand, appear to facilitate the formation of sodium adducts.

Based on the exact mass (error 0.5 ppm) and calculated best matching chemical formula
and isotope simulation generated by Qual Browser/Xcalibur software 3.0.63, ions at m/z
207.0991 ([M + Na]*) and m/z 223.0731 ([M + K]*) were assigned to C1oH160:s.

The 2D ion map of the sodium adduct of ectoine at m/z 165.0634 ([M + Na]*) is completely
consistent with the interpretation of sodium cation distribution within an imaged area
(Figure S2).
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C10H1603 m/z 223.0731 [M+K]"

C10H1603 m/z 207.0991 [M+Na]*

Figure S1: The effect of seawater salt crystallisation on the distribution of sodium and
potassium cations on a glass substrate. Panel (A) optical image of a dry Ulva germling
sample attached to a glass slide prior to the AP-SMALDI-HR MSI experiment, with arrows
pointing to regions with thicker salt coating; (B) Ulva germling samples after the AP-
SMALDI-HR MSI experiment; (C) ion map representing a potassium adduct of C1oH1603
at m/z 223.0731 acquired during the AP-SMALDI-HR MSI experiment; (D) ion map
representing a sodium adduct of C10H1603 at m/z 207.0991 acquired during AP-SMALDI-
HR MSI experiment.
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Ectoine m/z 165.0634 [M+Na]*

Figure S2: AP-SMALDI-HRMS on a ion map of sodium adduct of ectoine at m/z
165.0634, indicating Roseovarius sp. in the biofilm and on the Ulva algal surface of the

germling.
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Abstract: Osmoregulation in phytoplankton is attributed to several highly polar low-molecular-weight
metabolites. A widely accepted model considers dimethylsulfoniopropionate (DMSP) as the most
important and abundant osmotically active metabolite. Using an optimized procedure for the
extraction and detection of highly polar metabolites, we expand the group of phytoplankton
osmolytes by identifying ectoine in several microalgae. Ectoine is known as a bacterial compatible
solute, but, to the best of our knowledge, was never considered as a phytoplankton-derived product.
Given the ability of microalgae to take up zwitterions, such as DMSP, we tested the hypothesis
that the algal ectoine is derived from associated bacteria. We therefore analyzed methanol extracts
of xenic and axenic cultures of two different species of microalgae and could detect elevated
concentrations of ectoine in those that harbor associated bacteria. However, also microalgae without
an associated microbiome contain ectoine in smaller amounts, pointing towards a dual origin of this
metabolite in the algae from their own biosynthesis as well as from uptake. We also tested the role
of ectoine in the osmoadaptation of microalgae. In the model diatoms Thalassiosira weissflogii and
Phaeodactylum tricornutum, elevated amounts of ectoine were found when cultivated in seawater with
salinities of 50 PSU compared to the standard culture conditions of 35 PSU. Therefore, we add ectoine
to the family of osmoadaptive metabolites in phytoplankton and prove a new, potentially synergistic
metabolic interplay of bacteria and algae.

Keywords: ectoine; osmoadaptation; compatible solutes; phytoplankton; LC/MS analysis; osmoregulation;
diatoms; DMSP

1. Introduction

Diatoms are photosynthetic unicellular algae, responsible for 20% of global carbon fixation
and 40% of marine primary production. They are important producers of zwitterionic metabolites,
a class of small organic compounds that has central osmoregulatory, antioxidant, and cryoprotectant
functions [1,2]. Dimethylsulfoniopropionate (DMSP) is the main representative of this class of
molecules: it is a sulfur-containing metabolite reaching high cellular concentrations in marine
algae [1,3]. Marine bacteria and algae metabolize DMSP into the correspondent volatile compound
dimethylsulfide (DMS), contributing to the flux of sulfur from the hydrosphere to the atmosphere [3].
Other sulfur-containing metabolites, like dimethylsulfonioacetate (DMSA), gonyol, and the most
recently identified dimethylsulfoxonium propionate (DMSOP); as well as nitrogen-containing
metabolites, like glycine betaine (GBT), homarine, and trigonelline, have been discovered and studied
in phytoplankton as well [2,4]. These metabolites are classified as “compatible solutes”, organic
water-soluble compounds accumulated by micro-organisms either by de novo synthesis or by uptake

Mar. Drugs 2020, 18, 42; d0i:10.3390/md 18010042 www.mdpi.com/journal/marinedrugs
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from the surrounding environment. They protect the cells from stress factors, such as environmental
changes in temperature, pH, and salinity [5].

Salinity is an environmental master factor for marine organisms, affecting their distribution,
reproduction, and behavior [6]. To cope with changing salinity in the oceans, marine algae synthesize,
take up, and accumulate compatible solutes to keep physiological levels of cellular hydration and
turgor [7,8]. The synthesis of these compounds is energetically costly, requiring assimilation and
reduction of sulfate or nitrate [1]. Since nitrogen sources are often limiting in marine habitats,
sulfur-containing osmolytes are more abundant compared to N-containing counterparts. It can thus be
argued that the high production of DMS can be linked to the preference of N-limited phytoplankton
communities that use DMSP instead of, for example, glycine betaine [9].

In the last years, many organic osmolytes produced by microalgae were identified and their
contribution to the osmoadaptation and osmoregulation of marine ecosystems pointed out [2].
A complex picture emerges, showing that the common DMSP/DMS concept represents a massive
oversimplification. Osmoadaptation seems to depend on a plethora of metabolites of which only few
have been structurally elucidated [2]. Major progress in the field is enabled by the development of direct
analytical methods of zwitterions. Spielmeyer and Pohnert [10,11] introduced an ultra performance
liquid chromatography (UPLC) method for separation and direct determination of DMSP, GBT, and other
zwitterionic metabolites produced by marine phytoplankton. A further liquid chromatography/mass
spectrometry (LC/MS) survey of microalgal extracts revealed that the structure and function of several
highly polar, most likely zwitterionic small metabolites are still uncharacterized [4]. This study aims
to identify such uncharacterized metabolites and to investigate their regulation under osmotic stress.
We took advantage of a refined analytical method using high-resolution mass spectrometry (based on [7]
and [10]) to analyze, qualitatively and quantitatively, unknown components in the “zwittermetabolome”
of the diatoms Thalassiosira weissflogii and Phaeodactylum tricornutum. These two diatoms were selected
because they are well-established model organisms for phytoplankton studies. P. tricornutum is the first
pennate diatom for which the complete genome is known [12]. T. weissflogii is one of the few diatoms
identified that does not produce quantifiable amounts of DMSP [7]. The alga has previously been used
to study acclimation to hyposalinity with a reported detailed transcriptomic and physiologic survey of
the response to this stress factor [13]. We observed that osmoadaptation is achieved in both algae by
adjustment of intracellular concentrations of different zwitterionic compounds, including the novel
algal mediator, ectoine. This metabolite can thus be counted among the phytoplankton-compatible
solutes. Moreover, direct uptake of bacteria-derived ectoine by the diatom T. weissflogii was detected in
a mechanism that represents an economic strategy to acquire essential metabolites instead of their de
novo production.

2. Results and Discussion

To identify novel zwitterionic metabolites involved in the osmoadaptation of marine organisms,
we analyzed the endometabolome of the diatoms Thalassiosira weissflogii and Phaeodactylum tricornutum
using ultra-high-pressure liquid chromatography high-resolution mass spectrometry (UHPLC-HRMS).
Algae were grown at standard culture conditions of 35 Practical Salinity Units (PSU, g NaCl kg™
sea water) and under increased salinity of 50 PSU, where the growth of T. weissflogii still follows
a standard growth curve with slightly reduced cell counts [14]. The selected salinities span the
range of saline water and allow the linking of our results to previous studies on osmoregulation of
algae [14-16]. We detected the production of several known, but also of structurally unassigned, highly
polar low-molecular-weight metabolites under the different salinity concentrations.

2.1. Thalassiosira weissflogii

Figure 1 shows UHPLC-HRMS chromatographic profiles obtained from extracts of xenic and
axenic T. weissflogii (respective strains used were RCC76 and CCMP1336). This diatom does not
produce any quantifiable amount of DMSP [7], the main zwitterionic metabolite produced by many
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other planktonic algae [4]. In the xenic algal culture, we detected three major zwitterionic metabolites,
glycine betaine and homarine, previously identified in diatoms, as well as an unknown metabolite [9].
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Figure 1. Chromatographic separation of zwitterionic metabolites in Thalassiosira weissflogii RCC76
(85 PSU xenic, (A)) and CCMP1336 (35 PSU axenic, (B)) using UHPLC-HRMS. The red line in (A)
represents the UHPLC-HRMS monitoring of the ion trace m/z = 143.08144 + 0.0005 after addition
of a synthetic ectoine standard, peaks at 5 and 5.2 min are contaminants. The dashed red line in (B)
depicts the ion trace of m/z = 143.08144 + 0.0005. (C), electrospray ionization (ESI) MS and tandem mass
spectrometry (MS/MS) of ectoine with characteristic fragments depicted. The identity of the metabolites
glycine betaine and homarine were assigned using synthetic standards according to previous studies [2].



Mar. Drugs 2020, 18, 42 40f13

The identity of glycine betaine was verified by co-injection with a commercially available
standard. This metabolite is the nitrogen-containing analog of DMSP and is produced by marine
phytoplankton dependent on nitrogen availability [17]. Homarine was synthesized in our laboratory
according to a published procedure [2,4], and co-injection with the algal extract confirmed its identity
(see experimental section for details). Homarine is a nitrogen-containing zwitterion, but, to the best
of our knowledge, it was described only as a minor component in the microalgae Emiliania huxleyi
and Platymonas subcordiformis [2,4,18]. Our data shows that it is a major zwitterionic metabolite in
T. weissflogii.

In addition to the signals of these two metabolites known from microalgae, the chromatogram and
the HRMS spectrum in positive ionization mode shows a peak with m/z of the [M + H]* = 143.08144,
corresponding to the molecular formula C¢H;;O;N, (Figure 1). A fragment ion m/z 97.07601 was
detected by tandem mass spectrometry (MS/MS) and was attributed to the loss of a carboxylic group.
An ion at m/z 68.04958 indicated a loss of C3H4O,;N (Figure 1C). Based on the mass spectrometric
data, by comparison with databases (METLIN, MassBank of North America, MetaboLights), and
by using bioinformatics tools (Sirius v4.0.1, CSI:FingerID), the signal was tentatively assigned to
ectoine. The identity was verified by co-injection of the algal extract with a commercially available
standard. Coelution and matching MS/MS data of the analyte and the standard proves the identity of
this metabolite as ectoine (Figure 1).

Ectoine, 2-methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic acid, was initially isolated and identified
from the halophilic phototrophic sulfur bacterium Halorhodospira halochloris. This metabolite has protective
and osmoregulatory functions during adaptation to salinity changes and is therefore classified as bacterial
compatible solute [19,20]. Thanks to its hydrophilicity, ectoine has additional protective properties,
stabilizing bacterial cells against different kinds of stress like UV radiation and cytotoxins [21]. Besides in
bacteria [21,22], ectoine is also found in halophilic ciliates including Schmidingerothrix salinarum [23,24],
and the halophilic bacterivorous nanoflagellate Halocafeteria seosinensis [25]. Some members of Archaea
acquired ectoine genes through horizontal gene transfer to cope with a high-salinity environment [26].
Based on gene expression patterns of bacteria in coculture with the diatom T. pseudonana, Landa et al.
postulated that the alga might provide ectoine to the bacterium Rugeria pomeroyi [27]. However, to the
best of our knowledge, the production of this metabolite by diatoms has never been reported.

The fact that axenic diatoms produce low, but significant amounts of ectoine (Figure 2) prompted
us to mine the genome of the fully sequenced diatom Phaeodactylum tricornutum for genes involved
in ectoine biosynthesis. In bacteria, ectoine is synthesized by three proteins: EctA, EctB, and EctC.
We found homologues of EctA (XP_002181681.1, E value 0.15) and EctB (XP_002185537.1, E value 6
x 107%Y) that provide the central intermediate Niy-acetyl-2,4-diaminobutyrate but not for EctC. If the
last step, namely, the condensation to ectoine is catalyzed by an EctC protein with low homology or if
another condensating enzyme activity is involved remains still open.
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Figure 2. Comparison of intracellular amounts of ectoine and homarine in xenic (A) and axenic (B)
cultures of T. weissflogii. The value of 35 PSU indicates that cultures were maintained constantly at this
salinity, 50 PSU (24 h) indicates that cultures grown at 35 PSU were transferred into medium of 50 PSU
and analyzed 24 h after transfer, and 50 PSU indicates cultures that were grown for two generations at
this elevated salinity. Concentrations are normalized per cell, error bars represent standard deviation
(biological replicates, N = 4). Statistical analysis is based on One-Way ANOVA with a Tukey Test for
multiple comparison procedures. * P < 0.05, ** P < 0.01, *** P < 0.001.

2.2. Response to Osmotic Stress of T. weissflogii

To verify osmoregulatory functions of ectoine in the diatom, cells were grown at low (35 PSU) and
high (50 PSU) salinity. The higher salinity resulted in reduced cell counts, indicating salinity stress as
already observed previously [15]. For short-term salinity stress experiments, cells were grown at 35
PSU to the late exponential phase and transferred to 50 PSU. Analysis of these cells was done 24 h
after transfer. Tests were performed on both xenic and axenic cultures of T. weissflogii (Figure 2). Xenic
cultures were harvested by filtration on GF/C filters, which removes the most part of the bacteria.
We verified the removal of bacteria by flow cytometry of the filtrate and found no significant difference
between filtrate and culture (filtrate, 17.550 + 19 cells uL~!; xenic culture, 17.5120 + 31 cells uL™1).
We also observed remaining bacteria caught in the filter that might contribute to the detected osmolytes.
This fraction can, however, be only minor given the high filtration success.

Quantification of ectoine revealed that the cellular content in T. weissflogii increases during osmotic
stress conditions, in particular in xenic cultures, where this molecule is the dominant detected osmolyte
(Figure 2). When a short-term stress was introduced, ectoine concentration increased by 3.5-fold
compared to the concentration under 35 PSU conditions. Long-term salinity stress led to an over
11-fold increase of ectoine. In axenic cultures, the intracellular concentration of ectoine was more
than three orders of magnitude lower compared to xenic ones. In the cultures lacking the associated
bacteria, the ectoine content increased 1.6-fold during the short-term salinity stress and 4.8-fold
during the long-term stress (Figure 2B). Cell size and volume determined by light microscopy did not
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change in T. weissflogii under osmotic stress conditions (Table 1). Therefore, changes in intracellular
amounts of the osmoprotectants also reflect changes of intracellular concentration. The observed
plasticity of ectoine content indicates that the associated microbial community contributes substantially
to the intracellular ectoine pool and that ectoine content in the xenic cultures can compensate for
salinity changes. In contrast, the minor amounts of ectoine in the axenic cultures will not contribute
substantially when compared to the other osmolytes present in the cells.

Table 1. Cell size and volume of T. weissflogii and P. tricornutum under the different salinity conditions.

Cell Volume Standard Difference One Way

Lenght (um) ~ Width (um) (um3) Deviation (A%) ANOVA

T. weissflogii

35 PSU 188 95.1 1.32 x 100 +2.59 x 10°
50 PSU (24 h) 227 85.7 1.23 x 100 +1.74 x 10° —6.82% n.s.
50 PSU 207 88.9 1.29 x 100 +3.12 x 10° —-2.27% n.s.
P. tricornutum
35 PSU 21.6 11.8 131 +39.1
50 PSU (24 h) 20.7 10.4 113 +29 -13.70% n.s.
50 PSU 22.4 13.6 159 +33.8 21.40% p <0.01

In axenic conditions, homarine together with glycine betaine are the dominant, compatible solutes
(Figure 1). Glycine betaine increased under salinity stress (0.5-fold in short term, more than 2-fold
in long-term treatments, Figure 2). However, in contrast to ectoine, no influence of the microbial
community on the content of this osmolyte was observed. Glycine betaine has been earlier observed
as a metabolite compensating for salinity changes in phytoplankton including T. weissflogii [2,17].
The independence of the associated microbial community on glycine betaine levels indicates that its
regulation in algae is independent of biotic interactions with the associated microbiome, but rather
depends on the external salinity.

The third dominant osmolyte is homarine (Figure 1). Homarine has not been described as osmolyte
in diatoms before, but in the prasinophyte Platymonas subordiformis, as well as in the coccolithophore
E. huxleyi [2,28]. In xenic cultures, homarine concentrations were substantially lower compared to
ectoine concentrations but both were in the pmol cell ™! range at 35 PSU salinity (Figure 2). At 35 PSU,
homarine production under axenic conditions nearly doubled compared to xenic cultures, indicating a
predominant or exclusive algal origin of this metabolite. The elevated amount in axenic cultures is
potentially compensating for their overall lower ectoine content. Homarine in xenic cultures increases
3.9-fold after short-term and 3.5-fold after long-term salinity stress. In axenic conditions, a 1.5-fold
increase due to short-term salinity stress was observed, while long-term stress had no significant
impact on the concentration of this metabolite (Figure 2). In contrast to the ectoine concentration
that is substantially dependent on bacterial presence at both salinities, intracellular concentrations
of homarine at high salinity are similar in xenic and axenic cultures. Under both axenic and xenic
conditions, the response to homarine is already at its maximum after short-term stress and seems
to be a fast response in comparison to ectoine and glycine betaine that are both building up during
prolonged culturing under high salinity.

2.3. Ectoine Uptake by T. weissflogii

Due to the difference of intracellular compatible solute concentration between xenic and axenic
cultures, we investigated whether microalgae can take up extracellular ectoine that might be provided
by associated bacteria. Therefore, we incubated axenic cultures of T. weissflogii cultivated in artificial
seawater of different salinities, supplied with 1 uM of stable isotope (deuterium) labeled D3-ectoine.
We determined the relative amount of the labeled metabolite in relation to the cellular ectoine by
integrating the respective ions of the labeled and unlabeled form (Figure 3). Under all salinity
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conditions, labeled ectoine exceeded that of the unlabeled form, indicating a substantial uptake of the
externally supplied substrate. The relative amount of labeled ectoine in comparison to the unlabeled
metabolite was maximal at 35 PSU, the salinity at which the lowest cellular content was observed in
Figure 2B. With increasing salinity, the proportion of ectoine taken up in its labeled form decreased,
which is mainly due to the increased content of the unlabeled metabolite (Figures 2 and 3). According
to these results, the higher content of ectoine in xenic cultures of T. weissflogii compared to the axenic
ones can be explained by uptake of the compound supplied by bacteria. Microalgae can thus act
as a sink of this metabolite, which becomes particularly available when environmental changes in
salinity occur.

X%k
100 4 T Pkt
S L
T 80
o
g
[=}
o
£ 60 -
[}
(=
=}
© .
o 49 k%%
o —
fat
R 20 4 I
0 T

35PSU 50 PSU (24h) 50 PSU
Salinity

Figure 3. Uptake of stable isotope labeled Dj-ectoine in axenic cultures of Thalassiosira weissflogii
CCMP1336 under different salinity conditions (see legend of Figure 2 for explanation of the respective
treatments). Error bars represent standard deviation (biological replicates, N = 4). Statistical analysis is
based on One-Way ANOVA with a Tukey Test for multiple comparison procedures. *** P < 0.001.

