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Summary

Microbial mineralization in intertidal sandy sediments plays an essential role in coastal carbon
cycling. Surface sediments in these dynamic systems frequently switch between oxic and anoxic
conditions depending on factors such as tides and waves. Additionally, they are occasionally
subjected to the sudden, high deposition of organic material. When the production rate of the
reduced products of anaerobic degradation is higher than the transport rate of oxygen into the
sediments, reduced intermediates can accumulate and eventually be exported from the
sediments. The aim of this study was to improve the understanding of the response of microbial
activity to dynamics in electron donor and acceptor availability, particularly of anaerobic microbial

degradation of the organic material.

In Chapter 2, a sandy beach on the island of Helgoland was explored, which regularly receives
large depositions of kelp debris. A combination of in situ and laboratory microsensing, 3°S
radiotracer incubations, porewater and sediment analyses, and molecular analyses was used to
address the impact of kelp deposition on microbial mineralization and community composition in
underlying sandy sediments. The sedimentary biogeochemical conditions on the beach were
distinct, with high concentrations of nutrients, dissolved organic and inorganic carbon, and a low
pH. Kelp deposition shaped the microbial community, which is optimized for the use of kelp
material. The community could immediately degrade kelp upon deposition, which fostered high
production rates of reduced products. As these rates were higher than the transport rate of oxygen
into the sediments, sulfide accumulated and was exported from the sediments. The export of
sulfide to the sea led to the development of a diverse community of filamentous

sulfide-oxidizing bacteria.

As Chapter 2 highlighted that the microbial community in sediments associated with kelp deposits
must be highly specialized to be able to deal with the complex organic material in kelp,
Chapter 3 aimed to illuminate the adaptation of microbial communities in these sediments to the
degradation of kelp-derived carbohydrate substrates. Oxygen microsensor and 3°S radiotracer
methods showed strong increases in aerobic respiration and sulfate reduction rates after the
addition of specific carbohydrates. The community was indeed specialized to the degradation of
kelp-derived carbohydrates. Remarkably, kelp-derived polysaccharides often led to higher
aerobic respiration rates than monomers. Monosaccharide analysis and microarray analysis were

used to determine the substrate pools in sediments. Respiration rates were up two orders of
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magnitude higher than in reference sediments, though substrate pools were approximately equal.
Thus, substrate turnover rates are much higher on beaches with regular kelp deposition, where
microbial communities are more active and are specialized in the carbohydrates they often

encounter.

Chapter 4 focused on illuminating the effect of transient oxygen exposure on the efficiency of
microbial mineralization in an intertidal sandflat in the Wadden Sea. This included testing the
hypothesis that reactive oxygen species (ROS) are present in high concentrations in intertidal
permeable sediments and control microbial mineralization rates. We incubated sediment slurries
that transitioned from oxic to anoxic conditions and slurries that were anoxic throughout the
incubation period. Furthermore, we measured hydrogen peroxide concentrations in porewater.
Sulfate-reducing bacteria in intertidal permeable sediments are frequently exposed to oxygen.
Yet, this did not select for sulfate-reducing bacteria that perform sulfate reduction in the presence
of oxygen. Whereas oxygen inhibited sulfate reduction, the sulfate-reducing bacteria were not
eliminated by oxygen, but sulfate reduction instantly resumed after oxygen was depleted. The
presence of oxygen even boosted subsequent sulfate reduction in the anoxic period. This could
be related to oxygen-stimulated hydrolysis of macromolecules during the oxic period. High levels
of ROS were found in the porewater of the intertidal flat. ROS are detrimental for microorganisms,
as they are able to degrade cellular components and thus lead to cell death. Indeed, removal of
ROS in slurry incubations led to strongly increased microbial mineralization rates. This study
highlights the contradictory effects of redox shifts on mineralization efficiency, with the presence
of oxygen increasing efficiency of subsequent anaerobic processes, even though ROS appeared

to inhibit mineralization.

In Chapter 5, a sulfide-oxidizing community forming egg-shaped sulfur structures on top of a hot
smoker in the deep-sea was studied. Hydrodynamics around such structures are dominated by
diffusion, contrary to the advection-dominated system of Chapter 2. Both studied systems are
characterized by input of reduced material in an oxic ecosystem, and are therefore out of
thermodynamic equilibrium. Comparison between the systems described in Chapter 2 and
Chapter 5 aimed to further illuminate the oxidative side of the sulfur cycle in the two contrasting
energy-rich redox-variable systems. Different environmental conditions, including hydrodynamics,
select for specific sulfide-oxidizing communities and morphologies. The mixing of sulfide into
turbulent oxygenated seawater led to the development of filamentous mats of sulfide-oxidizing

bacteria growing on rocks at the low tide waterline of the beach (Chapter 2). This attachment



prevents the sulfide-oxidizing bacteria from being washed away, and the filamentous structure
allows them to make optimal use of the dynamic conditions of the turbulent seawater. On the
other hand, the egg-shaped gelatinous sulfur structure produced by sulfide-oxidizing bacteria
(Chapter 5) might result from the narrow overlap of oxygen and sulfide which are provided from

the same direction.

Overall, this study shows that changes in the availability of electron donors and acceptors, and
thus redox dynamics, have a large effect on microbial activity. Large influxes of organic material
result in a system that is out of thermodynamic equilibrium, and exports reduced compounds
towards the sea. Microbial communities are optimized for these conditions, and can directly
access the available organic material, while also being able to make use of the reduced
compounds that result from microbial mineralization. Sulfide-oxidizing bacteria at the low tide
waterline are adapted to the especially dynamic conditions of this environment. While the
production of ROS reduces microbial mineralization, the presence of oxygen should not only be
seen as an inhibitor of anaerobic microbial mineralization, but also as crucial to the production of
electron donors available at the start of anoxia. This study therefore highlights the importance of

spatio-temporal dynamics in electron donor and acceptor availability for microbial activity.






Zusammenfassung

Die mikrobielle Mineralisierung in sandigen Sedimenten der Gezeitenzone spielt eine wesentliche
Rolle im kustennahen Kohlenstoffkreislauf. Oberflachensedimente in diesen dynamischen
Systemen wechseln in Abhangigkeit von Faktoren wie Gezeiten und Wellen haufig zwischen
oxischen und anoxischen Bedingungen. An den sandigen Kisten kommt es zudem durch Stirme
oder andere Umwelteinfliisse zu unregelmaBigen grofien Anlandungen und Ablagerung von
organischem Material. Im Sediment sammeln sich reduzierte Zwischenprodukte an und werden
daraus transportiert, wenn die Produktionsrate von Reduktanten des anaeroben Abbaus héher
ist als die Transportrate von Sauerstoff in das Sediment. Das Ziel dieser Studie war es, das
Verstandnis der Reaktion mikrobieller Aktivitdt auf solche Dynamiken bei der Verfugbarkeit von
Elektronendonatoren und -akzeptoren zu verbessern, vor allem bezogen auf den anaeroben

mikrobiellen Abbau des organischen Materials.

In Kapitel 2 wurde ein Sandstrand auf der Insel Helgoland untersucht, an dem regelmafig grol3e
Ablagerungen von Kelp auftreten. Um die Auswirkungen der Kelpablagerung auf die mikrobielle
Mineralisierung und die Zusammensetzung der Gemeinschaft in den darunter liegenden
sandigen Sedimenten zu untersuchen, wurden in und ex situ Mikrosensormessungen, in
Kombination mit 3*S-Radioaktivtracer-Inkubationen, Porenwasser- und Sedimentanalysen sowie
molekularen Analysen durchgefihrt. Die sedimentaren biogeochemischen Bedingungen am
Strand zeichneten sich vor allem durch hohe Nahrstoffkonzentrationen mit geléstem organischem
und anorganischem Kohlenstoff, sowie einem niedrigen pH-Wert aus. Die Ablagerung von Kelp
fuhrt zu der Etablierung einer mikrobiellen Gemeinschaft, die auf die Zersetzung von Kelpmaterial
spezialisiert ist. Diese mikrobielle Gemeinschaft konnte Kelp bei der Ablagerung sofort abbauen,
was zu hohen Produktionsraten von Reduktanten fiihrte. Das UbermaR an Reduktanten im
Vergleich zur Sauerstofftransportrate in die Sedimente, fuhrte zu einer Anreicherung von Sulfid,
welches aus den Sedimenten exportiert wurde. Der Export von Sulfid ins Meer fihrte zur

Entwicklung einer vielfaltigen Gemeinschaft von filamentdsen sulfidoxidierenden Bakterien.

Wahrend Kapitel 2 verdeutlicht, dass die mikrobielle Gemeinschaft in Sedimenten in Verbindung
mit Kelpablagerungen hochspezialisiert sein muss, um mit komplexem organischem Material
umgehen zu kénnen, zielte Kapitel 3 darauf ab, die Anpassung mikrobieller Gemeinschaften in
diesen Sedimenten an den Abbau von aus Kelp stammenden Kohlenhydratsubstraten naher zu

beschreiben. Sauerstoff-Mikrosensormessungen und *°S-Radioaktivtracer-Methoden zeigten
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starke Zunahmen der aeroben Atmung und der Sulfatreduktionsraten nach Zugabe spezifischer
Kohlenhydrate. Die mikrobielle Gemeinschaft war demnach tatsachlich auf den Abbau von aus
Kelp gewonnenen Kohlenhydraten spezialisiert. Bemerkenswerterweise fuhrten Inkubationen mit
im Kelp vorkommenden Polysacchariden oft zu héheren aeroben Atmungsraten als die mit
Monomeren. Zur Bestimmung der Substratzusammensetzung in Sedimenten wurden
Monosaccharid-Analysen und Microarray-Analysen verwendet. Sowohl die aerobe Atmung als
auch die Sulfatreduktionsrate waren zwei Grolkenordnungen hoher als in Referenzsedimenten,
obwohl die Substratzusammensetzung ahnlich war. Der Substratumsatz an Stranden mit
regelmaliger Kelpablagerung ist viel hdher, da dort mikrobielle Gemeinschaften aktiver sind und

auf die Kohlenhydrate spezialisiert sind, denen sie haufig begegnen.