Several studies reported uptake mechanisms for zwitterionic osmolytes in marine algae [8,29].
T. weissflogii, a diatom that is not producing DMSP, relies entirely on the uptake of DMSP to
fulfill cellular functions [7]. Our results demonstrate that this diatom also takes up ectoine very
efficiently. This suggests that T. weissflogii generally uses external zwitterionic metabolites to counteract
osmotic stress. Two transport systems for compatible solutes (ATP-Binding Cassette Transporters
(ABC Transporters) and Betaine-Choline-Carnitine Transporters (BCCT)) have been reported in marine
micro-organisms. They recognize DMSP and structurally related compounds like glycine betaine
and transport them into the cells [7,8,29-31]. Likewise, in Gram-positive and Gram-negative bacteria,
transport systems for compatible solutes are part of the strategy used by microbial cells to overcome
stress. Often there are several systems involved in the uptake of these osmolytes in order to provide a
robust strategy to counter the adverse condition [32]. Several ectoine transport systems involved in
adaptation to osmotic stress, temperature, and nutrient stress conditions were characterized in bacteria
and assigned to four different transport families: (i) binding protein-dependent ABC transporters,
(ii) major facilitator family (MFS), (iii) BCCT, and (iv) periplasmatic binding protein-dependent
tripartite ATP independent periplasmatic transporter family (TRAP-T) [33,34]. Generally, transport
systems have a broad specificity, being able to transport other compatible solutes; but there are
also cases, like the TeaABC transporter system in Halomonas elongata [35] and the EctT transporter
in Virgibacillus pantothenticus [36], where the system is specific for ectoine. However, no detailed
information on related systems is available for diatoms.

2.4. Ectoine in Phaeodactylum tricornutum

We also detected ectoine in the model diatom Phaeodactylum tricornutum. In contrast to
T. weissflogii and most other diatoms, P. tricornutum is capable of adjusting its cell size according to
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the physicochemical conditions in the environment. We were thus interested in the question to which
degree the diatom adapts to changes in salinity through adjustment of the cellular ectoine content and
its cell size.

As in T. weissflogii, in xenic cultures of P. tricornutum, increased salinity resulted in significantly
elevated cellular ectoine concentrations (Figure 4). Counterintuitively, the cell size increased with
increasing salinity by 20.6 % in the long-term salinity stress treatment, compared to the control (P < 0.01,
Table 1). Thus, there is no adaptation by decreased cell volume and consequently, higher concentrations
of cellular metabolites, as it is observed in plant cells. Compensation with acquired ectoine is thus a
means of adaptation in this diatom as well.

25

* n.s.
20 4 [ ] [ r ]
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Figure 4. Ectoine content in xenic cultures of P. tricornutum under different salinity conditions (see
legend of Figure 2 for explanation of the respective treatments). Error bars represent standard deviation
(biological replicates, N = 4). Statistical analysis is based on One-Way ANOVA with a Tukey Test for
multiple comparison procedures. * P < 0.05.

2.5. Ectoine in Other Microalgae

Data of a survey of zwitterionic osmolytes [4] could be used to re-evaluate the distribution of
ectoine. Integration of the ectoine signals in the chromatograms revealed that ectoine was always
detected in LC-MS in amounts similar to those of DMSP (Table 2). This substantial amount of a novel
compatible solute, in diatoms (T. weissflogii, Skeletonema costatum, and Phaeodactylum tricornutum),
a dinoflagellate (Prorocentrum minimum), two haptophytes (Prymmnesium parvum and Isochrysis galbana),
and a coccolithophore (Emiliania huxleyi), suggests a massive contribution to overall carbon fluxes
in the oceans. Given the turnover of DMSP of ca. 10° tons annually [37,38] and the similar ectoine
content, we suggest a massive contribution of this metabolite to nitrogen shuttling within the plankton.
Together with DMSP, glycine betaine, and homarine, it clearly belongs to the class of major osmolytes
according to the classification in Gebser et al. [2].

Table 2. Quantitative survey of ectoine production by xenic marine microalgae compared to other
zwitterionic metabolites. Chromatograms for ectoine evaluation and values of dimethylsulfoniopropionate
(DMSP) and dimethylsulfoxonium propionate (DMSOP) are obtained from Thume et al. 2018 [4].
Replicates: N = 3, error bars are based on standard deviation.

. n DMSP n DMSOP n Ectoine
Species GBT DMSA Gonyol (fmol per cell) (fmol per cell) (fmol per cell)
P. minimum + + + 304.5 £ 61.2 3.66 +1.23 141.67 + 13.43
P. parvum + - + 162+ 4.4 0.029 + 0.005 7.85+1.61
S. costatum + - - 6.56 +2.06 0.029 + 0.005 542 +1.89
E. huxleyi + - + 4.83 +0.57 0.029 + 0.013 2.26 +0.45
1. galbana + - + 4.69 +0.27 0.017 + 0.003 2.62+0.53
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3. Materials and Methods

3.1. Cultivation of Microalgae

Xenic and axenic cultures of Thalassiosira weissflogii (RCC76, Roscoff Culture Collection, Roscoff,
France; CCMP 1336, Provasoli-Guillard National Center for Marine Algae and Microbiota, East Boothbay,
ME, USA) as well as a culture of Phaeodactylum tricornutum (SCCAP K-1280, http://www.sccap.dk) were
cultivated in artificial seawater medium according to Maier and Calenberg [39]. Standing cultures
in 50 mL polystyrene cell culture bottles with membrane filter screw caps for gas exchange were
maintained at a temperature of 14 °C + 2 °C. A 14:10 light-dark cycle with light was provided by
Osram biolux lamps (40 umol photons m~2s~! between 400 and 700 nm). Cultures were grown to
the exponential phase (determined in independent preliminary experiments recording cell counts),
diluted 20-fold with fresh medium, and cultivated again to the exponential phase before the analysis.
Their axenity was checked during the growth and before the extraction by microscopy and by plating
aliquots of each culture on marine broth-agar plates.

3.2. Salinity Treatment

For long-term salinity stress tests, cultures of T. weissflogii and P. tricornutum were grown in
artificial seawater with a standard salinity of 35 Practical Salinity Units (PSU), as well as in artificial sea
water where the salinity was adjusted, by addition of NaCl, to reach a final concentration of 50 PSU.
For short-term salinity stress test, cultures of diatoms were grown in 35 PSU artificial seawater to
the exponential phase and 24 h before the extraction, 5 mL of a 2.65 M solution of NaCl was added
after sterile filtration to 35 mL cultures, in order to reach a final salinity of 50 PSU. All media were
autoclaved before use. For each salinity, microalgae were cultivated in triplicates.

3.3. Cell Counting and Size Measurement

To determine the final cell densities, 50 uL of diatoms cultures were analyzed using a BD Accuri™
Co flow cytometer, with standard filters. The discriminator was set to forward light scatter and samples
were analyzed with a flow rate of 35 uL/min. Prior to data collection, the instrument was validated
using diluted beads solutions with a known concentration. Pictures for cell size determination were
taken with a Leica DFC280 microscope using a Nikon DS-U3 camera. Pictures of 50 randomly selected
cells for every salinity were evaluated. Measurements were performed with NIS-Elements Viewer
Ver4.50.00. Calculations of the average cell volumes were based on a rectangular shape for T. weissflogii
and on an ellipsoid shape for P. tricornutum [40]. To determine the efficiency of the GF/C filtration to
remove bacteria from algal cells (see Section 3.4), 30 mL of a xenic culture of T. weissflogii was split.
One 15 mL aliquot was diluted with 45 mL of sterile artificial seawater, while the other 15 mL were
filtered on Whatman GF/C filters as described below. Filters were washed three times with 15 mL
of sterile artificial seawater and the filtered medium was collected. Samples of the filtered medium
(250 uL) and of the diluted culture (250 uL) were fixed with glutaraldehyde (1% final concentration)
for 15 min and stained with SYBR GOLD® (SYBR™ Gold Nucleic Acid Gel Stain (10,000 Concentrate
in DMSO), Thermo Scientific, 10,000-fold diluted from stock solution) for 15 min in the dark. Then, the
samples were measured with a BD AccuriTM C6 flow cytometer with the following settings: 25 uL per
sample, 4 pL/min, 3 washing steps between each sample with milliQ) water.

3.4. Sample Preparation

Diatom cells were extracted at the late exponential phase of growth, by filtration of 30 mL of each
culture under reduced pressure (Whatman GF/C grade microfiber filters) of 500 mbar, followed by
vacuum filtration of 90 mL of sea water. In xenic cultures, this procedure allowed to remove most
bacteria as verified by flow cytometry. Filters were immediately transferred into 4 mL glass vials
containing 500 uL of methanol, while another 500 uL of methanol was added directly on the filter.
After 30 min at room temperature, samples were stored at —20 °C. For ultra-high-pressure liquid
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chromatography high-resolution mass spectrometry (UHPLC-HRMS) analysis, 50 uL of each extract
were diluted with 100 uL of a mixture of acetonitrile and water (9:1 v/v). After centrifugation (5 min,
4.500% g), the supernatant was submitted to UHPLC-HRMS analysis.

3.5. Equipment

Analytical separation and quantification were performed on a Dionex Ultimate 3000 system
(Thermo Scientific) coupled to a Q-Exactive Plus Orbitrap mass spectrometer (Thermo Scientific).
Electrospray ionization was performed in positive mode ionization, with the following parameters:
capillary temperature, 380 °C; spray voltage, 3.000 V; sheath gas flow, 60 arbitrary units; and aux
gas flow, 20 arbitrary units. The LC separation column was a SeQuant ZIC-HILIC column (5 um,
2.1 x 150 mm, SeQuant), equipped with a SeQuant ZIC-HILIC guard column (5 um, 2.1 X 20 mm).
NMR spectra were recorded on a Bruker Avance 400 MHz instrument.

3.6. Osmolyte Analysis

For separation of osmolytes, the eluent consisted of high-purity water with 2% acetonitrile and
0.1% formic acid (solvent A) and 90% acetonitrile with 10% water and 5 mmol L™' ammonium acetate
(solvent B) [11]. The flow rate was set to 0.6 mL min~! and a linear gradient was used for separation
with 100% solvent B (2 min), 60% B (11 min), 20% B (11.8 min), 20% B (14.9 min), 100% B (15 min), 100%
B (18 min). The column was kept at 25 °C; the injection volume was 2 pL. Identification of ectoine was
carried out by addition of ectoine (Sigma-Aldrich) as internal standard; for a proper quantification,
a calibration curve of the standard followed by comparisons of the peak area of the analytes with
the peak area of the internal standard was performed. The calibration curve (1 = 3) for the area of
the molecular ion was y = 7.58 X 107x with 7 = 0.9964, limit of detection (LOD) = 0.90 nM, limit of
quantification (LOQ) = 2.7 nM. For homarine, the calibration curve (1 = 3) for the areas of the molecular
ion was y = 1.29 X 108x with 7 = 0.9915, limit of detection (LOD) = 4.96 nM, limit of quantification
(LOQ) = 15.03 nM; for glycine betaine, y = 1.54 x 108x with 7 = 0.9495, limit of detection (LOD) =
0.28 uM, limit of quantification (LOQ) = 0.85 uM.

3.7. Uptake of Labeled Ectoine by Marine Diatoms

For determination of ectoine uptake, 40-mL cultures of T. weissflogii supplied with 1 uM of
Ds-ectoine were prepared, four replicates per each salinity treatment. Cultures were gravity-filtered
on Whatman GF/C during the late exponential phase of growth, and cells on the filter were washed
three times with 20 mL of the respective medium. Filters were immediately transferred into 1 mL of
methanol. Samples were frozen and further analyzed as described above. During separation, H/D
isotope exchange was observed and mass spectrometric data were corrected for the scrambling using
data from a run of the pure labeled compound.

3.8. Homology Search

Homologues of the enzymes of the ectoine pathway from Halorhodospira halochloris were identified
by BLAST searches of the P. tricornutum genome at NCBI (http://www.ncbi.nlm.nih.gov/sites/ genome)
using default parameters.

3.9. Synthesis of D3-ectoine

All reactions were performed under an argon atmosphere. All solvents and chemicals were used
without further purification. Dry solvents were obtained from VWR (ethanol, electronic grade) and
Acros (diethylether (Et,0), extra dry, over molecular sieve, AcroSeal®). p,1-diaminobutyric acid was
bought from Sigma-Aldrich, (Germany) and Ds-labeled acetonitrile from Euriso-Top (Cambridge
Isotope Laboratories).
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Synthesis of Dz-ethyl acetimidate [41,42]: Dry HCl gas was bubbled through 5 mL (85.6 mmol)
of dry ethanol over a period of 3 h at room temperature. The HCl gas was generated in an argon-purged
round-bottom flask by slow dropwise addition of concentrated H,SO,4 onto solid NaCl. The gas
outlet of the flask was connected to a drying line filled with CaSO, and introduced to the reaction
flask through a syringe needle. Under positive argon pressure, the reaction flask was placed in a dry
ice/acetone bath and 5.0 mL (95.7 mmol) of Ds-labeled acetonitrile was added dropwise. The reaction
was brought to 0 °C and stirred overnight. A white solid precipitate formed and dry Et,O (12.5 mL)
was added. The resulting slurry was stirred for 15-30 min; after this time, the solvent was removed
with a syringe and the product was dried under argon flow to give (1) (3.48 g, 27.6 mmol, 43%) as a
white solid. 'H NMR (400 MHz, CDCl3) § ppm: 1.44 (s, 3H, CH3), 4.56 (s, -OCH,-), 11.19-12.08 (br d,
2H, NHj); '*C NMR (100 MHz, CDCl3) § ppm: 13.63 (CH3), 70.69 (-OCH,-), 176.77 (-C=NH,).

Synthesis of D3-ectoine: In a flask, 3.4 g of D3-ethyl acetimidate was dissolved in ethanol (30 mL).
Under a stream of argon, 6.0 g (30 mmol) of p,L-diaminobutyric acid was added and the reaction was
stirred overnight at room temperature. Then, the mixture was heated to reflux for two hours and cooled
to 0 °C. After centrifugation, Et,O (10 mL) was added to the supernatant and the product precipitated.
The solvent was decanted and the precipitate redissolved in ethanol (500 pL). Precipitation with Et,O
was repeated four times to yield 2 (148 mg, 1.01 mmol, 2%) as a white solid. H NMR (400 MHz,
CDCl3): § 2.24 (m, 2H, C5 CHy), 3.45 (m, 2H, C6 CH>), 4.36 (t, 1H, C4 CH); 3C NMR (100 MHz, CDCl3):
5 16.7 (m, CD3), 20.51 (C5), 36.73 (C6), 50.66 (C4), 161.09 (C2), 170.87 (C7). ESI-MS (positive) m/z 146.100
[M + H]".

4. Conclusions

We describe here the prevalence of a novel phytoplankton osmolyte, ectoine, that is found in
all investigated marine microalgae. Cellular ectoine content in T. weissflogii and P. tricornutum is
substantially elevated in the presence of bacteria. The axenic algae also produce minor amounts of
the compounds, indicating both algae and bacteria as producers. Externally applied ectoine is readily
taken up by the algae in amounts sufficient to compensate for osmotic stress.

Author Contributions: Conceptualization, S.F. and G.P.; Sample Preparation, S.F. and K.T.; Synthesis, S.F. and
M.W,; Analysis, S.F; Writing-Original Draft Preparation, S.F; Writing-Review & Editing, S.F,, K.T., M.W. and G.P;
Supervision, G.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the International Max Planck Research School Exploration of Ecological
Interactions with Molecular Techniques.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Moran, M.A.; Durham, B.P. Sulfur metabolites in the pelagic ocean. Nat. Rev. Microbiol. 2019, 17, 665-678.
[CrossRef] [PubMed]

2. Gebser, B.; Pohnert, G. Synchronized regulation of different zwitterionic metabolites in the osmoadaption of
phytoplankton. Mar. Drugs 2013, 11, 2168-2182. [CrossRef] [PubMed]

3. Yoch, D.C. Dimethylsulfoniopropionate: Its sources, role in the marine food web, and biological degradation
to dimethylsulfide. Appl. Environ. Microbiol. 2002, 68, 5804-5815. [CrossRef] [PubMed]

4. Thume, K,; Gebser, B.; Chen, L.; Meyer, N.; Kieber, D.].; Pohnert, G. The metabolite dimethylsulfoxonium
propionate extends the marine organosulfur cycle. Nature 2018, 563, 412-415. [CrossRef]

5. Curson, A.RJ,; Todd, ].D.; Sullivan, M.].; Johnston, A.W.B. Catabolism of dimethylsulphoniopropionate:
Microorganisms, enzymes and genes. Nat. Rev. Microbiol. 2011, 9, 849-859. [CrossRef]

6.  Smyth, K; Elliott, M. Effects of changing salinity on the ecology of the marine environment. In Stressors in the
Marine Environment; Solan, M., Whiteley, N., Eds.; Oxford University Press: Oxford, UK, 2016; pp. 161-174.
[CrossRef]

7.  Spielmeyer, A.; Gebser, B.; Pohnert, G. Investigations of the uptake of dimethylsulfoniopropionate by
phytoplankton. ChemBioChem 2011, 12, 2276-2279. [CrossRef]



Mar. Drugs 2020, 18, 42 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Dickschat, J.S.; Rabe, P.; Citron, C.A. The chemical biology of dimethylsulfoniopropionate. Org. Biomol.
Chem. 2015, 13, 1954-1968. [CrossRef]

Keller, M.D,; Kiene, R.P.; Matrai, P.A.; Bellows, W.K. Production of glycine betaine and dimethylsulphonioprop
ionate in marine phytoplankton. II. N-limited chemostat cultures. Mar. Biol. 1999, 135, 249-257. [CrossRef]
Spielmeyer, A.; Pohnert, G. Direct quantification of dimethylsulfoniopropionate (DMSP) with hydrophilic
interaction liquid chromatography/mass spectrometry. J. Chromatogr. B 2010, 878, 3238-3242. [CrossRef]
Spielmeyer, A.; Gebser, B.; Pohnert, G. Dimethylsulfide sources from microalgae: Improvement and
application of a derivatization-based method for the determination of dimethylsulfoniopropionate and other
zwitterionic osmolytes in phytoplankton. Mar. Chem. 2011, 124, 48-56. [CrossRef]

Zhao, PP; Gu, W,; Wu, S;; Huang, A.; He, L.; Xie, X.; Gao, S.; Zhang, B.; Niu, J.; Lin, A.P; et al. Silicon
enhances the growth of Phaeodactylum tricornutum Bohlin under green light and low temperature. Sci. Rep.
2014, 4, 3958. [CrossRef] [PubMed]

Bussard, A.; Corre, E.; Hubas, C.; Duvernois-Berthet, E.; Le Corguille, G.; Jourdren, L.; Coulpier, E; Claquin, P.;
Lopez, P]. Physiological adjustments and transcriptome reprogramming are involved in the acclimation to
salinity gradients in diatoms. Environ. Microbiol. 2017, 19, 909-925. [CrossRef] [PubMed]

Garcia, N.; Lopez-Elias, J.A.; Miranda, A.; Martinez-Porchas, M.; Huerta, N.; Garcia, A. Effect of salinity on
growth and chemical composition of the diatom Thalassiosira weissflogii at three culture phases. Lat. Am. ].
Aquat. Res. 2012, 40, 435-440. [CrossRef]

Ito, T.; Asano, Y.; Tanaka, Y.; Takabe, T. Regulation of biosynthesis of dimethylsulfoniopropionate and its
uptake in sterile mutant of Ulva pertusa (Chlorophyta). J. Phycol. 2011, 47, 517-523. [CrossRef]

Takagi, M.; Karseno; Yoshida, T. Effect of salt concentration on intracellular accumulation of lipids and
triacylglyceride in marine microalgae Dunaliella cells. ]. Biosci. Bioeng. 2006, 101, 223-226. [CrossRef]
Keller, M.D.; Kiene, R.P.; Matrai, P.A.; Bellows, W.K. Production of glycine betaine and dimethylsul
phoniopropionate in marine phytoplankton. I. Batch cultures. Mar. Biol. 1999, 135, 237-248. [CrossRef]
Dickson, D.M.].; Kirst, G.O. The role of b-dimethylsulphoniopropionate, glycine betaine and homarine in the
osmoacclimation of Platymonas subcordiformis. Planta 1986, 167, 536-543. [CrossRef]

Galinski, E.A; Pfeiffer, H.-P; Trtiper, H.G. 1,4,5,6-Tetrahydro-2-methyl-4-pyrimidinecarboxylic acid. A novel
cyclic amino acid from halophilic phototrophic bacteria of the genus Ectothiorhodospira. Eur. ]. Biochem. 1985,
149, 135-139. [CrossRef]