In Kapitel 4 wurden die Auswirkungen einer vorlibergehenden Sauerstoffexposition auf die
Effizienz der mikrobiellen Mineralisierung in einer Sandbank im Wattenmeer untersucht und
beschrieben. Dies beinhaltete das Testen der Hypothese, dass reaktive Sauerstoffspezies (ROS)
in hohen Konzentrationen in durchlassigen Sedimenten der Gezeitenzone vorhanden sind, und
diese die mikrobiellen Mineralisierungsraten kontrollieren. Wir inkubierten Sediment-
Schlammgemisch, welches erst oxisch und dann anoxisch wurde, und Sediment-
Schlammgemisch, welches wahrend der gesamten Inkubationszeit anoxisch war. Darliber hinaus
wurde die Wasserstoffperoxidkonzentrationen im Porenwasser gemessen. Sulfatreduzierende
Bakterien in durchlassigen Sedimenten der Gezeitenzone sind haufig Sauerstoff ausgesetzt. Dies
selektierte jedoch nicht fir Bakterien, die zur Sulfatreduktion in Gegenwart von Sauerstoff fahig
sind. Wahrend Sauerstoff die Sulfatreduktion hemmte, wurden die sulfatreduzierenden Bakterien
nicht durch Sauerstoff eliminiert, sondern die Sulfatreduktion wurde sofort wieder aufgenommen,
nachdem der Sauerstoff aufgebraucht war. Die Anwesenheit von Sauerstoff verstarkte sogar die
anschlieBende Sulfatreduktion in der anoxischen Phase. Diese Beobachtung erklart sich
wahrscheinlich durch die sauerstoffstimulierte Hydrolyse von Makromolekilen wahrend der
oxischen Phase. Im Porenwasser des Wattenmeeres wurden hohe ROS-Vorkommen gemessen.
ROS sind fir Mikroorganismen schadlich, da es zellulare Bestandteile abbauen kann und somit
zum Zelltod fuhrt. Tatsachlich flhrte die Entfernung von ROS in Inkubationen von Sediment-
Schlammgemisch zu stark erhdhten mikrobiellen Mineralisierungsraten. Diese Studie
unterstreicht den  ambivalenten Effekt  von Redoxverschiebungen  auf  die
Mineralisierungseffizienz, wobei die Anwesenheit von Sauerstoff die Effizienz nachfolgender
anaerober Prozesse erhoht, ROS jedoch und einen grof3en negativen Einfluss auf mikrobielle

Prozesse aufweisent.



In Kapitel 5 wurde eine sulfidoxidierende Gemeinschaft untersucht, die eiférmige
Schwefelstrukturen auf Schwarzen Rauchern in der Tiefsee bildet. Die Hydrodynamik um solche
Strukturen von Diffusion dominiert, im Kontrast zum advektionsdominierten System von
Kapitel 2. Beide untersuchten Systeme zeichnen sich durch den Eintrag von reduziertem Material
in ein oxisches Okosystem aus und befinden sich daher auBerhalb des thermodynamischen
Gleichgewichts. Der Vergleich zwischen den in Kapitel 2 und Kapitel 5 beschriebenen Systemen
Zielte darauf ab, die oxidative Seite des Schwefelzyklus in den beiden kontrastierenden
energiereichen Redox-Variablen-Systemen zZu verdeutlichen. Verschiedene
Umweltbedingungen, einschlieRlich Hydrodynamik, selektieren fur spezifische sulfidoxidierende
Gemeinschaften und Morphologien. Der Eintrag von Sulfid in turbulentes sauerstoffreiches
Meerwasser fuhrte zur Entwicklung von fadenférmigen Matten aus sulfidoxidierenden Bakterien,
die auf Felsen an der Ebbe-Wasserlinie des Strandes wachsen (Kapitel 2). Diese Mattenbildung
verhinderte, dass die sulfidoxidierenden Bakterien weggespult werden, denn durch die
fadenférmige Struktur kdnnen sie die dynamischen Bedingungen des turbulenten Meerwassers
optimal nutzen. Eine andere Strategie ist die der sulfidoxidierenden Bakterien (Kapitel 5), welche
eine eifdrmige gallertartige Schwefelstruktur erzeugen, die aus der engen Uberlappung von

Sauerstoff und Sulfid resultieren.

Insgesamt zeigt diese Studie, dass Veranderungen in der Verfugbarkeit von Elektronendonatoren
und -akzeptoren und damit die Redoxdynamik einen grofen Einfluss auf die mikrobielle Aktivitat
haben. Grofle Zuflisse an organischem Material fuhren zu einem System auflerhalb des
thermodynamischen Gleichgewichts, das reduzierte Verbindungen in Richtung Meer exportiert.
Spezielle mikrobielle Gemeinschaften sind fir diese Bedingungen angepasst und kénnen direkt
auf das organische Material zugreifen und gleichzeitig die reduzierten Verbindungen nutzen, die
aus der mikrobiellen Mineralisierung resultieren. Sulfidoxidierende Gemeinschaften an der
Ebbe-Wasserlinie sind an die besonders dynamischen Bedingungen dieser Umgebung
angepasst. Wahrend die Produktion von ROS die mikrobielle Mineralisierung reduziert, sollte die
Anwesenheit von Sauerstoff nicht nur als Inhibitor flir die anaerobe mikrobielle Mineralisierung
angesehen werden, sondern stellt vielmehr Elektronendonatoren zu Beginn der Anoxie bereit.
Diese Studie unterstreicht daher die Bedeutung der raumlich-zeitlichen Dynamik bei der

Verfugbarkeit von Elektronendonatoren und -akzeptoren fur die mikrobielle Aktivitat.






|. Introduction
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Chapter 1: Introduction

1.1 Microbial mineralization of organic material in marine sediments

Carbon is the central element of all organic compounds, and its biogeochemical cycling in marine
sediments is coupled to that of many other elements via both biotic and abiotic processes. Marine
sediments are supplied with organic compounds produced via photosynthesis in the surface
ocean and in photic sediments. In addition, terrestrial organic material can reach the ocean via
for instance river input. Heterotrophic microorganisms degrade this organic material for energy
generation. Microbial mineralization of organic material is controlled by thermodynamics, kinetics
and mass transport of both substrates and electron acceptors. Thermodynamics predicts if a
reaction is theoretically possible under certain conditions, i.e. if a reaction would provide enough
energy for life, where the available energy yield must be high enough to synthesize ATP (Schink
1997, Bethke et al. 2011). Thermodynamics is evaluated by a reaction’s Gibbs free energy, which
expresses the energetic yield of a reaction. Only reactions with a negative Gibbs free energy are
thermodynamically feasible. In heterotrophic degradation, more negative Gibbs free energy
indicates more energy is released per molecule of carbon oxidized, and results in a higher growth
yield and possibly even rate. Thermodynamics predicts if a process is possible, but not if it really
happens or how fast it can proceed. In contrast, reaction kinetics dictates the actual rates of
reactions. Many factors specific to a particular place and time control kinetics, such as the number
of catalysts (enzymes or microbial cells), temperature, salinity, microbial growth rates and
microbial affinities to the substrate, and substrate and product concentrations. The kinetics of a
process can only be poorly constrained for complex redox cascades, and quantification requires
empirical measurements. Finally, microbial mineralization can only take place if its reactants

encounter one another, a process regulated by mass transport.