Kolp, S.; Pietsch, M.; Galinski, E.A.; Gutschow, M. Compatible solutes as protectants for zymogens against
proteolysis. Biochim. Biophys. Acta 2006, 1764, 1234-1242. [CrossRef]

Kunte, H.J.; Lentzen, G.; Galinski, E.A. Industrial production of the cell protectant ectoine: Protection
mechanisms, processes and products. Curr. Biotechnol. 2014, 3, 10-25. [CrossRef]

Waditee-Sirisattha, R.; Kageyama, H.; Takabe, T. Halophilic microorganism resources and their applications
in industrial and environmental biotechnology. AIMS Microbiol. 2016, 2, 42-54. [CrossRef]

Weinisch, L.; Kuhner, S.; Roth, R.; Grimm, M.; Roth, T.; Netz, D.J.A.; Pierik, A.].; Filker, S. Identification of
osmoadaptive strategies in the halophile, heterotrophic ciliate Schmidingerothrix salinarum. PLoS Biol. 2018,
16, €2003892. [CrossRef] [PubMed]

Weinisch, L.; Kirchner, I.; Grimm, M.; Kuhner, S.; Pierik, ].J.; Rossello-Mora, R.; Filker, S. Glycine betaine and
ectoine are the major compatible solutes used by four different halophilic heterotrophic ciliates. Microb. Ecol.
2019, 77, 317-331. [CrossRef]

Harding, T.; Roger, A.J.; Simpson, A.G.B. Adaptations to high salt in a halophilic protist: Differential
expression and gene acquisitions through duplications and gene transfers. Front. Microbiol. 2017, 8, 944.
[CrossRef] [PubMed]

Widderich, N.; Czech, L.; Elling, EJ.; Kénneke, M.; Stéveken, N.; Pittelkow, M.; Riclea, R.; Dickschat, ].S.;
Heider, J.; Bremer, E. Strangers in the archaeal world: Osmostress-responsive biosynthesis of ectoine and
hydroxyectoine by the marine thaumarchaeon Nitrosopumilus maritimus. Environ. Microbiol. 2016, 18, 1227-1248.
[CrossRef] [PubMed]

Landa, M.; Burns, A.S.; Roth, S.J.; Moran, M.A. Bacterial transcriptome remodeling during sequential
co-culture with a marine dinoflagellate and diatom. ISME J. 2017, 11, 2677-2690. [CrossRef]

Dickson, D.M.J.; Kirst, G.O. Osmotic adjustment in marine eukaryotic algae—The role of inorganic-ions,
quaternary ammonium, tertiary sulfonium and carbohydrate solutes. 1. Diatoms and a Rhodophyte.
New Phytol. 1987, 106, 645-655. [CrossRef]



Mar. Drugs 2020, 18, 42 13 0of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kiene, R.P,; Williams, L.P.H.; Walker, J.E. Seawater microorganisms have a high affinity glycine betaine
uptake system which also recognizes dimethylsulfoniopropionate. Aquat. Microb. Ecol. 1998, 15, 39-51.
[CrossRef]

Van Bergeijk, S.A.; Van der Zee, C,; Stal, L.]. Uptake and excretion of dimethylsulphoniopropionate is driven
by salinity changes in the marine benthic diatom Cylindrotheca closterium. Eur. J. Phycol. 2003, 38, 341-349.
[CrossRef]

Torstensson, A.; Young, ].N.; Carlson, L.T.; Ingalls, A.E.; Deming, ].W. Use of exogenous glycine betaine and
its precursor choline as osmoprotectants in Antarctic sea-ice diatoms. J. Phycol. 2019, 55, 663-675. [CrossRef]
Czech, L.; Bremer, E. With a pinch of extra salt—Did predatory protists steal genes from their food? PLoS Biol.
2018, 16, €2005163. [CrossRef] [PubMed]

Onraedt, A.; De Mey, M.; Walcarius, B.; Soetaert, W.; Vandamme, E.]J. Transport kinetics of ectoine, an
osmolyte produced by Brevibacterium epidermis. Biotechnol. Lett. 2006, 28, 1741-1747. [CrossRef] [PubMed]
Czech, L.; Hermann, L.; Stoveken, N.; Richter, A.A.; Hoppner, A.; Smits, S.H.].; Heider, J.; Bremer, E. Role of
the extremolytes ectoine and hydroxyectoine as stress protectants and nutrients: Genetics, phylogenomics,
biochemistry, and structural analysis. Genes 2018, 9, 177. [CrossRef] [PubMed]

Grammann, K.; Volke, A.; Kunte, H.]. New type of osmoregulated solute transporter identified in halophilic
members of the Bacteria domain: TRAP transporter TeaABC mediates uptake of ectoine and hydroxyectoine
in Halomonas elongata DSM 2581T. J. Bacteriol. 2002, 184, 3078-3085. [CrossRef]

Kuhlmann, A.U.; Hoffmann, T.; Bursy, J.; Jebbar, M.; Bremer, E. Ectoine and hydroxyectoine as
protectants against osmotic and cold stress: Uptake through the SigB-controlled betaine-choline- carnitine
transporter-type carrier EctT from Virgibacillus pantothenticus. |. Bacteriol. 2011, 193, 4699—-4708. [CrossRef]
Kiene, R.P; Linn, L.J.; Bruton, J.A. New and important roles for DMSP in marine microbial communities.
J. Sea Res. 2000, 43, 209-224. [CrossRef]

Sim6, R. Production of atmospheric sulfur by oceanic plankton: Biogeochemical, ecological and evolutionary
links. Trends Ecol. Evolut. 2001, 16, 287-294. [CrossRef]

Maier, I.; Calenberg, M. Effect of extracellular Ca%* and Ca2+—antagonists on the movement and
chemoorientation of male gametes of Ectocarpus siliculosus (Phaeophyceae). Bot. Acta 1994, 107, 451-458.
[CrossRef]

Hillebrand, H.; Durselen, C.D.; Kirschtel, D.; Pollingher, U.; Zohary, T. Biovolume calculation for pelagic and
benthic microalgae. J. Phycol. 1999, 35, 403-424. [CrossRef]

Himdi-Kabbab, S.; Lavrador, K.; Bazureau, J.P.; Hamelin, J. Synthesis of 1,4,5,6-Tetrahydro 2-Methyl
4-Pyrimidine Carboxylic Acid: Osmoprotector Amino Acid. Synth. Commun. 1995, 25,2223-2227. [CrossRef]
Shortreed, M.R.; Lamos, S.M.; Frey, B.L.; Phillips, M.E; Patel, M.; Belshaw, PJ.; Smith, L.M. Ionizable isotopic
labeling reagent for relative quantification of amine metabolites by mass spectrometry. Anal. Chem. 2006, 78,
6398-6403. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



Publication 3 106




Publication 4 107

2.4 Publication 4
“Cysteinolic acid is a widely distributed compatible solute of marine
microalgae.”

Simona Fenizia, Jerrit Weissflog, Georg Pohnert

Marine Drugs, Vol. 19(12):683, 2021
DOI: 10.3390/md19120683

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License

Fenizia S.1, Weissflog J.2, Pohnert G.2 Cysteinolic acid is a widely distributed compatible solute in marine microalgae.
Marine Drugs 2021 19, 12. 10.3390/md19120683.

Author 1 2 3
Development of concept X X
Planning of research X X
Data collection X

Chemical synthesis X

Data analysis X

Preparation of the manuscript X X X
Correction of the manuscript X X X
Proposed publication equivalent 1.0

Authors contribution:

Simona Fenizia Conceptualization, research planning, experiment
preparation and implementation, data analysis, writing-
original draft, writing-review, editing

Jerrit Weissflog Chemical synthesis, writing-review, editing

Georg Pohnert Conceptualization, research planning, writing-review,
editing, supervision



Publication 4 108




&JX marine drugs

Article

Cysteinolic Acid Is a Widely Distributed Compatible Solute of
Marine Microalgae

Simona Fenizia 12

check for

updates
Citation: Fenizia, S.; Weissflog, J.;
Pohnert, G. Cysteinolic Acid Is a
Widely Distributed Compatible
Solute of Marine Microalgae. Mar.
Drugs 2021, 19, 683. https://
doi.org/10.3390/md19120683

Academic Editor: Hitoshi Sashiwa
Received: 5 November 2021

Accepted: 26 November 2021
Published: 30 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

, Jerrit Weissflog 2 and Georg Pohnert 12/*

Bioorganic Analytics, Institute for Inorganic and Analytical Chemistry, Friedrich Schiller University Jena,

Lessingstrasse 8, D-07743 Jena, Germany; simona.fenizia@uni-jena.de

2 MPG Fellow Group, Max Planck Institute for Chemical Ecology, Hans-Knoll-Strafie 8, D-07745 Jena, Germany;
jweissflog@ice.mpg.de

*  Correspondence: georg.pohnert@uni-jena.de

Abstract: Phytoplankton rely on bioactive zwitterionic and highly polar small metabolites with
osmoregulatory properties to compensate changes in the salinity of the surrounding seawater.
Dimethylsulfoniopropionate (DMSP) is a main representative of this class of metabolites. Salinity-
dependent DMSP biosynthesis and turnover contribute significantly to the global sulfur cycle. Using
advanced chromatographic and mass spectrometric techniques that enable the detection of highly
polar metabolites, we identified cysteinolic acid as an additional widely distributed polar metabolite
in phytoplankton. Cysteinolic acid belongs to the class of marine sulfonates, metabolites that are
commonly produced by algae and consumed by bacteria. It was detected in all dinoflagellates,
haptophytes, diatoms and prymnesiophytes that were surveyed. We quantified the metabolite in
different phytoplankton taxa and revealed that the cellular content can reach even higher concen-
trations than the ubiquitous DMSP. The cysteinolic acid concentration in the cells of the diatom
Thalassiosira weissflogii increases significantly when grown in a medium with elevated salinity. In
contrast to the compatible solute ectoine, cysteinolic acid is also found in high concentrations in
axenic algae, indicating biosynthesis by the algae and not the associated bacteria. Therefore, we
add this metabolite to the family of highly polar metabolites with osmoregulatory characteristics
produced by phytoplankton.

Keywords: cysteinolic acid; osmoadaptation; osmoregulation; ectoine; DMSP; diatoms; phytoplank-
ton; salinity; LC/MS analysis

1. Introduction

Free-floating phytoplankton in the open ocean contribute substantially to primary pro-
duction. Phytoplankton can be exposed to changing salinity levels due to vertical migration
or transport within ocean currents [1]. Adaptation to the changing environment is thus a
pre-requisite for the survival of the cells [1,2]. Changes in salinity that occur, for example, in
coastal waters or sea ice represent an environmental stress factor that must be compensated
by the unicellular algae of the phytoplankton [3]. Cells respond by production/uptake
or degradation /exudation of compatible solutes. These polar organic compounds adjust
the osmolality of the cells to that of the environment [4-7]. Dimethylsulfoniopropionate
(DMSP) is a major compatible solute in many phytoplankton species. The amount of this
sulfur-containing zwitterionic metabolite produced globally by marine organisms is esti-
mated to be around two petagrams per year [8,9]. The enzymatic cleavage of this osmolyte
results in the release of the volatile dimethylsulfide (DMS). This metabolite contributes
significantly (30 teragram per year) to the global sulfur flux from the hydrosphere to the
atmosphere [10-13]. Besides DMSP, many other highly polar metabolites that can serve
as compatible solutes have been discovered in phytoplankton. Analysis of these metabo-
lites has proven problematic because it is difficult to extract and enrich the small, polar
metabolites. The introduction of a ZIC-HILIC separation protocol combined with highly
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sensitive MS analysis has enabled the systematic investigation of zwitterionic metabolites
and other polar metabolites in marine microalgae and seawater [14—17]. The identification
of dimethylsulfoxoniumpropionate (DMSOP) produced and released by phytoplankton is a
remarkable demonstration of the validity of this analytical approach. DMSOP is produced
by phytoplankton and is readily taken up by marine bacteria, confirming that this class of
molecules supports bacterial heterotrophy in the ocean [11,18,19].

Besides sulfur-containing zwitterionic metabolites, marine organisms also produce
nitrogen-containing compounds, such as glycine betaine (GBT) and homarine, with os-
moregulatory and osmoadaptive properties [4]. The bacterial zwitterionic metabolite
ectoine, for example, is also a common metabolite produced by marine phytoplankton and
bacteria [7]. It can be taken up from bacteria by diatoms to fulfill physiological requirements
and to compensate for osmotic stress [7].

Despite the considerable advances in the characterization of the phytoplankton
metabolome, organic polar compounds are still not comprehensively analyzed [4,7,11].
A detailed analysis of sulfonates from cultured eukaryotic phytoplankton showed up to
millimolar cellular concentrations. The analysis of the production and catabolism of this
compound class revealed a tightly coupled microbial network based on sulfonates. Sources
and sinks were deduced from genomic data, expression analysis and mass spectrometric
evidence [20].

Our study aims to expand our knowledge of the metabolome of marine algae, focus-
ing on the production and regulation of polar compounds produced under osmotic stress
conditions. For this purpose, we selected the diatom Thalassiosira weissflogii as a study
organism. It is a centric marine diatom, ubiquitously distributed in the oceans [21]. T.
weissflogii has been utilized previously for several studies on the osmoadaptation of marine
phytoplankton [22,23]. It was also used as a model organism for the investigation of diatom
responses to different types of environmental stress, such as seawater acidification [24],
temperature and light changes [25] and anoxia [21]. Interestingly, T. weissflogii does not
produce the ubiquitous osmolyte DMSP but compensates this lack by uptake of the metabo-
lite from the surrounding water [23]. We detected and quantified cysteinolic acid under
osmotic stress conditions in this alga and undertook a survey of its prevalence in other
members of the phytoplankton. We observed a significant contribution of this metabolite
to the osmoadaptation of microalgae during short- and long-term environmental salinity
changes. Therefore, cysteinolic acid can be included among the phytoplankton-derived
“compatible solute”.

2. Results and Discussion

Xenic and axenic cultures of the diatom Thalassiosira weissflogii were grown under
standard culture conditions of 35 Practical Salinity Units (PSU, g NaCl kg~! seawater)
and under increased salinity of 50 PSU to cover the effect of a substantial salinity increase
according to previous studies [7,26,27]. Using ultra-high-pressure liquid chromatography
and high-resolution mass spectrometry (UHPLC-MS) [4], we mined for uncharacterized
highly polar metabolites potentially involved in osmoregulation. Up-regulation under
increased salinity was selected as a criterion in a metabolic profiling approach. Among the
up-regulated masses that could not be assigned to common and fully structurally proven
metabolites, we detected [M + H]*" = 156 with a characteristic sulfur isotope signature. It
was characterized as cysteinolic acid, a compound with osmoregulatory properties.

2.1. Identification of Cysteinolic Acid in the Diatom Thalassiosira weissflogii

Figure 1 shows the UHPLC-HRMS chromatographic profile obtained from methanolic
extracts of xenic and axenic cultures of T. weissflogii (the respective strains used were
RCC76 and CCMP1336). This diatom does not produce quantifiable amounts of DMSP, but
other major zwitterionic metabolites, such as homarine, glycine betaine and ectoine, are
detectable [7,23]. The identities of these osmolytes were verified by co-injection either with
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commercially available standards (glycine betaine and ectoine) or with the corresponding
standard synthesized in our laboratory (homarine) according to a published procedure [4].
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Figure 1. Chromatographic separation of highly polar and zwitterionic metabolites in the diatom Thalassiosira weissflogii
CCMP1336 (axenic cultures, A), RCC76 (xenic cultures, B), using ultra-high-pressure liquid chromatography (UHPLC)
with detection by electrospray ionization mass spectrometry. The total ion current is shown in black. The identity of the

metabolites glycine betaine, homarine and ectoine was assigned according to previous studies. The ion trace of cysteinolic

acid (solid red line) is shown at a fivefold magnification in (A) and at a tenfold magnification in (B). The extracted ion
chromatograms for the selected zwitterions are shown in (C, axenic culture) and in (D, xenic culture). The MS and MS/MS
spectra of cysteinolic acid are shown in (E), and fragmentation is indicated in the inserted structure. In (F), the solid black
line is the UHPLC profile monitoring the ion trace of m/z = 156.03232 4 0.0005% of the methanol extract of cultures of
T. weissflogii; the dashed black line is the same extract treated with synthetic cysteinolic acid in roughly equal amounts to

confirm structural identity by co-elution.

Analysis of the chromatogram and the HRMS spectra in positive mode revealed a peak
with m/z of the [M + H]* = 156.03232, corresponding to the molecular formula C3H;)NO4S
(calculated: [M + H]* = 156.03251). This initially caught our attention due to the isotope
pattern with a M + 1.9958 signal, characteristic for sulfur-containing metabolites. The
incorporation of 13C from 3CO, confirmed its biosynthetic origin. The fragmentation
pattern of this peak, analyzed by tandem mass spectrometry (MS/MS), showed a fragment
ion m/z 138.02196, attributed to the loss of H,O, and a second one with m/z 56.04979
attributed to the loss of water and the sulfonic group (Figure 1). By comparison with the
online database METLIN and using the tools Sirius v4.0.1, and CSI:FingerID [28,29], the
signal was initially attributed to cysteinolic acid, whose identity was proven by co-injection
of the algal extract with synthetic cysteinolic acid. Both exact mass and retention time
matched the standard and co-injection confirmed the identity of the metabolite (Figure 1F).
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Cysteinolic acid (2-amino-3-hydroxy-1-propanesulfonic acid) belongs to the class of
sulfonates common in aquatic systems. Unlike the zwitterions, such as homarine, DMSP,
glycine betaine, DMSOP and gonyol, cysteinolic acid can be present in a neutral form as
depicted in Figure 2.

(@) 0]
I N C) I
O NH, (0] NH3

Figure 2. All neutral (left) and zwitterionic (right) forms of cysteinolic acid.

In 1957, Wickberg et al. reported the isolation and identification of this C3-sulfonate in
the red alga Polysiphonia fastigiata and thereby expanded the knowledge about sulfonates
in algae that was limited to taurine and taurine derivates [30]. Other studies reported
cysteinolic acid in brown algae [31] and in the freshwater diatom Navicula pelliculosa
where it occurs together with the structurally related 2,3-dihydroxypropane-1-sulfonate
(DHPS). In this alga, it is one of the major sulfonic acids and plays a role as sulfur reservoir
during sulfur starvation [32,33]. Based on the incorporation of radioactive sulfate, it was
concluded that cysteinolic acid accounts for ca. 11% of the total soluble 3°S. Besides these
early reports on freshwater diatoms, little is known about the distribution, abundance and
role of cysteinolic acid in marine microalgae. Recent studies have focused on DHPS and
have pointed out the presence of sulfonate transport and catabolism genes in terrestrial and
marine bacteria and microalgae [20,34]. In an untargeted metabolomics approach, evidence
for the production of cysteinolic acid in marine diatoms and a haptophyte was given based
on MS/MS data similar to those reported above, but the final structural confirmation, as
well as information about its concentration and physiological role, remained open [20]. It
was speculated that such a highly polar metabolite could contribute to osmoadaptation
and that this compound class could also be involved in the balance of redox reactions [20].

DHPS and other osmolytes, particularly DMSP, betaine and proline, increase with
salinity in the diatom T. pseudonana. The high cellular concentration (mM) of sulfonates
produced by marine phytoplankton supports the notion that this class of metabolites plays
an important role in the environment and makes a substantial contribution to global sulfur
and carbon cycles likely [20,34,35].

2.2. Salinity-Dependent Changes in Cysteinolic Acid Concentration in T. weissflogii

To verify if cysteinolic acid contributes to the intracellular osmotic balance in marine
diatoms, T. weissflogii was grown at low (35 PSU) and high (50 PSU) salinity, according to
protocols of previous studies [7,26]. For short-term salinity stress experiments, cells were
grown at 35 PSU to the late exponential phase, transferred to 50 PSU, and analyzed 24 h
after this transfer. Long-term salinity stress was achieved by growing cells at 50 PSU over
two generations. Tests were performed on both axenic and xenic cultures. T. weissflogii
cells were harvested by filtration on GF/C filters, which also removes most of the bacteria
present in xenic cultures [7].