The limiting step in the microbial mineralization of organic material is often considered to be
hydrolysis (Arnosti 2004). Organic molecules with high molecular weight must first be hydrolysed
before they can be taken up (Weiss et al. 1991, Reintjes et al. 2017). Hydrolysis converts high
molecular weight compounds to smaller organic molecules such as oligosaccharides, amino
acids, and long-chain fatty acids, and is thus the first step of the mineralization of macromolecular
compounds in marine sediments. Hydrolysis products are further broken down through
fermentation, in which organic compounds serve both as a source and sink of electrons, forming
hydrogen and short chain fatty acids such as acetate. To perform hydrolysis, microorganisms
must contain the correct enzymes. Enzymes are substrate- and bond-specific. Thus, a large set

of enzymes is needed to degrade even one complex molecule. As the diversity of organic
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Chapter 1: Introduction

compounds in marine systems is also large, exponentially more enzymes are needed to degrade

a substantial portion of these molecules.

The degradation of complex organic material under anoxic conditions requires the interaction of
many metabolic processes that are not encoded in single organisms (Figure 1). Products of
hydrolysis and fermentation are substrates for downstream terminal degradation processes to
carbon dioxide and water, e.g. sulfate reduction (Canfield et al. 2005). The activity of
microorganisms performing the downstream processes thus depends on that of hydrolysing and
fermenting bacteria. Within marine sediments, concentrations of the fermentation products
hydrogen and volatile fatty acids are generally low, resulting from the tight relationship between
fermentation and the terminal oxidation process, for example sulfate reduction (Wellsbury and
Parkes 1995, Hoehler et al. 1998). Changes in environmental conditions such as temperature
increases or physical disturbance can disrupt the balance between fermentation and the terminal
oxidation process (Arnosti et al. 2005, Finke and Jargensen 2008). These disruptions can lead to
higher rates of fermentation compared to the terminal oxidation processes and therefore to an

accumulation of hydrogen and volatile fatty acids (Finke and Jgrgensen 2008).

Heterotrophic degradation of organic material can occur via several electron acceptors, i.e.
oxygen, nitrate, Fe(lll), Mn(lV), sulfate, or via methanogenesis. The importance of the individual
electron acceptors depends on conditions such as the supply rate of organic material and electron
acceptors. Oxygen concentrations in seawater are relatively low (around 250 uM), and oxygen is
therefore usually depleted within the first few millimeters to centimeters of marine sediment (Glud
2008). Sulfate concentrations are much higher (28 mM). Sulfate reduction can account for 50%
of the degradation of organic material in coastal sediments (Jargensen 1982a). The electron
acceptors Fe(lll) and Mn(IV) occur in solid-phase and therefore differ from the other electron
acceptors in the redox cascade. The rate of Fe(lll) and Mn(IV) reduction is determined by,
amongst others, local mineralogy (Burdige et al. 1992, Bonneville et al. 2004). Depending on the
dominant mineral available, Fe(lll) reduction can be more or less favorable than sulfate reduction

under the same environmental conditions (Thamdrup et al. 1994, Thamdrup 2000).
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Deposition of OM
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Figure 1: Pathways of degradation of organic material in marine sediments. Ovals represent processes.
Rectangles represent reduced products from the reaction, and are placed above the reaction. These
products can subsequently diffuse upwards and be oxidized by electron acceptors higher in the sequence,
as indicated by the arrows. Taken from Middelburg and Levin (2009).

In the classical view of early diagenesis in marine sediments, organic material is ultimately
degraded in steps via a sequence of these electron acceptors (Froelich et al. 1979) (Figure 1), as
these reactions all have a different energy yield. The standard Gibbs free energy becomes less
negative, thus less thermodynamically favorable, going from aerobic respiration to
methanogenesis (Table 1). These distinct energy yields are the basis for sediment stratification
over time and with depth into zones characterized by a dominant electron acceptor, i.e. the “redox
cascade” (Froelich et al. 1979). The electron acceptor highest in the sequence is used until
depletion, after which the next electron acceptor takes over. The final energy yield of these
reactions further depends on the composition of the organic material and the type and
concentration of intermediates (Arndt et al. 2013). However, this ideal thermodynamics-based
model is often insufficient to explain observations in the environment, namely overlapping zones

or a reversed order of the dominant electron acceptor. For example, sulfate reduction occurred in
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Chapter 1: Introduction

the presence of oxygen in a marine microbial mat (Visscher et al. 1992), aerobic denitrification in
permeable sandy sediments (Gao et al. 2010), and sulfate reduction can precede iron reduction
(Postma and Jakobsen 1996). These observations illustrate that the final outcome of competition

between microorganisms and their redox processes depends not only on thermodynamics.

Table 1: The standard Gibbs free energy (AG°) of the oxidation of organic material coupled to different

electron acceptors. Taken from Middelburg (2019), based on Berner (1980).