Quantification of cysteinolic acid revealed that it is also a substantial osmolyte in
this diatom with intracellular concentrations reaching the 100 fmol/cell level (Figure 3).
This is lower compared to ectoine, homarine and glycine betaine that reach pmol/cell
concentrations [7].

After short-term salinity stress in xenic cultures, the concentration of cysteinolic acid
increased by ca. 2-fold compared to the concentration under 35 PSU conditions. A 2.4-fold
increase was observed after long-term stress (Figure 3). In axenic cultures, compared to the
xenic, the intracellular content of cysteinolic acid was 1.5-fold higher at 35 PSU, and it did
not increased significantly during the short-term salinity stress, but increased by 2.6-fold
during the long-term stress (Figure 3). In axenic cultures, the higher amount of cysteinolic
acid might compensate for the lower amount of ectoine (observed in a previous study [7]).
Ectoine is predominantly supplied by bacteria and taken up by the algae, and thus reaches
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lower concentrations in axenic cultures [7]. This is not the case for cysteinolic acid, which
is higher in axenic studies. It is thus produced by the algae and might be consumed or
converted by associated bacteria in xenic cultures. These regulations support a contribution
of the microbial community to the physiology of an algal cell and the existence of a coupled
microbial metabolic network between eukaryotic phytoplankton (sulfonate producers) and
heterotrophic bacteria (sulfonate consumers, ectoine producers) [20,35-37].
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Figure 3. Intracellular amounts of cysteinolic acid in xenic (A) and axenic (B) cultures of T. weissflogii grown under different
salinity regimes. The label 35 PSU indicates that cultures were maintained constantly at this salinity; 50 PSU (24 h) indicates
that cultures grown at 35 PSU were transferred into a medium of 50 PSU and analyzed 24 h after the transfer; 50 PSU
indicates cultures grown for two generations at this elevated salinity. Concentrations are normalized per cell; error bars
represent standard deviation (biological replicates, N = 3). Statistical analysis is based on one-way ANOVA with a Tukey
test for multiple comparison procedures. * p < 0.05, ** p < 0.01, n.s. not significan). Note the different scales of the y-axes.

2.3. Cysteinolic Acid in Other Microalgae

With the purpose of investigating the distribution of cysteinolic acid in phytoplankton,
the metabolome of several species of microalgae was screened and the intracellular amounts
of cysteinolic acid were compared to those of other zwitterionic osmolytes [7,11]. The
amount of cysteinolic acid in all the investigated species was obtained by integration of the
correspondent signal in each chromatogram and an external calibration curve prepared
with three repeated measurements before each batch analysis. The concentration was then
normalized to cell counts and cellular volume. The concentrations of cysteinolic acid can
reach levels in the same range of those of DMSP, which is a dominant zwitterionic osmolyte
in many species (Table 1) [11,38]. It is even the most abundant osmolyte quantified in
this study in the dinoflagellate Amphidinium carterae. The intracellular concentrations of
cysteinolic acid are in the same range as those of DHPS, a major cytosolic diatom component
that supports bacterial growth [20].

The abundance and the regulation under different salinity regimes suggest a contribu-
tion of this zwitterionic metabolite to the osmoregulation of different plankton phyla. It
adds to the family of zwitterionic metabolites as a major component in the algal cells that
support osmoadaptation. The abundance of cysteinolic acid also supports the notion of
sulfonates as a valuable target for tracking microbial interactions in the sea. As revealed
by Durham et al. [20], sulfonate metabolism in the marine biosphere is widely distributed
and highly complex. Our result adds a new algal metabolite to this family by providing
full structural proof and confirms eukaryotic phytoplankton as major sulfonate produc-
ers [18]. We also show its contribution to salinity adaptation. Since cellular content will
eventually also contribute to the dissolved organic carbon and dissolved organic sulfur
in the ocean that can be used by other microorganisms of the plankton, the consequence
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of this additional metabolite on the microbiome functioning should be investigated. In
agreement, genes connected to the uptake and metabolism of dissolved organic sulfur are
also abundant.

Table 1. Quantitative survey of cysteinolic acid and other osmolytes in xenic marine microalgae at 35 PSU. Replicates: N = 3,

error based on standard deviations. A plus (+) indicates the presence of a signal below the limit of quantification, a minus (—)

indicates the absence of the correspondent signal. Cell volumes of T. weissflogii for determination of intracellular cysteinolic acid

concentration were obtained from Fenizia et al. 2020 [7]; cell volumes of the other species were based microscopy measurement
and calculation according to their geometric shape [39]. Data for DMSOP from Thume et al. 2018 [11].

Cysteinolic

Species DVSA Gonyol (mol  (imel  (mel  GOMSOP o TGRGadd o ORERie
Cell-1) Cell-1) Cell-1) Cell-1) Cell-1) (mM)
Prorocentrum minimum + 379+48 0.27 £ 0.06 463.4 £ 52.6 3.66 = 1.23 42.0 £6.1 50.6 + 8.1 711+£114
Prymmnesium paroum + 1.5+0.7 0.04 £ 0.02 474 £53 0.029 + 0.005 48+12 1.9 +0.8 179 +£73
Amphidinium carterae + + 0.09 &+ 0.04 + — 91+15 172 +28 18.5 £ 3.0
Thalassiosira pseudonana - 7.7 +09 2.0+02 48 +£0.6 - 19+0.2 28+03 175 £2.0
Skeletonema costatum - + 0.06 +0.01 285 +4.1 0.029 + 0.005 100 +£15 109 £ 05 422421
Emiliania huxleyi + 0.73 £ 0.04 0.41 £ 0.03 73+0.7 0.029 £ 0.013 0.54 + 0.06 1.0+ 0.1 119 £ 0.7
Isochrysis galbana + 48+02 13+01 13.8 £ 0.6 0.017 + 0.003 1.6 +0.1 1.0 £0.03 10.8 £ 0.4
Thalassiosira weissflogii - 234.7 £35.7 354 +25 - - 85.2+13.1 2234+113 8.0 £4.0

3. Materials and Methods

The results in this work arise from an in-depth analysis of an experiment reported by
Fenizia et al. [7]. There, the full experimental details are given. Here we only outline the
methods for cultivation and extraction briefly. The full methods for structure elucidation
and quantification are given here.

3.1. Cultivation of Microalgae

Xenic and axenic cultures of Thalassiosira weissflogii (RCC76, Roscoff Culture Collection,
Roscoff, France; CCMP 1336; Provasoli-Guillard National Center for Marine Algae and
Microbiota, East Boothbay, ME, USA) were cultivated as standing cultures in artificial
seawater medium according to Maier and Calenberg [40] at 14 °C £ 2 °C. A 14:10 light—
dark cycle with 40 pmol photons m~2s~! between 400 and 700 nm light was used. Cultures
were grown to the exponential phase; 2 mL was diluted 20-fold with fresh medium and
cultivated again to the exponential phase before the start of the experiments. Axenicity was
checked by microscopy and by plating aliquots of each culture on marine broth agar plates.

3.2. Salinity Treatment

For long-term salinity stress treatments, cultures of T. weissflogii were grown in artificial
seawater with a normal salinity of 35 Practical Salinity Units (PSU), and in artificial sea
water where the salinity was adjusted to 50 PSU [7]. For a short-term salinity stress test,
cultures of the diatom were grown in 35 PSU artificial seawater to the exponential phase
and, 24 h before the extraction, 5 mL of a sterile filtered 2.65 M solution of NaCl was added
to 35 mL cultures in order to reach a final salinity of 50 PSU.

3.3. Cell Counting and Size Measurement

To determine cell densities, 50 pL of culture was analyzed using a BD Accuri™ Cé6
flow cytometer (BD Biosciences, East Rutherford, NJ, USA) as described in [7]. Pictures
for cell size measurements were taken with a Leica DFC280 microscope (Leica, Wetzlar,
Germany) using a Nikon DS-U3 camera (Nicon, Tokyo, Japan). Pictures of 50 randomly
selected cells for every salinity were evaluated. Calculations of the average cell volumes
were based on a corresponding geometric shape, as reported by Hillebrand et al. [7,39].
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3.4. Sample Preparation

Diatom cells were harvested in the late exponential growth phase by filtration of
30 mL culture under a reduced pressure of 500 mbar using GF/C-grade microfiber filters
(Sigma-Aldrich, Deisenhofen, Germany), followed by washing through a vacuum filtration
of 90 mL of artificial sea water [7]. Filters were immediately transferred into 4 mL screw cap
glass vials containing 500 pL of methanol, while another portion of 500 uL of methanol was
added directly on the filter. Samples were manually shaken three times and, after 30 min
at room temperature, stored at —20 °C. For ultra-high-pressure liquid chromatography
high-resolution mass spectrometry (UHPLC-HRMS) analysis, 50 uL of each extract was
diluted with 100 uL of acetonitrile and water (9:1 v/v). After centrifugation (5 min, 4.500x g)
the supernatant was submitted to UHPLC-HRMS analysis.

3.5. UHPLC/HRMS-Equipment and Settings

Analytical separation and quantification were performed on a Dionex'™ UltiMate™
3000 system (Thermo Fisher Scientific, Dreieich, Germany) equipped with a SeQuant
ZIC-HILIC column (5 pm, 2.1 x 150 mm, SeQuant with guard column, Merck, Darmstadt,
Germany). Mass spectra were recorded on a Q-Exactive™ Plus Orbitrap mass spectrometer
(Thermo Fisher Scientific, Dreieich, Germany). The electrospray ionization conditions are
givenin [7]. The column temperature was set to 25 °C. Mass measurements were performed
in the HESI-positive mode, full scan mode from 75 to 200 m/z, at a resolution of 70,000. For
qualitative MS/MS analysis, the collision energy was set to 35 V and data were collected in
DIA (Data Independent Acquisition) mode.

3.6. Osmolyte Analysis

The eluent consisted of high-purity water with 2% acetonitrile and 0.1% formic acid
(solvent A) and 90% acetonitrile with 10% water and 5 mmol L~! ammonium acetate
(solvent B) [15]. The flow rate was set to 0.6 mL min~ " and a linear gradient was used
for separation with 100% solvent B (2 min), 60% B (11 min), 20% B (11.8 min), 20% B
(14.9 min), 100% B (15 min) and 100% B (18 min) at 25 °C. Identification by co-injection of
cysteinolic acid was carried out after addition of synthetic cysteinolic acid to the sample. For
quantification, a calibration curve of the synthetic standard was recorded in the seawater
medium also used for algal culturing. The purity and concentration of the synthetic
standard were verified by 'H-NMR. The calibration curve (1 = 3) for the area of the
molecular ion of cysteinolic acid was y = 1.27 x 107 x with r = 0.9734, limit of detection
(LOD) = 2.17 pM in the medium and limit of quantification (LOQ) = 7.15 uM in the
medium. Related to ectoine, the calibration curve (n = 3) for the area of the molecular
ion was y = 2.96 x 108 x with r = 0.9970, limit of detection (LOD) = 0.33 uM and limit of
quantification (LOQ) = 1.08 uM; for homarine, the calibration curve (n = 3) for the area of
the molecular ion was y = 5.26 x 108 x with r = 0.9931, limit of detection (LOD) = 0.04 uM,
limit of quantification (LOQ) = 0.12 uM; for glycine betaine, y = 1.59 x 108x with r = 0.9364,
limit of detection (LOD) = 0.18 uM and limit of quantification (LOQ) = 0.58 uM. The
calibration curve (n = 3) for the area of the molecular ion of DMSP was y = 8.28 x 107 x with
r = 0.9878, limit of detection (LOD) = 0.07 uM and limit of quantification (LOQ) = 0.23 uM.
MS and MS/MS data are deposited in https://edmond.mpdl.mpg.de/imeji/collection/
wP7a_7LNwS3DMf (accessed on 25 November 2021).

3.7. Synthesis of Cysteinolic Acid

The synthesis was carried out using a slightly modified protocol of that of Xu et al. [41].
If not otherwise indicated, all solvents and chemicals were obtained from Sigma (Sigma,
Deisenhofen, Germany) and used without further purification. In a 100 mL round-bottom
flask, 200 mg (1.98 mmol) of methyl aziridine-2-carboxylate (TCI Co. Ltd., Tokyo, Japan)
was dissolved in 20 mL of deionized water, and sodium borohydride (150 mg, 3.96 mmol)
and lithium chloride (168 mg, 3.96 mmol) were added to the solution. After the mixture
was stirred overnight at room temperature, sodium bisulfite (412 mg, 3.96 mmol) was



Mar. Drugs 2021, 19, 683 8 of 10

added portion-wise under stirring. The resulting solution was stirred for another 24 h at
room temperature. After this time, the complete reaction mixture was passed through a
column of Amberlite IR-120 (H* form) and then of Amberlyst A21 (free base form) using
deionized water to rinse the columns. The pooled eluate fractions were concentrated under
reduced pressure back to a volume of ~20 mL before being passed through a column of
Dowex 1 x 8 (acetate form, prepared from chloride form). The eluate was evaporated to
dryness under reduced pressure, and the residue was recrystallized from EtOH/H,0 (3:1,
v/v) three times to give (1) (80 mg, 0.51 mmol, 26%) as a white solid, which was dried
in vacuum. 'H-NMR (400 MHz, 0.2M NaOD in D,0) dppm: 3.64 + 3.55 (2 x dd, 2H,
-CH,0H), 3.40 (m, 1H -CHNH;*), 3.10 + 2.90 (2 x dd, 2H, -CH,S05 ™), 3C-NMR (400 MHz,
0.2M NaOD in D,0) éppm: 64.0 (-CH,OH), 53.0 (CH,SO37), 49.2 (-CHNHj;") (ESI-MS
(positive) m/z 156.03232 [M + H]*.

4. Conclusions

In this work, we describe the identification and quantification of cysteinolic acid,
which underline its importance as an algal osmolyte. Cysteinolic acid is widespread among
different phyla of phytoplankton and is an abundant highly polar compatible solute.
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ARTICLE INFO ABSTRACT

Keywords:

Antarctica

Cold adaptation

Cold stress adaptation factors

The green seaweed Ulva (Chlorophyta) and its associated epibacterial microbiome form a functional holobiont
that adapts to stress as a whole. As the macroalga provides carbon sources for bacteria and relies on algal growth
and morphogenesis-promoting factors (AGMPF) released by bacteria, those cross-kingdom interactions are
. , ) especially fascinating. We hypothesized that the Ulva holobionts from the warm-temperate Mediterranean-
Cross-kingdom interactions . . . . . . .
Cryoprotective Atlantic and cold Antarctic habitats respond to cold stress differently depending on the production of highly
DMSP polar low molecular weight compounds (LMWCs) with stress-regulating activity. We compared the microbiome

Ectoine of and metabolic changes in U. compressa (cultivar U. mutabilis), initially collected in Ria Formosa (Portugal),
Seaweed with that of U. bulbosa (strain AWI #1002) collected in Antarctica by performing a warm-cold temperature shift
Taurine experiment. Microbiome analysis indicated significant differences between the two species and that the number

Ulva microbiome of operational taxonomic units (OTUs) was lower in cultivated U. bulbosa than in freshly isolated Ulva; despite

this, AGMPF-producing bacteria were detected in both holobionts. Significant differences in metabolite profiles
were observed between both species using hydrophilic interaction liquid chromatography coupled with elec-
trospray ionization mass spectrometry (HILIC-ESI-MS). Biomarkers such as dimethylsulfoniopropionate (DMSP)
and taurine were identified following a temperature shift from 18 °C to 5 °C in the warm-temperate U. mutabilis
and the cold-adapted U. bulbosa, respectively. Our findings show that metabolic changes in the holobiont in
response to cold are species-dependent.

To evaluate the contribution of the metabolic changes of bacteria and algae to the stress response, the
reductionistic model system of the tripartite community formed by U. mutabilis and its two essential bacteria,
Roseovarius sp. strain MS2 and Maribacter sp. strain MS6, which release all essential AGMPFs, was investigated.
We examined the production of polar LMWCs in the presence and absence of bacteria following a shift to cold
temperatures. Among the metabolites studied, ectoine ((4S)-2-methyl-3,4,5,6-tetrahydropyrimidine-4-carboxylic
acid) was only detected in the presence of bacteria, highlighting the role of bacteria in releasing compounds that
mitigate environmental stresses through cold stress adaptation factors (CSAF). Our findings suggest that
microbiome engineering will allow us to improve macroalgae adaptability to stressful situations, which can be
further applied to the sustainable management of (land-based) aquaculture systems.

1. Introduction

The settlement of the earliest plants in terrestrial habitats was
accompanied by exposure to a completely different habitat. To deal with
changing climatic circumstances and abiotic stresses such as ultraviolet
radiation, temperature change, and dehydration, extensive adaptation
at the morphological, physiological, and molecular levels was required

* Corresponding author.
E-mail address: thomas.wichard@uni-jena.de (T. Wichard).

https://doi.org/10.1016/j.envexpbot.2022.104913

(Becker and Marin, 2009; Rensing, 2018). The evolution of heteromor-
phic life and the establishment of symbiotic interactions (Delaux et al.,
2013; Field et al., 2015; Ghaderiardakani et al., 2020) were essential
innovations in the plant terrestrialization process (Becker and Marin,
2009). Heat stress has recently attracted the attention of plant biologists
not only because it may hold answers to fundamental questions about
plant evolution and the transition from algae to embryophytes, but also
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because it has implications for crop yields and the associated threats to
food security under global warming and the projected impacts of climate
change (Fiirst-Jansen et al., 2020; Ohama et al., 2017). In contrast, a
significant proportion of the Earth’s biosphere is permanently exposed
to temperatures < 5 °C (Rodrigues and Tiedje, 2008), such as polar
environments (Rodrigues and Tiedje, 2008). Understanding how plants
remain metabolically active at low temperatures could provide insights
into stress adaptation.

Cold and temperate marine environments are inhabited by organ-
isms of the same genus, suggesting specific adaptation processes. Several
barriers inherent to permanently cold environments that could impart
severe physiochemical restrictions on essential aspects of cell function
include intracellular ice formation, changes in membrane fluidity,
macromolecular interactions, and enzyme kinetics (Piette et al., 2011;
Rodrigues and Tiedje, 2008). Cold-adapted, or cold-acclimated organ-
isms, have thus employed different approaches to survive at lower
temperatures (Rodrigues and Tiedje, 2008). For instance, in bacteria,
loss of membrane fluidity is counteracted by variations in the lipid
composition of their membranes. Bacteria avoid loss of membrane
fluidity at cold temperatures by synthesizing unsaturated and branched
fatty acids (Russell, 1983). Several studies have reported the importance
of cold shock proteins, exopolysaccharides, and membrane modifica-
tions for cold adaptation in bacteria (Tribelli and Lopez, 2018). Guy
et al. (2008) categorized properties that could contribute to stress
tolerance into five groups of metabolites that function "(1) as osmolytes
to modify cellular water relations and reduce cellular dehydration; (2) as
compatible solutes to stabilize enzymes, membranes, and other cellular
components; (3) as chelating agents to neutralize or sequester potentially
toxic levels of metals and inorganic ions; (4) in the retailoring of membrane
lipid composition to optimize the liquid/crystalline physical structure [...],
and (5) as energy sources" (Guy et al., 2008).

When grown in bacteria-free (axenic) conditions or in the absence of
the necessary microbiome, green seaweeds such as Ulvales lose their
usual shape (Wichard, 2015). As a result, plantlets proliferate in an
undifferentiated and callus-like morphotype. These malformations are
partly or entirely rescued by complementing the culture medium with
two marine bacteria, Maribacter sp. strain MS6 and Roseovarius sp. strain
MS2, forming a tripartite community (Spoerner et al., 2012) (Fig. 1A).
Consequently, algal growth and morphogenesis promoting factors
(AGMPF) released by those bacteria (such as thallusin released by
Maribacter sp.) can ensure algal development (Alsufyani et al., 2020;
Ghaderiardakani et al., 2019; Grueneberg et al., 2016). These observa-
tions imply that the alga and its associated bacteria, i.e. the entire hol-
obiont, need to react to a specific stressful situation in an orchestrated
action (Dittami et al., 2016; Ghaderiardakani et al., 2020).

In this study, we compared the stress responses of the Mediterranean
U. mutabilis and the Antarctic U. bulbosa (both cultured) using a warm-
cold temperature shift experiment to identify potential LMWCs (<
200 Da) functioning as cold stress adaptation factors (CSAF). These
potential cryoprotectants are often compatible solutes that accumulate
to high intracellular concentrations either through de novo biosynthesis
or uptake from the environment to mitigate thermal and osmotic stress.
These solutes include amino acids and derivatives, polyols and sugars,
methylamines, and methylsulfonium compounds with multiple func-
tions, including stabilizing macromolecules (Yancey, 2005). For
example, algae collected in polar regions often have higher compatible
solutes levels than eulittoral species collected from tropical and
temperate regions (Bischoff et al., 1994; Karsten et al., 1990a). The
axenic Antarctic sea-ice diatom, Nitzschia lecointei produces different
amounts of 2,3-dihydroxypropane-1-sulfonate (DHPS), glycine betaine
(GBT), and dimethylsulfoniopropionate (DMSP) at —1 °C and 4 °C and
at salinities of 32% and 41%, and the effect of temperature is stronger
than that of salinity (Dawson et al., 2020). DMSP is of interest because it
performs a variety of ecological and physiological functions. DMSP can
be detected by marine bacteria and is used as a chemoattractant (Kessler
et al., 2018; Seymour et al., 2010). Further, it is important in the
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Fig. 1. (A) The reductionist holobiont model system Ulva mutabilis—Roseovarius
sp.—Maribacter sp. (left side) and the Antarctic species Ulva bulbosa with its
associated microbiome (right side) were used to identify changes in the
metabolite profile under thermal stress. (B) The microbiological communities
associated with Ulva on a taxonomic level are shown based on the abundant
operational taxonomic units (OTUs) in 16S rRNA gene amplicon libraries from
U. compressa and U. bulbosa samples. (C) The enrichment of selected bacterial
genera in U. compressa and U. bulbosa was estimated based on the abundance of
OTUs. Mean =+ standard deviation is shown (n = 3). Significant differences
between Ulva species are indicated by the asterisk (* P <0.05,
**P < 0.01, n = 3).
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pathogenesis of algae (Garren et al., 2014) and bacterial-algal symbiosis
(Kessler et al., 2018), and it functions as an antifreeze osmolyte in
several algae exposed to salinity variations (Edwards et al., 1987). Since
DMSP released by U. mutabilis attracts Roseovarius sp., which provides
AGMPF for the growth of Ulva, DMSP production is a key factor in
cross-kingdom interactions under stress conditions. Overall, both
AGMPF and compatible solutes are indispensable for facilitating
communication between macroalgae and bacteria within the chemo-
sphere where the organisms interact (definition by Alsufyani et al.,
2017).

To investigate the cold adaptability of the green seaweeds, two
experimental designs were used with two different long-time cultured
Ulva species—one collected from Antarctica (U. bulbosa) and the other
from the Mediterranean Sea (U. mutabilis recently reclassified in
U. compressa)—to elucidate their metabolic responses to cold stress.

First, we tested the hypothesis that a cold-adapted (i.e., high cold
acclimation capacity) holobiont and a warm-adapted (i.e., low cold
acclimation capacity) holobiont produce different LMWCs when
exposed to low temperatures.

Second, the well-established reductionist, tripartite model system of
U. mutabilis and its two associated essential bacteria (Wichard, 2022),
Roseovarius sp. and Maribacter sp., was investigated to determine the
LMWCs when the tripartite community was exposed to low tempera-
tures and to distinguish the production of compatible solutes between
Ulva and its bacteria (Fig. 1A).

For metabolomic analysis, hydrophilic interaction liquid chroma-
tography coupled to electrospray ionization mass spectrometry (HILIC-
ESI-MS) was applied. In addition, the microbiome of U. bulbosa was
analyzed for AGMPF producing bacteria and compared with the non-
cultured strain of U. compressa.

2. Methods
2.1. Algae and bacteria

The developmental mutant "slender" (mating type mt+) strain of
U. mutabilis was propagated from unmated gametes derived from lab-
grown parthenogenetic gametophytes. It has been demonstrated that
U. mutabilis, collected initially by B. Fgyn in the Ria Formosa (Portugal)
in 1952 (Fgyn, 1958), and U. compressa are conspecific (Steinhagen
et al., 2019). The cultivar is referred to as U. mutabilis throughout this
publication.

The cold-adapted strain U. bulbosa (strain AWI #1002) was collected
in Antarctica in 1986 and cultivated at 5°C at the Alfred Wegener
Institute (AWI, Bremerhaven, Germany). In the case of U. mutabilis, the
identity of the strain was confirmed using PCR with tufA (forward:
GGNGCNGCNCAAATGGAYGG, reverse: CCTTCNCGAATMG-
CRAAWCGC; (Fama et al., 2002) and petA primers (forward: TGAA-
CACGAGCTGGGTTTTG, reverse: TCCACGTGAACCAAATGGAC (Cai
et al., 2021)). Further phylogenetic analysis is necessary to taxonomize
U. bulbosa (strain AWI #1002).

U. bulbosa and U. mutabilis gametophytes were cultured in sterile
Nunc™ cell culture plastic flasks with gas-permeable screw caps
(Thermo Fisher Scientific, Dreieich, Germany) containing 100 mL Ulva
Culture Medium (UCM) under standard growth conditions, including a
17/7 hlight/dark cycle with the illumination of approximately 80 pmol
photons m™ s! provided using 50% GroLux and 50% day-light fluo-
rescent tubes (Stratmann et al., 1996). Both species can grow efficiently
at 18 °C. Depending on the experiment, the species were shifted to 5 °C
or 2 °C for further cultivation.

Axenic cultures of U. mutabilis were prepared according to the
approach described by Califano et al. (2018) and subsequently inocu-
lated with the morphogenesis-inducing bacterial strains Roseovarius sp.
(GenBank EU359909) and Maribacter sp. (GenBank EU359911) (Alsu-
fyani et al., 2017; Califano and Wichard, 2018; Spoerner et al., 2012).
After inoculation, the final calculated optical density of bacteria was
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ODggo = 1.0 x 10~* The bacteria were cultured in marine broth at 18
+ 1.0 °C (Roth, Karlsruhe, Germany).

2.2. Microbiome analysis of Ulva bulbosa and Ulva compressa

The DNeasy PowerSoil Pro Kit (Qiagen, Germany) was used to
extract the microbial metagenomic DNA, following the manufacturer’s
protocol without damaging the thallus of Ulva. Next, 16S V4 amplicon
sequencing of the microbial community was performed on the Illumina
MiSeq (2 x 300bp) wusing the 515F-Y "new EMP" (GTGY-
CAGCMGCCGCGGTAA) and 806RB  "new EMP" (GGAC-
TACNVGGGTWTCTAAT) primer pair (LGC Genomics GmbH, Germany).
After inline barcode demultiplexing and clipping of sequencing adapters
from the 3’ ends of reads, the data was processed using the Mothur
software package (read pair joining, quality filtering, alignment against
Silva 168 reference, denoising, chimera removal) (Schloss et al., 2009).
Operational taxonomic units (OTUs) were picked using Mothur (clus-
tering of aligned sequences at the 97% identity level and taxonomy
classification against the Silva reference database), and a BLAST search
of OTUs against the Silva database of the 16S domain was performed
(Califano et al., 2020). Different to the cultivated U. bulbosa,
U. compressa (strain RFU #81) was collected in the Ria Formosa (Faro,
Portugal) for microbiome analysis, and a portion of the thallus,
including the rhizoid, was frozen without further cultivation (Alsufyani
et al., 2014; Grueneberg et al., 2016). Microbiome analyses were per-
formed in triplicate. The entire dataset can be retrieved from NCBI
(National Center for Biotechnology Information) through the BioProject
ID PRJNAS828511 (BioSample Accession Numbers, U. compressa:
SAMN27670879-SAMN27670881;  U.  bulbosa: ~AWI  #1002:
SAMN27670882-SAMN27670884).

2.3. Temperature treatment

Two experimental designs were carried out with a (i) complete and a
(ii) designed microbiome:

() To compare U. bulbosa and U. mutabilis, strains were grown with
their microbiomes, which had evolved over decades (> 30 years
for U. bulbosa and > 70 years for U. mutabilis), and cultivated for
14 days at 5°C +£1.0°C and 18°C + 1.0 °C. U. bulbosa was
cultivated at 18 °C for three life cycles prior to starting the tem-
perature shift.

(ii) Axenic gametes of U. mutabilis were cultivated together with
Roseovarius sp. and Maribacter sp. in UCM at 18 + 1.0 °C. In-
dividuals of ~1 cm in length (n = 40) were transferred to bottles
with UCM and maintained at 2 + 0.5 °C and 18 + 1.0 °C. Algae
were harvested during their growing phase (Wichard and Oertel,
2010). All experiments were performed in triplicate.

2.4. Extraction protocols

The algal tissues were quickly dried with a paper towel, collected in
plastic tubes (Sarstedt, Germany), and frozen with liquid nitrogen. The
tissues were lyophilized (Lyophilizer: Christ Martin Alpha 1-2 LO Plus)
for approximately 20 h at — 50 °C and 0.001 mbar. The freeze-dried
biomass (weighing 13-21 mg) was transferred to 1.5 mL plastic tubes
(Eppendorf, Germany). Two metal beads were added to each tube, and
the cells were disrupted for 1 min using a TissueLyser II (Qiagen). Cold
methanol (1 mL) was added to extract the metabolites after the addition
of internal standards [4 pL of 100 uM DgDMSP (dimethylsulfoniopro-
pionate) and 4 uL of 4 uM Dgs-ectoine ((4S)—2-methyl-3,4,5,6-tetrahy-
dropyrimidine-4-carboxylic acid)] (Fenizia et al., 2020; Gebser and
Pohnert, 2013). The mixture was treated in an ultrasonic bath for 1 min
and subsequently centrifuged at 1500xg for 5 min. The extraction was
repeated once to verify that the first extraction was exhaustive.
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2.5. Mass spectrometry analysis

2.5.1. Liquid chromatography coupled to mass spectrometry

High performance liquid chromatography (HPLC) was performed
using a SeQuant ZICO-HILIC analytical peek column (5 pm, 150 x
2.1 mm, SeQuant, Umed, Sweden) equipped with a SeQuant ZICO-HILIC
guard column (5 pm, 2.1 x 20 mm). Analytical separation and quanti-
fication of LMWCs (< 200 Da) were conducted on a Dionex Ultimate
3000 HPLC system linked to Q Exactive Orbitrap Mass Spectrometer
(Thermo Fisher Scientific). Mass measurements were performed using
the electron ionization-positive mode. Mass/charge ratios ranging from
70 to 200 m/z were recorded with a mass resolution of R = 70,000 at m/
2 200.

For high-resolution mass spectrometry (HRMS) coupled to a HILIC
column, 50 uL of the methanol extract was diluted with 150 uL aceto-
nitrile/water (9:1, v/v). The injection volume was 2 pL. For separation,
the eluent contained high-purity water spiked with 2% acetonitrile and
0.1% formic acid (solvent A) and 90% acetonitrile with 10% water and
5 mM ammonium acetate (solvent B) (Fenizia et al., 2020; Spielmeyer
etal., 2011). The flow rate was set to 0.6 mL min’!, and a linear gradient
was used for separation with 100% solvent B (2 min), 60% B (11 min),
20% B (11.8 min), 20% B (14.9 min), 100% B (15 min), and 100% B
(18 min). The column was maintained at 25 °C. Before running the
samples, the HPLC was conditioned by repeatedly running blanks.

2.5.2. Data processing and metabolite profiling

Peak picking, deconvolution, and metabolite identification was
achieved using Compound Discoverer 3.2 (Thermo Fisher Scientific).
Peak detection was conducted using a tolerance of 30% for intensity, a
signal-to-noise threshold of 5, and a mass tolerance of 5 ppm. The lowest
possible peak intensity was set at 100,000. For all tools used for spec-
trum similarity searches, the mass tolerance was set to 5 ppm. Features
that were also identified in blank samples were removed. Pooled quality
control samples (QC) were used to compensate for time-dependent batch
effects during analysis (Dunn et al., 2011). Raw data were compared
with open data repositories (ChemSpider, KEGG) within Compound
Discoverer (CD) using the program’s default settings and an untargeted
metabolomics workflow.

To discover further significant changes between features (m/z)
observed during the warm-cold temperature shift experiment, a ca-
nonical analysis of principal coordinates (CAP) was used to conduct
multivariate data analysis to visualize differences in the feature assem-
blages (i.e., compounds) (Alsufyani et al., 2017; Anderson and Willis,
2003; Anderson and Robinson, 2003). The main coordinates (PCo) were
computed from the Bray—Curtis similarity matrix, and potential over
parameterization was avoided by selecting the number of PCo axes (m)
that maximized the groups’ leave-one-out allocation success. The square
root was used to transform the data, and column (variable) sums were
applied to normalize it.

To identify important metabolites from the mass spectrometric data,
a false-positive rate (FDR) correction was performed, coupled with a
two-tailed t-test (P < 0.05). Following this analysis, univariate statisti-
cal tests were completed using MetaboAnalyst 5.0 (Chong et al., 2019)
to explore significant differences in intensities of metabolites in the raw
data. Treatments were compared by analysis of variance (one-way
ANOVA) at a = 0.05 after verifying homoscedasticity and normal dis-
tribution of the data. A post-hoc Fisher’s LSD test (P < 0.05) revealed
the treatments between which the metabolites exhibited significant
differences. Furthermore, volcano plots were utilized to display the
univariate analysis results for each LMWC with adjusted P < 0.05 and a
fold-change larger than two. Statistical analyses in MetaboAnalyst were
repeated by Tukey’s multiple comparisons test calculating adjusted P
values using Prism v.7.00 (GraphPad Software, USA) to ensure accuracy.

2.5.3. Identification and quantification of selected compounds
Candidate compounds were detected by comparison with

Environmental and Experimental Botany 200 (2022) 104913

commercially accessible reference standards and co-injections. Ectoine
and DMSP were quantified by adding synthesized labelled standards
(Fenizia et al., 2020). An external calibration curve with five calibration
standards was performed in triplicate (Deicke et al., 2013) to measure
the concentration of the metabolites normalized to the dry weight (DW)
of the extracted thallus. A linear regression model was calculated,
plotted, and validated with SigmaPlot ver. 14 (Systat, Germany) and
GraphPad Prism v.7.00. According to the calibration method, the limit
of detection and quantification was determined for all candidate com-
pounds (Reichenbacher and Einax, 2011) with a relative standard de-
viation (RSD) < 8.2% (Table 2). Repeated extraction with methanol did
not increase the amount of any analyte.

3. Results and discussion

3.1. Algal growth and morphogenesis promoting bacteria found
independently of Ulvds origin

Unlike U. mutabilis, the essential bacteria required for the growth and
morphogenesis of U. bulbosa have yet to be identified (Wichard, 2015).
Therefore, the microbiome analysis aimed to determine whether po-
tential AGMPF releasing bacteria can be found independently of Ulva’s
origin. The complete microbiome of U. bulbosa (strain AWI #1002) was
first analyzed for the AGMPF producing bacteria and compared with the
microbiome of U. compressa (strain RFU #81) (Alsufyani et al., 2014),
collected in the Mediterranean Sea (Ria Formosa, Portugal), where
U. mutabilis was originally found (Fgyn, 1958). The microbiomes
differed significantly from one another (Fig. 1B). While the Mediterra-
nean species was primarily associated with a-Proteobacteria and Bac-
teroidites, as previously reported (Califano et al., 2020; Friedrich,
2012), the microbiome of U. bulbosa was dominated by y-Proteobacteria
and Bacteroidites. The number of OTUs (41) of the cultivated U. bulbosa
was strongly reduced compared to the number of OTUs (251) obtained
from the non-cultivated U. compressa, which is typical for the selection
process in algal-bacteria interactions and has been described previously
(Califano et al., 2020; van der Loos et al., 2021). Importantly, the genera
Maribacter and Sulfitobacter, which are essential AGMPF producers, were
associated with both species (Fig. 1C).

3.2. Determination of cryoprotectant compatible solutes

The systematic examination of zwitterionic substances and highly
polar metabolites was accomplished using a ZIC-HILIC separation pro-
cess combined with highly sensitivity MS analysis. Comparison with
reference standards led to the detection of ten cryoprotectant candidates
previously identified in studies involving both Ulva species (Fig. 2).
Amino acids, sulfonates, zwitterions, and singly-charged ions were
detected. Ectoine, DMSP, cysteinolic acid, and proline were the major
compatible solutes. These are commonly employed by microbes and
phytoplankton as stress protectants (Fenizia et al., 2020). Ectoine syn-
thesis and uptake provides a considerable degree of osmotic stress
tolerance which can provide protection against extreme temperatures.
Compatible solutes improve cryopreservation in different organisms, e.
g., a combination of proline and ectoine protects human endothelial
cells against cryopreservation damage (Fenizia et al., 2020; Sun et al.,
2012).

3.3. Different stress responses of Ulva holobionts from the Mediterranean
Sea and Antarctica

To explore the cellular metabolic responses of a temperate and a
cold-adapted species, cultures of U. mutabilis (Ria Formosa, Portugal)
and U. bulbosa (Polar region, Antarctica) were subjected to a tempera-
ture shift from 18 °C to 5 °C simultaneously in the first experiment. After
14 days of incubation, Ulva biomass was harvested, extracted, and
analyzed by HILIC-HR-ESI-MS. CD revealed 30 LMWCs with mass/
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Fig. 2. Low molecular weight compounds identified by comparing the HILIC-ESI-MS chromatograms to the analytical reference standards (red lines). The extracted
ion trace chromatograms (EIC, black line) of the m/z values ([M + H]™" for all metabolites (except choline [M]™)) detected in the methanol extract of the Ulva
mutabilis tissue are shown. The EICs matched the reference standards (red line). m/z: Mass/charge ratios.

change ratios ranging from 70 to 200 m/z after applying background
corrections (Table 1). Although CD identified many new features, only a
few compounds, such as DMSP, taurine, and glycerol, were clearly
characterized and confirmed by reference standards (Fig. 2, Table 1).

Principal analysis of coordinates (PCo) for the 30 identified features
demonstrated two distinct groups under cold treatment. The plots
indicate that U. mutabilis and U. bulbosa were separated in both PCol
and PCo2 after cold treatment, suggesting differences in the metabolic
profile of Ulva samples influenced by both temperature and species. In
contrast, U. mutabilis and U. bulbosa were not distinctly separated on the
PCo plot at 18 °C (Fig. 3A), which emphasizes their similar metabolic
profiles in temperate conditions. For supervised discriminant analysis,
three groups were defined: (i) U. bulbosa at 5 °C, (ii) U. mutabilis at 5 °C,
and (iii) one combined group of algae grown at 18 °C. CAP analysis of
the a priori groups revealed that metabolite profiles significantly
differed between the two species depending on the temperature (Ei-
genvalues: 0.9309 for axis 1 and 0.9225 for axis 2) (Fig. 3B). Using the
"leave-one-out" allocation approach, cross-validation between the a
priori groups resulted in one misclassification. CAP calculated the cor-
relation coefficient r (cutoff: |r| > 0.5) between each sample and the
canonical axes to identify essential biomarkers.

Following multivariate analysis, a one-way ANOVA was used to
prove whether the metabolites differed substantially across treatments.
Eighteen metabolites out of 30 were identified as being significantly

different, with an FDR-adjusted P-value < 0.05 (Table 1). Among the
most significantly upregulated metabolites, some are well-known as
compatible solutes, such as taurine (a sulfur-containing f-amino acid)
and DMSP (Fig. 3C).