Degradation pathway Reaction AG
(kJ mol '
of CH-,O)
Aerobic respiration CH-»0 + 0, & CO> + H-0 —475
Denitrification CH,0 + 0.8 NO; < 0.4 N, + 0.8 HCO; + 0.2 —448
CO5 + 0.6 H,O
Manganese oxide CH-0 + 3 CO> + 2 MnO» + H,O < 2 Mn** + 4 —349
reduction HCO;
Iron(hydr)oxide CH>,O + 7 CO; + 4 Fe(OH); < 4 Fe™* + 8 —114
reduction HCO; + 3 H>O
Sulfate reduction CH,O0 + 0.5 SO, < 0.5 H,S + HCO;~ =77
Methanogenesis CH,0 < 0.5 CO, + 0.5 CH, —58

The degradation of organic material results in the production of reduced products, e.g. Fe?,
sulfide and methane, produced via iron reduction, sulfate reduction, and methanogenesis,
respectively. These reduced products are reoxidized within the sediments (Berner 1980) in zones
where more favorable electron acceptors are still available (Figure 1). Ultimately, oxygen oxidizes
all remaining reduced products. Thus, when all cycles are coupled, the total sediment oxygen
consumption is an indicator for total sedimentary mineralization (Canfield et al. 1993a). Oxygen
consumption in marine sediments thus occurs via both aerobic respiration and abiotic and biotic
reoxidation of the reduced products of anaerobic degradation of organic material (Glud 2008).
This latter process can dominate over aerobic resipration, for example in Beggiatoa mats where

the maijority of oxygen consumption is used for sulfide oxidation (Jargensen 1982b).

Reoxidation reactions and the tight coupling between fermentation and terminal oxidation
processes can result in low concentrations of reaction intermediates. Their steady-state
concentrations reflect the balance between production and consumption. Turnover of reaction
intermediates can lead to so-called “cryptic” cycles, where concentrations of compounds that are

continuously turned over are too low to be measured. For example, rapid reoxidation of sulfide
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Chapter 1: Introduction

can hide active sulfate reduction. Cryptic sulfur cycling has been demonstrated in both the water
column and sediments (Canfield et al. 2010, Holmkvist et al. 2011). In the Chilean oxygen
minimum zone, sulfide concentrations are very low, although an active sulfur cycling community
exists. In this environment, coupling of the sulfur and nitrogen cycle leads to the rapid reoxidation
of sulfide. Despite the low dissolved sulfide concentrations, sulfate reduction can be responsible
for a third of the total carbon mineralization, demonstrating the importance of cryptic cycling
(Canfield et al. 2010). In marine sediments of the Aarhus Bay, Denmark, a cryptic sulfur cycle
was suggested below the sulfate-methane transition zone, where sulfate is usually absent or
present in only low concentrations. The sulfide in the deep sediment is oxidized by Fe(lll)
minerals, leading to a range of intermediates and finally sulfate (Holmkvist et al. 2011).
Furthermore, cryptic iron and methane cycling exists (Berg et al. 2016, Beulig et al. 2019).
Although not apparent, cryptic cycling can be very important in biogeochemical element cycles
and the coupling between them. Thus, pool sizes in marine sediments are not representative for

process rates.

1.2 Microbial communities and transport processes in intertidal sediments

Sandy sediments were regarded as not very active in terms of mineralization, because the content
of organic material and bacterial numbers are generally low (Jickells and Rae 1997, Llobet-Brossa
et al. 1998). Sediment in coastal areas consists of 50 to 70% of sand (Emery 1968). The dominant
mode of transport in these permeable sandy sediments is advection rather than diffusion. This is
due to sand’s substantially higher permeability. On the centimeter- to decimeter-scale, pressure-
driven advective transport of organic material and electron acceptors is much faster than their
concentration-driven diffusional transport. The view that sandy sediments are not active sites of
mineralization changed when it was revealed that fast advective exchange of dissolved and
particulate compounds between the water column and sediments allows for high rates of organic
matter turnover (Huettel and Rusch 2000, Rusch and Huettel 2000). Permeable intertidal
sediments serve as biocatalytic filters that can maintain high rates of mineralization (De Beer et
al. 2005).

The community in coastal sandy sediments is dominated by bacteria, with only minor proportions
of archaea and eukaryotes (Musat et al. 2006). Despite the continuous exchange of porewater,
communities in seawater and sediment significantly differ (Rusch et al. 2003). The majority of the

community in sediments is associated with sand grains. Cell abundances in porewater are only

15



Chapter 1: Introduction

0.2% of sand grain-associated cell numbers (Rusch et al. 2003, Gobet et al. 2012). This
attachment to sand grains prevents microorganisms from being washed off of the sediment, and
explains the low exchange of sedimentary bacterial communities with the water column. Dominant
members of the sedimentary community are Planctomycetes, Bacteroidetes,
Gammaproteobacteria and Deltaproteobacteria (Rusch et al. 2003, Musat et al. 2006, Lenk et al.
2011, Gobet et al. 2012). Both the Planctomycetes and the Bacteroidetes are presumably
heterotrophic organisms that are able to degrade complex macromolecules. Members of the
Deltaproteobacteria and Gammaproteobacteria in intertidal sediments can perform sulfate

reduction and sulfide oxidation, respectively (Lenk et al. 2011).

Transport in intertidal environments occurs via advection and mixing by waves, tides, storms and
animal activity. This combination makes intertidal sandy sediments extremely dynamic and
selects for a community that is adapted to rapid environmental changes. Redox conditions in
surface intertidal sediments transition between oxic and anoxic conditions. During high tide,
oxygen can penetrate several centimeters, while during low tide, oxygen can be completely
consumed in surface sediments (Jansen et al. 2009). Thus, a strong selection pressure exists for
the ability to survive both of these conditions (Marchant et al. 2017). Furthermore, due to deep
advection and sediment mixing by tidal and wave action, the microbial community is
homogeneous within the top few centimeters of intertidal sandy sediment (Musat et al. 2006).
Sulfate-reducing bacteria are present in the oxic zone, while typical aerobic organisms occur in
deep, predominantly anoxic, sediment layers (Musat et al. 2006). Consequently, the microbial
communities inhabiting surface sediments have to adapt to large spatial and temporal

heterogeneity and mechanical and oxidative stress induced by transport processes.