Although taurine concentrations (UM and UB in 18 °C) differ
significantly between the two species (one-way ANOVA with Tukey
posthoc test, P < 0.05), box plots reveal a species-specific increase in
DMSP and taurine concentrations in U. mutabilis and U. bulbosa,
respectively. Apart from DMSP and taurine, the upregulated features
#20 and #15 under cold conditions in U. mutabilis and U. bulbosa were
conspicuous (Fig. 3B, C). The basic concentration of #15 differs signif-
icantly (P < 0.05) between the two Ulva at 18 °C as well. Fisher’s least
significance difference test for post hoc comparisons revealed differ-
ences in metabolite abundance between the Ulva species at different
temperatures. Future investigations will identify other substances that
are only listed as sum formulas in Table 1.

In summary, the metabolic profiles of U. mutabilis and U. bulbosa in
cold conditions are dissimilar, suggesting that these two holobionts
respond to cold stress differently due to differences in algal metabolism
(intrinsic) and microbiomes (extrinsic). It is still under discussion how
the associated and stress-adapted microbiomes can help the host adapt
to environmental stresses through the production and subsequent
secretion of chemical metabolites (Ghaderiardakani et al., 2020).
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Table 1
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Identification of 30 features in U. mutabilis (UM) and U. bulbosa (UB) following a One-way ANOVA. Metabolites were considered significant if the FDR adjusted P value
was < 0.05. Fisher’s LSD post hoc test indicates significant differences (P < 0.05) between the comparisons (ns = not significantly different; n.d. not determined)

(Note: retention times vary slightly from batch to batch within this study.).

No. m/z [M+H]" RT Compound Formula Significance FDR adjusted UB-5°C UB-18 °C UM-5°C UM-5°C
# measured [min] (identified) [M] P-value P-value vs vs vs vs
UB-18 °C UM-18 °C UM-18 °C UB-5°C

Identification One way ANOVA Fisher’s LSD post hoc comparison

1 135.0472 8.40 DMSP C5H1002S 1.98E-02 3.30E-02 ns ns < 0.05 ns

2 156.0323 7.09 Cysteinolic acid C3HINO4S 5.89E-04 8.11E-03 < 0.05 ns < 0.05 < 0.05

3 157.0293 8.58 n.d.

4 145.0495 7.12 C6H804 2.93E-03 8.71E-03 < 0.05 ns < 0.05 ns

5 145.0494 7.14 C6H1005 3.55E-03 8.71E-03 < 0.05 ns < 0.05 ns

6 85.0283 7.14 C4H402 1.89E-03 8.11E-03 < 0.05 ns < 0.05 ns

7 127.0388 7.13 C6H603 3.59E-03 8.71E-03 < 0.05 ns < 0.05 ns

8 138.0219 6.99 C3H7NO3S 1.22E-03 8.11E-03 ns ns < 0.05 < 0.05

9 97.0283 7.13 C5H402 1.81E-03 8.11E-03 < 0.05 ns < 0.05 ns

10 180.0866 7.10 C6H15N06 1.24E-02 2.32E-02 < 0.05 ns < 0.05 ns

11 159.0252 8.51 n.d.

12 158.0281 7.08 n.d. 1.48E-03 8.11E-03 ns ns < 0.05 < 0.05

13 180.0865 7.13 C6H13NOS 8.87E-03 1.78E-02 < 0.05 ns < 0.05 ns

14 160.0344 8.01 C6H10NPS 7.67E-03 1.64E-02 ns < 0.05 < 0.05

15 123.0553 3.84 C6H6N20 2.38E-03 8.71E-03 < 0.05 < 0.05 ns < 0.05

16 192.0866 7.98 C7H13NOS5

17 99.0439 7.13 C5H602 1.22E-03 8.11E-03 < 0.05 ns < 0.05 ns

18 109.0283 7.09 C6H402 3.77E-03 8.71E-03 < 0.05 ns < 0.05 ns

19 165.1134 8.01 C8H12N4

20 189.087 2.68 C7H12N204 1.88E-02 3.30E-02 ns ns ns < 0.05

21 93.0546 6.15 Glycerol C3H803

22 163.06 6.15 C6H1005

23 121.0318 7.70 C4H802S 3.02E-03 8.71E-03 < 0.05 ns < 0.05 ns

24 178.1337 8.10 C10H15N3

25 85.0284 6.15 C4H402

26 151.0352 2.03 C3H6N205

27 144.0477 8.13 C6HINOS

28 126.0218 6.91 Taurine C2H7NO3S 3.50E-04 8.11E-03 < 0.05 < 0.05 ns < 0.05

29 104.0706 8.04 C4HONO2

30 161.1283 8.02 C7H16N202

3.4. Metabolite profiling of the tripartite community Ulva mutabilis under
cold stress at 2 °C

To reduce the effect of non-essential bacteria for growth and devel-
opment of U. mutabilis, the cold stress experiment was repeated with the
tripartite community (U. mutabilis-Roseovarius sp.— Maribacter sp.;
Fig. 1A) under more stringent conditions at 2 °C in the second experi-
ment. Following cultivation at 18 + 1 °Cand 2 + 0.5 °C for 14 days, the
volcano plot of the identified features revealed significant differences
between the metabolic profiles of Ulva grown under standard conditions
and that grown in the cold (Fig. 4A). Among the 66 features detected in
U. mutabilis (Table S1), 20 LMWCs were significantly different (18
upregulated and only 2 downregulated) between the two temperature
treatments (Fig. 4A). As only three compounds, namely DMSP, proline,
and glutamine, were identified by CD (Table S1), a targeted analysis was
used to complement the exploratory approach (Fig. 4B) because addi-
tionally known candidate molecules were expected (Fig. 2).

3.5. Targeted analysis of cold stress-dependent changes in cryoprotectants

We performed a complementary experiment to determine the tem-
perature stress-related production of the ten candidate compounds:
DMSP, taurine, cysteinolic acid, ectoine, choline, homarine, glycine
betaine, proline, glutamine, and methionine, under xenic and axenic
conditions. The production of all compounds except homarine and
methionine were upregulated following a temperature shift from 18 °C
to 2 °C in the tripartite community of U. mutabilis (Fig. 4B). All sub-
stances were quantified in the low micromolar range with an operating
range of one order of magnitude identified in one chromatographic run
(Fig. 2) with a low relative standard deviation (RSD% from 2.5 to 8.2)
and a low limit of quantification of the analytical process (Tables 2 and

3).

The concentrations of the analytes, normalized to dry weight (DW),
ranged over several orders of magnitude from 7.4 x 10 mg g™
(taurine) to 10.97 mg g! (DMSP; Table 3). The increases following cold
treatment were highly statistically significant (P < 0.001, Fig. 4B) for
DMSP (3.5-fold increase), cysteinolic acid (9.5-fold increase), choline
(1.4-fold increase), glycine betaine (13.4-fold increase), and proline
(24.9-fold increase). In contrast, the increases in taurine and ectoine
were of lower significance (P < 0.05) due to the variance of the data. At
18 °C, proline, glutamine, and glycine betaine concentrations were
below the quantification limit. Proline (6.55 + 1.53 mg g”' DW) and
DMSP (10.97 + 2.58 mg g'! DW) may be the most potentially beneficial
metabolites in Ulva’s cold adaption process, as reported for various
bacteria and sea-ice algae under high-osmolarity and colder growth
conditions (Brill et al., 2011; Dawson et al., 2020; Gotz et al., 2018).

DMSP has been proposed as a cryoprotectant in several green mac-
roalgae (Karsten et al., 1992). In our study, DMSP concentration
increased from 3.07 + 0.47-10.97 + 2.58 mg g™' DW following the shift
to cold temperature, which is comparable to previously reported in-
creases from approximately 1.3 to 37.5 mg g‘1 DW in green macroalgae
collected from various latitudes. Those collected from polar regions had
the highest DMSP concentration (Van Alstyne and Puglisi, 2007),
whereas DMSP concentration was low (0.04 mg g™ DW) in the tropical
chlorophyte Ulva conglobata (Bischoff et al., 1994). As the concentration
of DMSP in U. lactuca increased significantly with latitude, Van Alstyne
and Puglisi (2007) concluded that the concentration of compounds de-
pends on environmental factors (e.g., light, temperature, day length)
that change with latitudes. In this context, previous studies revealed that
the cellular concentration of DMSP also increases with light intensity in
various green macroalgal species (Karsten et al., 1990b, 1992).

Our findings support the hypothesis that DMSP production is
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Fig. 3. Species-dependent cold stress response of the holobiont Ulva: (A) Multivariate data analysis of the mass spectrometric data upon HILIC-ESI-MS measurements.
The score plot was obtained from principal coordinates analysis (PCoA) of the untargeted metabolite profiling of Ulva mutabilis (triangle) and Ulva bulbosa (circle)
cultivated at 18 + 1.0 °C (red color) and 5 + 1.0 °C (blue color). (B) The first two canonical axes of the CAP analysis demonstrate the separation based on the Ulva
species affected by the cold. Scaled vectors of the m/z features were significant, separating the groups for the correlation coefficient |r| > 0.5 (correlation of the m/z
features with the two CAP axes). The numbers refer to the order of features identified using Compound Discoverer software (CD) listed in Table 1. (C) Bar graphs
demonstrate the species-specific significant increase in DMSP and taurine in cold-stressed U. mutabilis (UM) and U. bulbosa (UB), respectively, after two weeks (2w) of
temperature treatment. There are also several unknown features (e.g., #20 and #15 are increased, and #10 and #6 are decreased). One-way ANOVA was followed by
Tukey’s post-hoc to indicate the significant differences (ns P > 0.05, *P < 0.05, ***P < 0.001, n = 3).



F. Ghaderiardakani et al.

Environmental and Experimental Botany 200 (2022) 104913

A 4
Proline
4
DMSP
g ° X
o 3 °
e
= . o
o K
1 L]
L] L]
2 .. L]
0
2.5 0.0 25 5.0
log2(FC)
DMSP Cysteinolic acid Tagrine Choline Homarine
% % %k
1.5%1010 6%108- Tkkk  20x106- 25x1071 1 3%107 ns
% %k %
2x107
2 1x10104 4x108- 2x107
n 1.5%107
c
1.0%106 i !
2 1x107
(=
= 5x109 2x108 1x107
= .
===
0 T T 0 T T 0 T T 0 T T 0 T T
18°C 2°C 18°C  2°C 18%C 2°C 18°C 2°C 18°C 2°C
Ectoine Glycine betaine Proline Glutamine Methionine
ns
3x108 1.5%10°= 1.5%x1010— 2x108+ * 3x107  —
* * %k % 1
| % % % 1
> 1.5%108
» 2x108- 1%10° 1%1010 , 2x107
c
g ==
£
1%108 5x108 5x109 1%107
5%107 -
0- o= oL—== 0- 0-
18°C 2°C 18°C 2°C 18°C 2°C 18°C  2°C 18°C  2°C

Fig. 4. Metabolite production in the tripartite community of Ulva mutabilis upon cold stress. (A) Volcano plot illustrates the 20 m/z features (i.e., metabolites) that
were significantly altered in U. mutabilis due to a temperature shift from 18 + 1.0 °C to 2 + 0.5 °C. The rosa dots represent features with of statistical significance P
less than 0.05 and a fold-change greater than 2-fold. Proline and DMSP are marked as examples. The greater the distance between the feature’s coordinates and (0,0),
the more significant the feature is. (B) Box plots illustrate the intensity changes in 10 selected cryoprotectants within the U. mutabilis metabolomic profile at 18 °C in

comparison with their intensity at 2 °C. ANOVA followed by Tukey’s post-hoc test was used to determine the significant differences (ns p > 0.05, * p < 0.05,

p <0.001,n =3).

temperature-dependent. Interestingly, the increased DMSP concentra-
tion was not associated with an increased production of its precursor
methionine, which did not vary in response to temperature changes
(Fig. 3C). This observation is consistent with our previous findings that a
temperature-sensitive methyltransferase regulates DMSP production
(De Clerck et al., 2018). Care must be taken when comparing values that
have been normalized to dry weight or fresh weight. It has been esti-
mated that the drying process causes a loss of up to 75% of the total
DMSP yield (Bischoff et al., 1994; Bucciarelli et al., 2021).

Taurine content almost doubled (1.8-fold) in U. bulbosa upon shifting

the temperature from 18 °C to 5°C. Taurine, a sulfur-containing
f-amino acid, is produced from cysteine and released with no further
degradation. Sulfonates are prevalent in marine algae, which may
explain the extensive abundance of sulfonate-degrading bacteria in the
marine ecosystem (Scholz et al., 2021). While only taurine traces were
generally detected in plants, seaweeds can contain relatively high con-
centrations (Terriente-Palacios and Castellari, 2022). In Rhodophyta,
the concentration of taurine was approximately 0.08% of DW (Scholz
etal., 2021). Oxidative stress regulation was suggested to be the primary
function of taurine. According to Jong et al. (2012), p-alanine-mediated
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Table 2
Calibration parameters for those compatible solutes quantified in the thallus of
Ulva mutabilis using the calibration method.

Compound Working Limit of Limit of Rel. standard
range detection quantification deviation
LOD LOQ RSD
Proline 5-50 uM 1.5 uM 5.4 yM 8.2%
Glutamine 1-16 \M 0.28 M 1.01 yM 3.9%
DMSP 12.5-100 uM 2.6 \M 9.2 uM 3.5%
Taurine 6.25-50 nM 2.8 nM 9.4 nM 6.5%
Methionine 0.2-1 uM 0.1 yM 0.5 uM 2.5%
Glycine 0.5-5 uM 0.14 uM 0.5 uM 5.3%
betaine
Ectoine 2.5-50 nM 2.9 nM 9.9 nM 5.0%
Table 3

Quantification of the compatible solutes per dry weight (DW) biomass of Ulva
mutabilis.

Compound 18°C 2°C

(mg/g DW)

Proline <LOQ 6.55 + 1.53

Glutamine <LOQ 0.055 + 0.002
Methionine 1.5x10° £ 1.4 x 10™ 2.6 x 10° £9.2 x 10™
DMSP 3.07 + 0.47 10.97 + 2.58

Taurine 7.4x10% +2.4 x 10 1.89 x 10° + 4.5 x 10
Glycine betaine < LOQ 1.78 x 102 £ 2.7 x 107
Ectoine 4.04 x 102 + 6.9 x 107 5.4 x 102 +7.2 x 10°

taurine depletion reduces electron transport, resulting in increased
mitochondrial superoxide production (Jong et al., 2012). This important
observation could explain the role of taurine as a significant compound
in stress regulation. In our experiments, taurine concentration was
significantly affected by temperature in U. bulbosa but not in
U. mutabilis, emphasizing the difference in responses of these two Ulva
species to temperature stress. Moreover, taurine has the potential to be
an important carbon source for heterotrophic bacterial growth. (Clifford
etal., 2019). Therefore, algae-derived taurine may assist the metabolism
of the algae-associated microbial community.

Cysteinolic acid, another sulfur amino acid, was elevated in
U. mutabilis (9.5-fold) after the temperature shift, but the concentration
of cysteinolic acid was below the limit of quantification. It has well
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recognized physiological antioxidant activity and osmoregulatory ef-
fects and is a member of the class of marine sulfonates that are often
produced by algae and metabolized by bacteria. The high content of D-
cysteinolic acid has been reported in Ulva sp. (Ito, 1963). The content of
cysteinolic acid in the diatom Thalassiosira weissflogii rose dramatically
in response to short- and long-term ambient salinity changes (Fenizia
et al., 2021). Similarly, cysteinolic acid concentration changed signifi-
cantly under cold stress in U. mutabilis (Fig. 4B).

Proline concentration increased sharply by 24.9% following the
temperature shift, whereas methionine concentration did not change
(Fig. 4B). The accumulation of proline in plants exposed to abiotic stress
is a well-documented and conserved response in most vegetal species. In
our experiments, proline concentration in U. mutabilis had the highest
fold change of any metabolite studied. Similarly, proline accumulated
(to 6.48 mg g™! DW; 9.8-fold increase) in U. fasciata exposed to elevated
salinity (Lee and Liu, 1999). Proline was also detected at high concen-
trations (4-fold increase) in response to decreased temperature (-1 °C
vs. 4 °C) in the polar diatom, N. lecointei (Dawson et al., 2020). This
change is similar to the 4.5-fold increase in proline concentration seen in
Fragilariopsis cylindrus, a highly common psychrophilic diatom, while
encased in newly formed sea ice and subjected to increasing external
salinities and lower temperatures. In the face of these challenges,
F. cylindrus growth is temporarily inhibited and only resumes after a
prolonged period of acclimatization, during which proline accumulates
in the cell (Krell et al., 2007). Proline, a cyclic amino acid, has thus
emerged as a significant component of a typical algal physiological
response to various abiotic stresses. Proline can stabilize sub-cellular
structures, scavenge free radicals, and inhibit lipid peroxidation in the
plant (Kaur and Asthir, 2015) and human cells (Sun et al., 2012). Free
proline may be thus an indicator of cold-hardening and stress bio-
markers in Ulva.

Under cold stress conditions the concentration of glutamine, also a
proxy for its precursor glutamate, was increased by 20.6-fold in
U. mutabilis. Glutamate is a precursor of several metabolites such as
proline, arginine, and histidine, and it is involved in multiple responses
such as those in response to pathogen resistance and abiotic stress (e.g.,
cold, heat, and drought) (Gawryluk et al., 2019; Qiu et al., 2020).

Glycine betaine, which increased 13.4-fold after exposure to cold
stress, is widely considered an effective protectant to alleviate the
negative effects of stressful environments on plants. Addition of
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Fig. 5. Analysis of the tripartite community and axenic cultures of Ulva mutabilis for cold response candidate compounds. Extracted ion trace chromatograms (EIC) of
the molecule ions [M+H]" of the candidate compounds obtained by HILIC-ESI-MS analysis are shown. (A) Detection and structural elucidation of ectoine (m/z
143.0814 for [M + H]™") in U. mutabilis co-cultured with bacteria. Ectoine was not detected in the absence of bacteria, providing further support for the bacterial
origin of ectoine. Samples were collected from U. mutabilis tissues cultured at 5 °C for 14 days. (B) Analysis of axenic cultures: Execpt for ectoine, all selected
metabolites were detected in axenic cultures of U. mutabilis (asterisks indicate the relevant peaks).
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exogenous glycine betaine to cultures of the microalga Chlorella sor-
okiniana at low suboptimal temperatures improved photosynthesis by
increasing the expression of genes encoding RuBisCo (Wang et al.,
2016). Consistent with the current study’s findings, glycine betaine
concentration doubled at 41% salinity compared to 32% salinity when
grown at 4 °C in the Antarctic diatom N. lecointei.

Choline, the precursor to glycine betaine, rose in quantity in response
to temperatures below zero, although at a significantly lower intracel-
lular concentration than that of glycine betaine (Dawson et al., 2020).
The concentration of homarine, the other nitrogen-content compatible
solute, did not change in U. mutabilis under cold stress.

3.6. Source of the cryoprotectants and bacterial contribution to cold
adaptation

The candidate compounds were examined in axenic algae to deter-
mine whether Ulva or the associated microbiome had produced the
solutes within the holobiont. Ectoine was the only compound not
detected in axenic cultures of U. mutabilis at 18 °C or 5 °C (Fig. 5A),
showing that it is produced exclusively by the bacteria associated with
the holobiont. It has previously been shown that ectoine could be used as
a biomarker to identify Roseovarius sp. MS2 in the algal rhizoidal zone
(Vallet et al., 2021). In contrast, axenic algae had large amounts of
metabolites such as cysteinolic acid, DMSP, and choline (Fig. 5B) which
indicates intrinsic production (Fenizia et al., 2021; Kessler et al., 2018).
The low bacterial density within the tripartite community (Fig. 1A) also
explains the low concentration of ectoine (4.04 x 102 +6.9 x 107
mg g'1 DW).