1.3 Reactive oxygen species

Reactive oxygen species (ROS) such as superoxide (O."), hydrogen peroxide (H-O.) and the
hydroxyl radical (OH’) are important for controlling activity and growth of sedimentary
communities. ROS are highly reactive molecules. They are both detrimental and required for life.
Microorganisms can use ROS for e.g. nutrient acquisition (Rose et al. 2005) , pathogen resistance
(Armoza-Zvuloni et al. 2016) and as signaling molecules (Aguirre et al. 2005). However, at
detrimental concentrations ROS have the potential to damage enzymes or destroy biomolecules
of anaerobic organisms (Imlay 2013). Organisms can regulate the ROS concentrations within

their cells via ROS-removing enzymes (Fridovich 1998) such as superoxide dismutase and
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catalase. Superoxide is converted by superoxide dismutase to hydrogen peroxide and oxygen
(reaction 1), while hydrogen peroxide is converted by catalase to water and oxygen (reaction 2):
205 4+ 2H* - H,0,+ 0, (1)
2H,0, = 2H,0 + 0, (2)

ROS can be produced via a variety of biotic and abiotic processes (Hansel and Diaz 2021). Biotic
ROS formation includes both intracellular and extracellular processes, such as byproduction in
metabolic processes (Fridovich 1998). Especially abiotic reactions forming ROS can be of
importance in intertidal environments. These reactions could involve oxygen, reduced iron and
sulfide. When in contact with reduced metals, hydrogen peroxide can be converted to the hydroxyl
radical, which can degrade most organic molecules (Imlay 2013, Trusiak et al. 2018). ROS
formation further occurs by oxidation of sulfide and Fe(ll) (Burns et al. 2010, Murphy et al. 2016),
and reactions with pyrite (Borda et al. 2001). These abiotic reactions could make intertidal
sediments particularly important environments for ROS production, as oxygen and iron and sulfide
are actively cycled and often encounter one another. The iron cycle is also intimately linked to the
sulfur cycle, making the dynamics and formation of ROS in intertidal environments extremely

complex.

1.4 Iron and sulfur cycling in marine sediments

Dissimilatory sulfate reduction is the main anaerobic pathway for the oxidation of organic material
in marine sediments (Jgrgensen 1982a). A diverse group of organisms is able to perform sulfate
reduction, most of which are bacteria (Jargensen et al. 2019). The majority of these sulfate-
reducing bacteria belong to the Deltaproteobacteria (Wasmund et al. 2017). Sulfate-reducing
bacteria are able to use a wide spectrum of low molecular weight fermentation products and thus
depend on the activity of organisms performing hydrolysis and fermentation. In marine sediments,
acetate is an important substrate, as can be propionate, butyrate and hydrogen (Serensen et al.
1981). Sulfate reduction rates depend on the concentration of degradable organic material and
temperature (Al-Raei et al. 2009). Sulfide that diffuses down into deeper sediments can react with
iron to form iron sulfides (Berner 1984), or with organic material to form sulfidized organic material

(Dale et al. 2009), but the majority of sulfide is oxidized within the sediments.

In contrast to sulfate reduction, the electron acceptor in iron reduction, Fe(lll), is in the solid phase.

It is not very soluble under marine conditions, and is therefore mainly present in minerals or clays.
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Iron-reducing bacteria can outcompete sulfate-reducing bacteria for the same substrates (Lovley
and Phillips 1987). Iron reduction can be important in environments with extensive bioturbation,
relatively low organic carbon input, and relatively high solid-phase iron concentrations (Burdige
1993). Here, bioturbation transports iron sulfides to the oxic zone, thereby exposing iron sulfides
to oxygen, leading to oxidation and formation of iron oxides. These iron oxides are subsequently
reduced via oxidation of organic material. This efficient recycling of iron, where iron can be cycled
at least 100 times before permanent burial (Thamdrup 2000), increases the importance of iron
reduction in organic matter oxidation (Canfield et al. 1993b). Several genera within the bacteria
and archaea perform microbial iron reduction (Thamdrup 2000), such as Geobacter and
Shewanella. Iron reduction can also be performed by some sulfate-reducing bacteria (Lovley
1991). The main pathway of abiotic iron reduction of iron oxides is reaction with sulfide (Thamdrup
2000). Iron reduction produces soluble Fe?*, which can be transported upward and oxidized by
electron acceptors higher in the redox cascade via both biotic and abiotic processes. Under pH
conditions typical of marine sediments, abiotic iron oxidation will outcompete biotic iron oxidation
(Nealson 1997). Under conditions typical for the surface ocean, iron oxidation by oxygen is
extremely fast (Millero et al. 1987), but when oxygen concentrations and pH are low, abiotic iron
oxidation is slow (Roekens and Van Grieken 1983, Morgan and Lahav 2007). Downward transport
of Fe?* can lead to formation of FeS and eventually pyrite (Berner 1984). Furthermore, Fe?* can

be used as electron source during anoxic photosynthesis (Widdel et al. 1993).

The iron and sulfur cycles in marine sediments are tightly coupled. Sulfide can react with both
Fe(lll) minerals and Fe?*, producing sulfur intermediates such as elemental sulfur and eventually
leading to production of FeS and pyrite (Canfield et al. 1992). The reaction between sulfide and
iron oxides is a surface-controlled process. Sulfide is oxidized at the mineral surface of the iron
oxide mineral, which produces elemental sulfur and releases Fe?" into solution. Fe?* can
subsequently react with additional sulfide to form iron sulfides (Poulton et al. 2004). The reactivity
of iron minerals depends on their mineralogy, with iron oxides being much more reactive than iron
silicates (Canfield et al. 1992), and different Fe(lll) minerals are associated with a different energy
yield (Arndt et al. 2013). The high reactivity of iron oxides can lead to sulfide depletion in zones
of intense sulfate reduction. Pyrite represents a major sink for both iron and sulfur and is stable
over long timescales, although it is unstable when in contact with oxygen (Bottrell and Newton
2006). Therefore, sulfide only builds up in sediments after the reactive iron oxides are depleted

and converted to FeS and pyrite (Canfield et al. 1992).
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1.5 Sulfide oxidation in the marine environment

Oxidation of sulfide in marine sediments occurs by a variety of abiotic and biotic processes.
Sulfide oxidation is usually restricted to the upper sediment, and related to the presence of
favorable electron acceptors such as oxygen, nitrate, manganese oxides, and iron oxides
(Thamdrup et al. 1994). Sulfide that diffuses towards the sediment surface can be oxidized within
the sediments, or may be oxidized on the sediment surface by mats of large sulfur bacteria.
Sulfide is rarely oxidized directly to sulfate, but rather to intermediates, such as elemental sulfur,
thiosulfate, and polysulfides. These intermediates can then be oxidized further, reduced, or
disproportionated. The final product of sulfide oxidation is determined by the oxidant used, the
type of the reaction (biotic or abiotic), and for biotic reactions by the microorganisms involved

(Jorgensen et al. 2019).

In most environments, the rates of biotic sulfide oxidation exceed those of abiotic sulfide oxidation
(Luther 1ll et al. 2011). Yet, competition between these two processes also occurs, especially
when abiotic sulfide oxidation occurs via reaction with Fe(lll). The outcome of competition is highly
dependent on the iron mineral involved, as the reactivity of iron minerals towards sulfide varies
greatly with mineralogy. Reaction rate constants differ by several orders of magnitude between

the reactive ferrihydrite and the much less reactive sheet silicates (Canfield et al. 1992).

Sulfide oxidation is performed by a diverse group of microorganisms, with a large diversity in the
Alpha-, Epsilon- and Gammaproteobacteria (Wasmund et al. 2017). Most sulfide oxidizers are
metabolically versatile and can oxidize and reduce various intermediate sulfur species, such as
elemental sulfur, thiosulfate, and sulfite (Wasmund et al. 2017). Reaction products can be used
for further reactions or can be excreted from the cell (Wirsen et al. 2002). Marine sediments
contain many different sulfide oxidizers, although some are confined to narrow niches. Examples
of widely distributed sulfide oxidizers are the Campylobacteriales, Arcobacteria,
Sulfurovum/Sulfurimonas, Woeseiaceae/JTB225, and Acidiferrobacteraceae (Wasmund et al.
2017).

Spatial separation of sulfide and oxygen in marine sediments occurs when alternative compounds
such as nitrate, oxidize sulfide. Aerobic sulfide oxidizers in these environments must evolve
strategies that enable them to bridge this separation. Such strategies include electrogenic sulfur

oxidation, intracellular storage of alternative oxidants and/or reductants such as nitrate and
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elemental sulfur, and mobility. Electrogenic sulfur oxidation is performed by so-called “cable
bacteria”, which have special electrogenic pili that allow them to thrive in environments where
oxygen and sulfide are spatially separated. They couple sulfide oxidation to oxygen reduction via
electronic currents through their pili, or “cables”, over centimeter-long distances (Nielsen et al.
2010, Bjerg et al. 2018). Other sulfide oxidizers, the Beggiatoaceae, form thick mats on top of
sulfidic sediments and oxidize sulfide with oxygen when it is available, or with nitrate that is stored

in their vacuoles when oxygen is not available (McHatton et al. 1996, Preisler et al. 2007).

In marine sediments, sulfide is usually oxidized before it reaches the sediment surface, or is
buried. Although the presence of free sulfide in the sediment surface or overlying water is not a
common phenomenon, it is characteristic of some environments. Well-known examples are hot
vents, where smokers release reduced compounds such as sulfide, Fe?* and methane to the
water column. In addition, diffusive flow through the sediment (hydrothermal seepage) occurs
(Teske et al. 2014). Other marine environments in which free sulfide is present in the sediment
surface or bottom water are those with high sulfate reduction rates that exceed sulfide removal
rates within the sediments due to large inputs of degradable organic material. For example, whale
falls and wood falls in the deep sea and “black spots* in intertidal sediments are all environments
where large amounts of organic material are deposited and reduced material leaks out of the
sediment (Bottcher et al. 1998, Treude et al. 2009, Bienhold et al. 2013). Also deposition of kelp
detritus on beaches is an example of such a system, where large depositions of organic material

become available to the intertidal microbial community.

1.6 Kelp deposition in intertidal sandy sediments

Forests of kelp, brown macroalgae, occur along virtually all temperate hard bottom coasts (Dayton
1985, Rafaelli and Hawkins 1985). Kelp holdfasts can be detached from the seafloor by physical
forcing during storm events or other physical stresses. Transport of this material can occur over
kilometer-long distances (Wernberg and Filbee-Dexter 2018), leading to further fragmentation
and deposition on the coastline. The deposition of kelp detritus inputs enormous amounts of
degradable organic material to the intertidal zone. Masses of up to 2200 kg wet weight per meter
of strandline per year were reported for a South African sandy beach (Stenton-Dozey 1983). Here,

the material is prone to degradation by the coastal community.
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Underwater forests of kelp are among the most productive ecosystems in the world (Mann 1973)
and are characterized by high biomasses. A biomass of 16 kg m™ for the genus Laminaria was
reported (Mann 1972). Kelp exhibits rapid seasonal growth, with net production rates as high as
1750 g carbon m2 yr', which is higher than in terrestrial tropical rain forests (Mann 1973). During
growth and senescence kelp releases particulate and dissolved organic material, which provides
a carbon source for associated organisms such as benthic and planktonic invertebrates. The kelp

forest community is therefore highly productive (Mann 1973).