Bacteria possess properties that allow biofilm formation on various
Ulva species and promote their growth and morphogenesis (Ghader-
iardakani et al., 2017; Marshall et al., 2006; Wichard, 2015). Ulva
development is thus entirely dependent on AGMPFs provided by specific
bacteria such as Roseovarius sp. and Maribacter sp. (Ghaderiardakani
et al., 2019; Spoerner et al., 2012). While xenic germlings survive at
2 °C, axenic gametes of U. mutabilis die at temperatures < 5 °C (data not
shown). Thus, it is tempting to assume that Roseovarius sp. contributes
not only AGMPFs but also cold stress adaptation factors for growth.
However, the constant requirement for bacterial morphogens makes it
challenging to distinguish the effects of bacterial and algal processes on
cold adaptation. In future studies, quantification of bacterial morpho-
gens and cryoprotectants in the Ulva environment, experiments on
ectoine uptake, and fitness measurements of Ulva seedlings will shed
light on the ecophysiological role of cryoprotectants.

4. Conclusion

Warm-cold temperature shifts affect various morphological, cyto-
logical, physiological, and biochemical traits in plants. Plants accli-
mated to harsh ecosystems such as polar regions should retain strategies
to cope with severe stresses. Metabolic profiling of Ulva tissues of two
different species collected from Antarctica and the Mediterranean Sea
enabled the identification of unknown markers and specific cryopro-
tectants that alleviate temperature stresses. U. bulbosa and U. mutabilis
reacted differently to the temperature shift from 18 °C to 5°C by
increasing the production of taurine and DMSP, respectively, among
many other (unknown) metabolites. The production of compounds was
triggered in the Mediterranean U. mutabilis due to the cold stress;
however, in the case of DMSP, the level of production was lower than
expected from species of cold regions (Van Alstyne and Puglisi, 2007).
Future studies are required to investigate the correlation between DMSP,
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taurine, and proline production and changes in the growth rate of
U. mutabilis during cold acclimation. Furthermore, when compared to
freshly collected specimens, the long-term captivity of the studied cul-
tures may have some effects on the biochemical inheritance.

Our study is limited to a small number of molecules that still need to
be characterized to assign them to biosynthetic pathways and signal
transduction chains. Future studies of Ulva species, which were freshly
collected from the polar region, will help us further understand the cold
adaptation process compared to the model system U. mutabilis.

Despite the several existing hypotheses regarding the microbiome’s
contribution to host response to environmental factors (e.g. their po-
tential role in host resilience to stress), there is little evidence to support
these hypotheses. Phycological experiments using the tripartite system
and metabolomics approaches can be used to understand the contribu-
tion of microbiome composition to holobiont adaptation processes in
future studies. Axenic cultures of U. bulbosa should be supplemented
with morphogenetic compounds to reproduce algal development inde-
pendent of the microbiome to distinguish the effects of morphogens on
the metabolome and transcriptome from the innate cold stress response.
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Table S1: Identification of 66 features in U. mutabilis and biomarkers for changes in the
metabolism upon the warm-cold temperature shift.

Feature m/; [M+H]* RT Compound Formula P-value Up/down

# measured [min] regulated
at 2°C

1 135.0474 8.16 DMSP C5H1002S 3.70E-04 up

2 116.0705 6.54 L-Proline C5HINO2 9.91E-06 up

3 118.0862 6.29 Glycine betaine ~ C5SH11NO2 7.37E-04 up

4 85.0284 7.02 C4H402 6.30E-03 up

5 127.0389 7.03 C6H603 3.42E-03 up

6 130.0499 7.99 C5H7NO3

7 163.0601 7.02 C6H1005 3.62E-04 up

8 145.0495 7.02 C6H804 3.73E-04 up

9 162.1123 6.58 C7H15NO3 2.72E-02 up

10 97.0284 7.03 C5H402 4.84E-03 up

11 180.0866 7.02 C6H13NOS5 2.54E-03 up

12 99.0440 7.02 C5H602 6.93E-04 up

13 90.0549 7.65 C3H7NO2 1.58E-02 up

14 189.1233 7.24 C8H16N203 1.52E-02 up

15 88.0757 4.90 C4HONO 1.91E-02 up

16 149.0631 6.49 C6H1202S 1.63E-03 up

17 147.0763 7.99 C5H10N203

18 147.1128 11.10 C6H14N202  6.08E-03 up

19 110.0270 7.39 C2H7NO2S 1.13E-02 up

20 123.0553 8.58 C6H6N20 1.65E-03 up

21 130.1590 2.90 C8H19N

22 122.0964 3.25 C8HIIN

23 105.0699 6.34 C8HS8

24 132.1019 5.87 C6H13NO2

25 101.0709 6.88 C4H8N20

26 138.0913 3.25 C8H1INO

27 130.0863 6.40 C6H11NO2 1.10E-06 down

28 80.0494 2.13 C5H5 N

29 167.0927 4.76 C7H10N40O

30 83.0603 4.08 C4H6N2

31 87.0917 3.99 C4H10N2

32 103.0865 7.52 C4H10N20

33 117.0659 3.78 C4H8N202

34 115.0865 3.62 C5H10N20

35 188.0706 5.83 C1 HONO2

36 156.1384 3.58 CI9H17NO

37 104.1069 7.42 C5H13NO

38 159.0764 3.65 C6H10N203

39 175.1157 6.94 C9H180S

40 144.0808 6.36 C10HON

41 143.0815 7.08 C6H10N202

42 154.1226 3.08 C9H15NO

43 87.0553 4.87 C3H6N20

44 108.0807 3.41 C7HON

45 140.0819 4.74 C6HIN30

46 117.1023 5.22 C5H12N20

47 145.0718 7.72 C4H8N402

48 120.0655 7.96 C4HIONO3

49 183.0916 3.12 C12H10N2

50 182.0812 541 C9H11NO3 2.00E-03 down

51 145.1461 10.77 C8HI18NO

52 128.1182 7.44 C6H13N3

53 169.0761 3.25 C11H8N2




139.0978 7.76 C6H10N4

146.1175 3.40 C7H15NO2

121.0318 6.33 C4H802S

175.1078 7.27 C7H14N203

62 160.0969 4.73 C7H13NO3

64 160.1331 8.61 C8H17NO2

66 174.1488 8.61 C9H19NO2
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3 Discussion

Since the CLAW hypothesis was proposed, the volatile compound
dimethylsulfide (DMS) has been considered the missing key to connecting
the sulfur cycle of marine and terrestrial environments, and the zwitterionic
sulfonium compound dimethylsulfoniumpropionate (DMSP) as its primary
precursor.

DMSP is indeed one of the most abundant organosulfur compounds on the
Earth and in the aquatic ecosystem. It is a secondary zwitterionic metabolite
produced in large amounts by marine algae and bacteria, where it carries
out important intra- and extra-cellular functions. Moreover, it is a key
component of the global geochemical sulfur cycle mainly with relevant
ecological implications3”°%%10  Despite the globally recognized
environmental importance of DMSP and its structurally related and derived
compounds®, the functional analysis and molecular characterization of
these sulfur-derived metabolites have not been fully elucidated yet, as they
require high-level bioassays and analytical techniques. Some high-
throughput techniques have been used in the course of this work to
investigate characteristics of zwitterionic metabolites and their ecological
implications, opening new windows to the marine networks and providing
plenty of avenues for future research.

Novel insights into DMISP ecology and the marine sulfur cycle

Aquatic chemical ecology covers, among others, biotic interactions
between marine algae and microorganisms. Small molecules play a central
role in the organization of aquatic ecosystems and in the regulation of
interactions of living organisms, where chemical cues mediate intraspecific
and interspecific interactions®?.

In this context, our research focused on the key metabolite DMSP, which is
involved in marine biogeochemical context as well as in algal and bacterial
interactions. The recent molecular characterization of dsyB, a DMSP
biosynthetic gene found in several bacterial taxa, shed new light on the
microbial contribution to oceanic DMSP production and its conversion into
DMS32%%, Indeed, marine bacteria use two competing catabolic pathways to
either incorporate both carbon and sulfur from DMSP, thus building-up
bacterial biomass (demethylation pathway), or to take only carbon up
(cleavage pathway), whereas sulfur is released as climatically active DMS
(Publication 1). Environmental factors behind the preferential use of one
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pathway instead of the other are not fully elucidated yet, highlighting an
important gap of knowledge in the microbial contribution to
biogeochemical cycles.

Almost two decades ago, the “DMSP Availability Hypothesis” and the
“Bacterial Switch” were introduced to explain the preferential conditions
leading to the exclusion of one pathway instead of the other®1%2, While the
first hypothesis considered the external DMSP concentration as a decisional
factor, the second highlighted a bacterial control on the preferred
expression of one of the two pathways'®’; however, both of them have
been considered, to date, only hypothetical and lacking direct evidence.
To fill this gap of knowledge, by using engineered fluorescent reporter
strains of the bacterium Ruegeria pomeroyi DSS-3, in our work (Publication
1), carried out in collaboration with the research group led by Professor
Stocker from the Swiss Federal Institute of Technology (ETH) in Zirich, we
introduced a single-cell, time-resolved method to measure DMSP
degradation pathway expression, coupled with Ultra-High Performance
Liquid Chromatography (UHPLC) and High-Resolution Mass Spectrometry
(HRMS), to measure the expression and activity of the two competing DMSP
catabolic pathways used by marine bacteria to transform DMSP and to
highlight bacterial responses to different DMSP concentrations (Publication
1).

From our findings, we reported higher DMSP concentrations in microscale
hotspots than in bulk seawater, demonstrating that DMSP concentrations,
relevant for bacterial DMS production and release into the atmosphere, are
found in microscale DMSP hotspots rather than in bulk seawater.

Thus, with our work we provided proof that external DMSP concentrations
control the relative expression of the demethylation/cleavage pathway,
and that the high DMSP concentrations found in microscale hotspots will
direct towards the cleavage degradation pathway, increasing the DMS
production and contribute to the global sulfur cycle, thus providing novel
insights on the environmental determinants involved in global climate and
biogeochemical cycles

Inter- and intra-specific interactions in aquatic chemical ecology

In addition to their contribution to the biogeochemistry of the sulfur cycle,
DMSP and its metabolic product DMS play central roles in algal biotic
interactions. Due to their interconnected evolutionary history, algae and
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bacteria are tightly bound by a mutualistic relationship, beneficial for both
(Publication 2).

To deepen the importance of the algal-associated microbial community and
to have a new glance at the mutualistic interaction between bacteria and
macroalgae, we focused on the green macroalga Ulva mutabilis (U.
mutabilis) and its two bacterial symbionts, Roseovarius sp. MS2 and
Maribacter sp. MS6 which releases Algal Growth and Morphogenesis
Promoting Factors (AGMPFs).

Although experimental data on microbial community dynamics are
available and studies on these interactions are a central active area of
current research!®*1% until now most of the research works focused on the
analysis of the abundance and composition of bacterial strains on the
algael®1% without supplying any detail related to nor their physical
localization or the distribution, within the chemosphere, of the metabolites
involved in this mutualistic exchange.

To address this challenge, we performed a comparative metabolomic
analysis in the phycosphere of the macroalga U. mutabilis. We took
advantage of imaging technologies with high sensitivity and spatial
resolution. Atmospheric pressure scanning microprobe matrix-assisted
laser desorption/ionization high-resolution mass spectrometry (AP-
SMALDI-HRMS) was used to identify and localize low-molecular-weight
polar compounds that characterize the symbiosis between the macroalga
and its associated bacteria (Publication 2).

Our results demonstrate that the chemosphere of U. mutabilis changes
according to the presence or absence of the related symbiontic bacterium,
and therefore the specific metabolites can lead to bacterial localization in
proximity to the alga. In particular, a first difference was observed in the U.
mutabilis phenotype, as in presence of the symbiontic species, the algal
germlings formed a rhizoidal zone, for substrate attachment, and a thallus
zone. Metabolomic analysis with matrix deposition (MALDI-HRMS) and
matrix-free analysis (LDI-HRMS) of the two sections and the entire alga
germlings showed metabolic differences between xenic and axenic
cultures, while tissue sections showed higher similarity. In particular,
among the relevant metabolites, choline has been identified in the axenic
culture of U. mutabilis: this metabolite is the precursor of the membrane
constituent phosphatidylcholine'®”1% therefore its accumulation in axenic
cultures might compensate for the absence of thallusin, a bacterial
morphogen that induces cell wall and rhizoid formation.
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While choline was a useful marker of a symbiont-free algal culture, the
zwitterionic metabolite ectoine, widely distributed throughout halophilic
and halotolerant bacteria®!!!, was detected exclusively in presence of
Roseovarius sp., thereby acting as a marker for the localization and
identification of rizhoid algal tissue in bacterial symbiosis within the
tripartite community. Thanks to the results obtained, we highlighted the
central roles that the physical proximity, as well as the type of excretion
products, play in the mutualistic interactions between algae and bacteria,
thus providing new tools to investigate symbiotic mechanisms in aquatic
ecosystems (Publication 2).

Ecological relevance of zwitterionic metabolites

Although several protective properties have been attributed to a wide
range of zwitterionic molecules!®'’112 there is a lack of information on the
chemical and ecological functions of these pivotal metabolites. Moreover,
the double-charged structure of these molecules makes their analysis and
quantification tricky.

Important and relevant contributions in the field have been enabled by the
introduction, by Spielmeyer and Pohnert®®, of an ultra-high performance
liguid chromatography (UHPLC) method that allows the separation and
direct determination of phytoplankton-derived zwitterionic compounds,
thus expanding knowledge on the structural and functional diversity of
these metabolites.

Thereby, besides DMSP, other sulfur-containing small organic molecules,
shown in the figure below (Fig. 6), like gonyol, dimethylsulfonioacetate
(DMSA), and dimethylsulfoxoniumpropionate (DMSOP), as well as nitrogen-
containing zwitterionic metabolites, including glycine betaine (GBT), have
been discovered (Fig. 6) and their ecological role has been studied in marine
organisms, including phytoplankton and bacteria®1!2,

Despite the important advances in the analysis and characterization of
small metabolites produced by marine algae, the Total lon Current (TIC),
obtained from the chromatographic analysis of methanol extracts of the
dinoflagellate Prorocentrum minimum, suggests that, besides some
previously identified zwitterionic compounds, several highly polar small
metabolites are still uncharacterized®*(Fig. 6).
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Figure 6: Chromatographic profile of zwitterionic metabolites from a P. minimum
extract, separated using UHPLC-HRMS. The total ion current is shown in grey. From
Thume et al., (2018).%2

The assumption that small organic, likely zwitterionic metabolites, are
included is supported by the extraction protocol, which allows obtaining
only polar metabolites from the entire algal extract, and on the analytical
conditions, as the chromatographic column used for the study is designed
to retain and separate polar and hydrophilic compounds, as discussed in the
next paragraphs. Therefore, by refining the chromatographic method
introduced by Spielmeyer and Pohnert®, and by using high-resolution mass
spectrometry, we perform an in-depth investigation of the “zwitter-
metabolome” of marine diatoms to identify and quantify unknown
components and reveal their ecological relevance.

Ecological importance of compatible solutes for marine
organisms

Environmental salinity and temperature shifts are two key stressors to
overcome for marine species'’*'* and can exert a high evolutionary
selection. In this view, osmo- and thermoregulation are crucial aspects of
the growth and life cycle of marine species. Hence, marine living organisms
need to develop adaptation mechanisms to keep the intracellular osmotic
pressure greater than the extracellular one and their body temperatures
within narrow limits>16:11>116

Because marine micro-organisms, including algae, do not have any intrinsic
mechanism to actively regulate the direction of water fluxes and to keep
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their cellular temperatures, independent from the external environment,
the achievement of proper cellular hydration and their survival to extreme
temperatures relies on the physiological capabilities to compensate for
these changes!'®!’. Among the physiological responses, the synthesis of
organic zwitterionic compatible solutes, their import, accumulation and
release have a central role in the survival of the species!®!”111,

Novel zwitterionic compatible solutes by marine phytoplankton

To evaluate and expand the knowledge of the osmoregulatory properties
of algal- derived zwitterionic metabolites, we took advantage of optimized
experimental and analytical procedures to perform an in-depth analysis of
the diatoms’ “zwitter-metabolome” (Publication 3). Ultra-High-Pressure
Liquid Chromatography and High-Resolution Mass Spectrometry (UHPLC-
HRMS) technologies were used to mine for highly polar unknown
metabolites, potentially involved in osmoregulation, and therefore with
compatible solute properties. Up-regulation under increased salinity was
selected as a criterion in a metabolic profiling approach. In our screening of
the zwitter-metabolome of marine phytoplankton, we initially focused on
the two marine diatoms Phaeodactylum tricornutum and Thalassiosira
weissflogii, both well-established model organisms for ecological studies.
The genome of Phaeodactylum tricornutum was fully sequenced in 20088,
Since then, many studies have been conducted, providing the basis for
comparative  genomic  studies!’®,  biological informations and
interpretations of the ecological success of these organisms%.

The diatom Thalassiosira weissflogii, on the other hand, is also considered
a model organism, being one of the few diatoms identified that does not
directly produce quantifiable amounts of DMSP, but it can take it up from
the external medium?®?!. It can be, thus, useful to investigate the
physiological role of cellular DMSP, offering the opportunity to test both
DMSP-free and DMSP-enriched cultures of the same algal strain'?1?3, In
addition, T. weissflogii has been previously used to study acclimation to
hyposalinity with a reported detailed transcriptomic and physiologic survey
of the response to this stress factor'?*'2>, Moreover, it served as a model
organism for the investigation of algal responses to other types of
environmental stress, such as seawater acidification, temperature and light
changes and anoxia?%1? ,

For our purpose, osmoadaptation experiments were performed on xenic
and axenic strains of the diatoms T. weissflogii and P. tricornutum, grown
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at normal (35 PSU) and high (50 PSU) salinity, inducing both a short-term
stress, where a solution of NaCl was added 24 h before the extraction, and
a long-term stress, where algae were grown in a high salinity medium
(Publication 3, Publication 4). The salinity range was selected according to
previous studies on osmoregulation and it is within the salinity span of sea
water'®,

Our approach of combining a ZIC-HILIC chromatographic separation
protocol with HRMS allowed us to get more insights into the ecological role
of DMSP. In addition, by performing osmoadaptation experiments on
microalgal stock cultures, we could identify, characterize and quantify novel
zwitterionic metabolites involved in algal defence mechanisms against
environmental salinity and temperature changes, providing new insights on
the ocean network and dynamics.

Osmoregulation in marine diatoms: novel algal-derived
compatible solutes

An in-depth analysis of the UHPLC-HRMS chromatographic profiles
obtained from methanol extracts of the two selected diatoms, we
encountered in two metabolites whose identities, according to the mass
spectra and fragmentation patterns, were most likely attributable to
ectoine and cysteinolic acid. Both these molecules were already known
either, in the case of ectoine, as abundant and characteristic osmolyte of
aerobic heterotrophic eubacteria, or, this is the case for cysteinolic acid, as
a major sulfonic compound and sulfur reservoir of brown algae3>12%130,
Both these molecules have never been mentioned to be involved in
physiological responses to salt stress in marine algae. With this work, we
demonstrate their wide spread in aquatic environments and their
contribution to the osmoregulation of halophilic marine organisms, thus
granting the survival of different species and their life cycle.

Ectoine

The spectrometric and spectroscopic analyses of the extracts of xenic
cultures of P. tricornutum and T. weissflogii lead us to the identification of
one of the most predominant metabolites visible in the chromatograms of
the two algal species.

Through the analysis of the fragmentation pattern, its comparison with
several online databases (i.e., METLIN, MassBank of North America,
Metabolights) and bioinformatic software (i.e., Sirius v4.0.1,
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CSI:FingerID)3¥132 as well as coelution and matching MS/MS data with the
corresponding synthetic standard, we confirmed the identity of ectoine, a
bacterial metabolite that belongs to the class of heterocyclic amino acids
and partially hydrogenated pyrimidine derivatives'®!17133  Ectoine, 2-
methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic acid, was isolated, for
the first time, in 1985 in the halophilic phototrophic sulfur bacterium
Halorhodospira  halochloris, originally named Ectothiorhodospira
halochloris, hence the name ectoine!.

The biosynthesis and natural occurrence of this metabolite were initially
considered to be rare and limited as specialized microbial osmoprotectant
in halophilic bacteria responding to high salinity!®®!’. Given the ability of
microalgae to take up mainly bacterial-derived zwitterionic metabolites
from the external environment to overcome adverse conditions'?!, we
investigated whether the presence of this metabolite in the algal methanol
extracts was imputable either to an algal biosynthetic activity or an up-take
mechanism.

To answer this question, methanol extracts from both xenic and axenic
cultures of the diatoms were analyzed and compared, to conclude that, in
addition to other main metabolites such as glycine betaine, ectoine was
present in both the analyzed cultures. Because lower, although still
significant concentrations were detected in axenic cultures of the diatom P.
tricornutum, we investigated further the fully sequenced genome of diatom
P. tricornutum. We looked for genes associated with ectoine
biosynthesis!?”!34, finding out that two out of three homologs of the
bacterial genes involved in its biosynthetic pathway are also present in the
genome of this alga, pointing towards a dual origin of this metabolite in the
algae, from both biosynthesis and external uptake (Publication 3).

Once the algal origin of this metabolite was confirmed, we verified the
osmoregulatory function of this metabolite, through its quantification in
cultures of T. weissflogii grown at different salinities!®. Indeed, we
observed a significant increase of ectoine intracellular concentration after
an induced salinity shift, of 3.5- and 1.6-fold respectively in xenic and axenic
cultures grown for 24h at high salinity levels (50 PSU), and this increase was
of 11- and 4.8-fold after an induced long-term stress. The amount of ectoine
produced by the diatom in xenic conditions is three orders of magnitude
higher in comparison with the axenic cultures, highlighting the importance
of the microbial community associated with the diatoms (Publication 3).
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In 2011, Spielmeyer et al.’?! already demonstrated that the diatom T.
weissflogii does not produce quantifiable amounts of DMSP, but also
showed the ability of this diatom to take this metabolite up from the
external environment to compensate for this lack. Aware of this particular
behaviour, we evaluated the ability of microalgae to take up extracellular
(perhaps of bacterial origin) ectoine. Thus, we performed an incubation
experiment by adding the correspondent labeled ectoine (D3-ectoine),
synthesized in our laboratory, to axenic cultures of T. weissflogii, grown at
physiological and high salinity levels (Publication 3).

All the methanol extracts containing the algal intracellular metabolites
showed an excess of the D3-ectoine compared to the correspondent
unlabeled form of this metabolite. The highest uptake took place in those
cultures grown at physiological salinity level (35 PSU), when the diatom
production rate of ectoine is low. This result highlights the ability of T.
weissflogii to import this metabolite from the external medium, reducing
its energetically costly biosynthetic activity®’. Based on this evidence, the
higher ectoine content found in xenic cultures has to be linked to the
diatom uptake of the bacterial-derived ectoine from the external medium.
Due to this import system, T. weissflogii increases the intracellular ectoine
content by adding the bacterial-derived metabolite to the own intracellular
pool, thus becoming a natural sink of ectoine (Publication 3).

These results confirm the importance and demonstrate the substantial
contribution of the algal-associated microbial community to the increase of
the intracellular content of ectoine in marine algae.

Living organisms either modify their cell sizes to adapt and counteract
external salinity changes!'?, or, keeping their original cell sizes and volumes,
they modify the intracellular composition and concentration of organic
osmolytes. By measuring the cell volumes of the diatom T. weissflogii right
before the extraction at the end of the exponential growth phase, we did
not observe any difference in the cell size between the three salinity
treatments: hence, we suggest that the mechanism adopted by the diatom
to overcome the environmental osmotic stress condition is only based on a
variation of intracellular osmolyte concentration (Publication 3).

A different behaviour and adaptation to salinity changes has been observed
in the other model organism P. tricornutum, which, in contrast to most
other diatoms, actually increases its cellular volume by 20.6% according to
the modification of the external salinity. For this reason, higher intracellular
concentrations were not observed, as they were compensated by the



Discussion 146

changes in the cellular volume: thus, the compensation with acquired
ectoine can be considered, indirectly, as a means of adaptation for this
diatom as well (Publication 3).

Ectoine vs other metabolites investigated

In addition to ectoine, in our survey of zwitterionic metabolites with
compatible solute properties, chromatographic profiles of both T.
weissflogii and P. tricornutum showed the nitrogen-containing zwitterions
glycine betaine and homarine, while the sulfur-containing metabolite DMSP
was only detected in P. tricornutum.

For our study, the identities of both these metabolites were verified
through co-injection with corresponding synthetic standards and, for a
proper quantification, a calibration curve of each standard, followed by a
comparison of its peak area with the peak area of the correspondent
analytes was performed (Publication 3).

Glycine betaine (GBT) is a nitrogen-derived zwitterionic metabolite.
Although the biosynthesis of this compound relies on nitrogen availability,
which is a limiting factor in aquatic ecosystem?3>, GBT is a highly abundant
and widespread compound among marine organisms. It has been
previously reported as an osmoregulator produced by several algae??!3¢
and bacterial species!3”138,

The osmoadaptation experiment performed on the diatom T. weissflogii
showed physiological intracellular levels of this metabolite between 0.3-0.4
pmol/cell, values that increase 0.5- and 2-folds, reaching almost 1 and 1.2
pmol/cell, respectively, during the short- and long-term salt stress
experiments in both axenic and xenic cultures. This result indicates the alga-
dependent regulation of this metabolite, whose production is not linked to
algal-microbial interactions, but rather to environmental salinity
(Publication 3).

Homarine

Homarine, also referred to as N-methyl picolinic acid*®®, is also a nitrogen-
derived metabolite, already encountered among algal-compatible solutes
in the previous studies!'>*®, Homarine occurs in several marine
invertebrates'®® and it has recently been found in the ubiquitous marine
cyanobacterium Synechococcus®®’; nevertheless, this metabolite has not
been frequently detected among marine algae besides the red macroalga

Trichocarpus crinitus'3®1*°, where it was identified, and , as a minor
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component, in the microalgae Emiliania huxleyi®®, and Platymonas
subcordiformis**® while never described, prior our study, in diatoms
(Publication 3).

Although our analysis and quantification of zwitterionic organic metabolites
in axenic cultures of T. weissflogii confirmed glycine betaine as a major and
widespread metabolite, thanks to our results we added homarine as a
major metabolite in the non-DMSP-producer diatom T. weissflogii. Indeed,
at physiological salinity conditions (35 PSU), homarine intracellular
concentrations in axenic cultures of T. weissflogii were 2-times higher
compared to the xenic ones, indicating an almost exclusive algal-derived
synthesis of this metabolite. At 50 PSU, no significant differences between
xenic and axenic cultures have been detected, suggesting that already after
short-term stress this metabolite reaches its highest concentration
(Publication 3).

Nevertheless, compared to the physiological salinity conditions, the
osmoregulatory properties of this metabolite are confirmed by an increase
of the intracellular concentration in xenic cultures of 3.9- and 3.5-fold after
the short- and long-treatment respectively. In axenic conditions, instead, a
1.5-fold increase was observed only after the short-term experiment,
suggesting that homarine responds quickly to the salinity shift, reaching its
highest concentration within 24h of incubation in a high-osmotic medium
(Publication 3).

Major biogenic organic sulfur compounds in the ocean

Cysteinolic acid

The model organism that we mainly analyzed during this research work
(Publication 4) is a diatom, T. weissflogii, which does not produce the
abundant metabolite DMSP and therefore has to rely on other molecules
with similar properties to compensate for this lack.

Our in-depth analysis of the zwittermetabolome of this marine microalga
led to the identification of an additional highly polar sulfur metabolite,
cysteinolic acid, and therefore we investigated on its ecological
characteristics. We questioned its compatible solute properties and mined
for changes in the abundance of this metabolite in the cultures of the
diatom T. weissflogii, grown in hyperosmotic culture medium. The UHPLC-
HRMS profile of cysteinolic acid showed a characteristic sulfur isotope
pattern and its molecular ion was among the up-regulated masses in the
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LC-MS profile. Through the analysis of the fragmentation pattern and by
comparison with online databases and bioinformatic software31132, we
attributed the identity of this metabolite to cysteinolic acid and verified it
by co-injection with the correspondent commercially available standard.
Cysteinolic acid is a zwitterionic chiral aminosulfonate beneficial to
microorganisms and their surrounding environment, stimulating
chemotaxis, supporting carbon and sulfur demands and contributing to the
energy requirement of heterotrophs3>42,

Sulfonates have been of recent increasing interest, in particular since the
C3-sulfonate 2,3-dihydroxypropanel-sulfonate (DHPS) has been identified
in the microbial food web and resulted to be an abundant diatom and
coccolithophore intracellular metabolite, where it is accumulated up to
millimolar range, comparable to the main metabolite DMSP, suggesting
sulfonates as central players in the environment. This class of metabolites
contributes substantially not only to the global carbon and sulfur cycles*,
but also to the osmoregulation of aquatic species, as studies showed that
accumulation of DHPS, alongside other osmolytes like DMSP and proline, is
regulated by salinity in the diatom T. pseudonana and in the
chemoautotrophic bacterium Sulfurimonas denitrificans, widespread in
marine environments39130:142

Cysteinolic acid, as DHPS, is a C3-sulfonate, isolated for the first time in 1957
in the red alga Polysiphonia fastigiata by Wickberg and colleagues®®,
expanding the sulfonates class which was limited to taurine and its
derivatives. The presence of this metabolite was also reported in terrestrial
soil and marine environments3>'#4, It was detected in brown algae and in
the diatom Navicula pelliculosa'®, but its identification and quantification
were so far based on indirect measurements. Here, we performed an in-
depth analysis of the fragmentation pattern through bioinformatic
software and by comparison with online databases. The identity of
cysteinolic acid was verified and confirmed by co-injection with the
corresponding synthetic standard (Publication 4).

Because of the osmoregulatory properties of the C3-sulfonate DHPS, we
verified the contribution of cysteinolic acid to the intracellular osmotic
balance in marine diatoms through osmoadaptation experiments
performed on both xenic and axenic cultures of T. weissflogii. Our results
showed a 2-fold increase in the intracellular concentration of this
compound when short-term stress is induced in xenic cultures of the
diatom, compared to the concentration at physiological seawater salinity
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level (35 PSU), and a 2.4-fold increase after the long-term stress. At 35 PSU,
instead, the intracellular content of cysteinolic acid was 1.5-fold higher in
axenic conditions compared to the xenic and did not increase significantly
during the short-term experiment, while a 2.6-fold increase was observed
during the long-salinity treatment (Publication 4). The higher amount of
this compound in axenic cultures compensates for the lower amount of
ectoine, which is mainly supplied by bacteria and therefore reaches lower
intracellular concentrations in axenic cultures. Because cysteinolic acid
concentrations are higher in axenic conditions, it is reasonable to consider
its consumption or conversion by associated bacteria in xenic cultures,
resulting in a lower algal intracellular amount.

These results support the contribution of the microbial community to the
regulation of algal physiology and highlight the presence of a coupled
microbial metabolic network between eukaryotic phytoplankton (sulfonate
producers) and heterotrophic bacteria (sulfonate consumers, ectoine
producers) (Publication 4).

Survey of ectoine and cysteinolic acid among different algal
species and comparison with other compatible solutes

Several algal species showed diversity in distribution and abundances of
zwitterionic metabolites!??, which play a specific role in several
environmental conditions. Due to the importance of DMSP and of its
recently discovered sulfoxonium derivative, DMSOP, we also included
DMSP- and DMSOP- in our analysis. Taking advantage of a former
quantitative survey of zwitterionic metabolites in different algal species®?,
we investigated on the distribution of and abundances of previously
described zwitterionic metabolites!'? and the latest discovered ectoine and
cysteinolic acid among the same organisms, and compared them to DMSP
and DMSOP (Publication 4).

Interestingly, both ectoine and cysteinolic acid were detected in all the
investigated algae and their amounts were always in the same order of
magnitude as the main metabolite DMSP (fmol/cell), and three orders of
magnitude higher in comparison to the most recently identified DMSOP.
Only in the dinoflagellate P. minimum, where, DMSOP is more abundant,
both ectoine and cysteinolic acid were two orders of magnitudes higher
than DMSOP instead of three (Publication 4). Based on these results, the
zwittermetabolome of this alga could be updated compared to the
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chromatographic profile previously published by Thume® by adding both
cysteinolic acid and ectoine (Fig.7).
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Fig.7: Updated chromatographic profile (since Thume, 2018%2) of zwitterionic
metabolites from P. minimum methanol extract, separated using UHPLC-HRMS.
The total ion current is shown in grey.

Cysteinolic acid was the most abundant metabolite in the dinoflagellate
Amphidinium carterae and it is widespread among all the analyzed algal
species, where its concentrations are in the same range of DHPS,
considered the most abundant sulfonate in marine organisms®,

Hence, through our research, we added a new algal metabolite to the
sulfonate family and confirmed eukaryotic phytoplankton as major
producers of this class of metabolites. Taking into account that the annual
DMSP turnover is estimated at around 109 tons/year®®, the similar
concentration of these two metabolites in marine algae suggests a massive
and important contribution of ectoine and cysteinolic acid to ecological
sulfur, nitrogen, and carbon turnover (Publication 4).

Algal adaptation to thermal stress

In addition to the salinity, the ocean is susceptible to other climatic factors
and abiotic stresses, such as ultraviolet radiations, nutrient deficiency,
heavy metals, and temperature fluctuations'#®. Research focused on the
impact of high temperatures on marine organisms. Notably in the context
of global warming, and studies on heat stress might answer some
fundamental questions related to terrestrial and marine plant evolution*”
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150 0On the other hand, 85% of terrestrial environments and 90% of Earth’s
oceans have permanently a temperature equal to or lower than 5°C*:
understanding how marine organisms cope with these low temperatures
will provide new information on their stress adaptation mechanisms.

In the first part of this dissertation, we highlighted the importance and the
ability of compatible solutes in the osmoregulation and osmoadaptation of
marine organisms to sea water salinity shifts. Besides their osmoregulatory
properties, compatible solutes have also been demonstrated to be involved
in cryoprotection, when the decrease in temperature may alter the
intracellular ionic concentrations after partial freezing of the cellular
water®?2, We expanded our analysis and included marine green
macroalgae together with phytoplankton species. The genus Ulva, which
comprises a large number of species that are widely distributed around the
world, is considered a model organism to study algal growth, development,
and morphogenesis’®>>. Hence, we investigated on the temperature
tolerance of the two algal species, the Mediterranean Ulva mutabilis, and
the Antarctic Ulva bulbosa. A warm-cold temperature shift was used to
evaluate the cryoprotectant activities of several zwitterionic compatible
solutes, including the latest identified ectoine and cysteinolic acid
(Publication 5).

The first experiment was performed to evaluate the different responses of
the cold-adapted and the warm-adapted holobiont to low temperatures
exposition: xenic strains of U. bulbosa and U. mutabilis were hence
subjected to a temperature shift from 18 °C to 5 °C. An untargeted
metabolomic analysis revealed significant low-molecular-weight
compounds, among which the well-known zwitterionic metabolites DMSP
and taurine.

In addition, the analysis of cryoprotectant-compatible solutes showed
proline, ectoine and cysteinolic acid as major components during the
temperature stress experiment. It was striking that taurine concentrations
were significantly different between the two species and increased in U.
bulbosa, while a DMSP increase was more evident in U. mutabilis,
suggesting a species-specific response to cold stress. This response might
derive from differences in algal metabolism and the associated
microbiome.

To reduce effects from non-essential bacteria, a second analysis was
performed, taking into account the tripartite community U. mutabilis —
Roseovarius sp. — Maribacter sp. subjected to a stronger temperature shift,
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from 18°C to 2°C. In this case, a targeted metabolomic approach was
applied and we showed that several zwitterionic compatible solutes were
up-regulated after the temperature shift. Among the identified compounds,
the intracellular concentrations of latest discovered ectoine and cysteinolic
acid increased significantly in U. mutabilis: here, cysteinolic acid, which has
been previously reported in Ulva sp., showed a 9.5-fold increase, while
ectoine up-regulation was lower, but still significant.

Our study confirms that both ectoine and cysteinolic acid are widespread
among micro- and macro-algae, where they act as compatible solutes. Next
to their osmoregulatory characteristics, ectoine and cysteinolic acid also
exhibit cryoprotectant properties in marine organisms, contributing to algal
adaptation mechanisms adopted to survive temperature changes
(Publication 5).
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4 Conclusions and Outlook

Applications of LC-MS techniques in the field of chemical ecology lead to
significant advancement in the identification and quantification of highly
polar phytoplankton metabolites, key mediators of physiological and
ecological interactions. In this context, DMSP is a central player in marine
ecosystems and a pivotal osmotically active metabolite. Previous
investigations on this compound mainly focused on its role as major
precursor of the volatile DMS and principal component of the sulfur and
carbon fluxes through phytoplankton and bacterioplankton. This work
provides the first evidence that external DMSP concentrations regulate the
bacterial utilization of this metabolite and define the fate of sulfur in the
ocean and in the environment. The development and application of a
single-cell, time-resolved method to measure DMSP degradation pathway
expression, coupled with LC-MS based analysis, show that while lower
external DMSP levels (nanomolar scale) induce the cleavage pathway,
micromolar concentrations trigger the expression of the microbial
demethylation pathway.

DMSP availability in the ocean is also directly linked to external
environmental factors, including salinity and temperature.

Although everyone is aware of the high salinity levels characterizing
seawater and open oceans, the dramatic effects of climate change on the
ocean salinity composition and the entire ecosystem are vyet
underestimated.

Our work extends the current knowledge about the physiological roles of
compatible solutes and the importance of their biosynthesis, accumulation
and excretion by aquatic organisms to face and overcome environmental
stress conditions.

The refined extraction protocols and LC-MS methods used in this work now
enable the detection and quantification of two novel phytoplankton-
derived zwitterionic molecules, ectoine and cysteinolic acid. As the
intracellular concentrations of these metabolites are in the same millimolar
range as the main zwitterionic compatible solute DMSP, it can be argued
that they are key players in aquatic ecosystems and contribute substantially
to global sulfur and carbon cycles, thus influencing the climate. Our results
also show significant positive correlations of ectoine and cysteinolic acid
with increasing seawater salinity, supporting the hypothesis that both these
metabolites play pivotal roles in the osmoregulation of marine algae.
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Moreover, we demonstrate that diatoms synthetize and take up bacterial-
derived ectoine, thus acting as a sink of this metabolite, useful to fulfill
cellular functions.

In axenic cultures, the lower amounts of ectoine are balanced by higher
concentrations of cysteinolic acids, denoting physiological compensatory
mechanisms between these compatible solutes.

Cryoprotectant properties of these two metabolites were also evaluated in
this study: our results show that, together with other well-known
zwitterions like DMSP and taurine, intracellular contents of cysteinolic acid
and ectoine increase during the temperature shift, thus contributing to
algal adaptation to thermal stress.

Moreover, in the model organism Ulva mutabilis, ectoine acts as a marker
for the localization and the identification of rizhoid algal tissue within the
tripartite community, made up of the green macroalga and its two
symbiotic bacteria Roseovarius sp. and Maribacter sp.

Our results highlight the importance of physical proximity on mutualistic
interactions between algae and bacteria, thus providing new tools to
investigate symbiotic mechanisms in aquatic ecosystems.

In conclusion, our investigation on phytoplankton-derived zwitterionic
metabolites highlighted two new key players involved in the
osmoregulation, thermotolerance and interactions of marine organisms,
which are at the root of biodiversity.

These results are only a small piece of the puzzle: there is still so much to
discover and understand. The LC-MS based analytical methods used in this
work revealed that marine algae produce many other, yet unknown, polar
metabolites. Their structures, physiological and environmental functions
have not yet been characterized, thus the methods proposed in this study
represent an additional tool for further investigations, opening new
perspectives and providing plenty of avenues for future research.
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