Kelp-derived carbon forms the basis of food webs, and is found throughout all trophic levels
(Duggins et al. 1989). Bacteria play a dominant role in the degradation of kelp on sandy beaches.
The dry weight of bacteria is 3 times higher than that of macro- and of meiofauna (Koop and
Griffiths 1982), and the biomass produced by heterotrophs on beaches with kelp deposits is
mainly bacterial (Koop et al. 1982). Although the biomass of macro- and meiofauna is relatively
low, these organisms have an important role in making material available for microbial
degradation. They physically fragment the kelp, thereby increasing the surface area of the
substrate for bacteria (Koop and Griffiths 1982).

The deposition and subsequent degradation of kelp detritus on beaches represents an important
coupling between the ocean and nearshore environments. Beaches, usually environments with
low contents of organic material, can sustain high mineralization rates, and release dissolved
organic carbon and nutrients back to the sea (Dugan et al. 2011). The extent of accumulation of
degradation intermediates and products will depend on factors such as the period organic material
resides in the habitat (which can be very short due to relocation by the tides), the transport of both

electron acceptors and donors, and the presence of suitable microorganisms.

1.7 Polysaccharide degradation

The main compounds that become available to the intertidal community after kelp deposition are
carbohydrates. Although the composition of kelp differs by species and furthermore depends on
environmental conditions and season, carbohydrates always make up a high proportion of the dry
weight (up to 84%) (Schiener et al. 2015). The main carbohydrate, the structural carbohydrate
alginate, can represent up to 40% of the dry weight. Other abundant components of the
carbohydrate pool are cellulose (8%), laminarin (7-11%), mannitol (12-19%) (Schiener et al. 2015)

and fucoidan (<1% in Laminaria, but up to 23% in other species) (Usov et al. 2001, Deniaud-
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Bouét et al. 2014). Other compounds such as proteins (3-15% of kelp dry weight (Schiener et al.

2015)) represent a much lower proportion.

Carbohydrates include polysaccharides, oligosaccharides, disaccharides and monosaccharides.
Polysaccharides such as alginate, laminarin and fucoidan that are abundant in kelp consist of a
series of monosaccharides connected via glycosidic bonds. Polysaccharides can form complex
structures (examples from a selection of polysaccharides that are present in macroalgae in
Figure 2). An extremely large variety of polysaccharides exist in nature, much larger than the
variety of other organic compounds such as proteins and nucleic acids. One polysaccharide can
consist of many types of monosaccharides (heteropolysaccharide). But even polysaccharides
consisting of one type of monosaccharide (homopolysaccharides) can vary greatly in structure.
Two glucose monosaccharides, for example, can be linked via a- or - glycosidic bonds at 6
different locations of the molecule, thus forming 12 structurally different disaccharides. With
increasing length of the molecule, the diversity increases exponentially (Arnosti et al. 2021).

Additionally, polysaccharides can have many different groups attached as side branches.
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Figure 2: Structures of a selection of polysaccharides that are present in macroalgae (taken from
Arnosti et al. (2021)). Used with permission of Annual Reviews, Inc., from The Biogeochemistry of Marine
Polysaccharides: Sources, Inventories, and Bacterial Drivers of the Carbohydrate Cycle, Annual Reviews,

Inc., 13, 2021; permission conveyed through Copyright Clearance Center, Inc.
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The large structural complexity and variety of polysaccharides are a challenge for the
heterotrophic microorganisms in marine sediments. Polysaccharide-degrading enzymes of
heterotrophic organisms have a structural specificity, therefore for complex polysaccharides
heterotrophic organisms must possess a large variety of enzymes. Alternatively, several steps
performed by a consortium of microorganisms are needed to completely degrade a complex
polysaccharide. Polysaccharides are degraded by so-called carbohydrate active enzymes
(CAZymes). These enzymes are part of gene clusters called PULs, which furthermore contain
proteins that can sense, bind, transport and hydrolyse the polysaccharides (Bjursell et al. 2006).
This clustering couples all the proteins and enzymes that are needed for a specific polysaccharide
linkage, thus makes the degradation more efficient (Martens et al. 2009). A CAZyme can be
specific for one particular linkage in a polysaccharide molecule, thus often a large group of
CAZymes is active to degrade one molecule. Organisms specialized for fucoidan degradation, for
example, contain hundreds of different enzymes to break down the molecule (Sichert et al. 2020).
CAZymes are divided into families, which are grouped based on the amino acid sequence of the
enzyme, with the number of defined families rapidly expanding (>300 families in the database
CAZy in 2013; http://www.cazy.org (Lombard et al. 2014)). Two important classes that contain
CAZyme families for degradation of polysaccharides are the glycoside hydrolyases (GHs) and
polysaccharide lyases (PLs). Another form of enzyme that cleaves polysaccharides are the
sulfatases. Sulfatases are also substrate specific and cleave the sulfate group of sulfated
polysaccharides from the polysaccharide backbone (Hettle et al. 2018). GHs, PLs, and sulfatases
can be endo-acting or exo-acting. Endo-acting enzymes act on linkages midchain of the
polysaccharide backbone, which produces oligosaccharides. Exo-acting enzymes on the other
hand cleave monosaccharides or disaccharides from the ends of the backbone. Microorganisms
shown to be able to degrade polysaccharides in the marine environment include members of
Bacteroidetes (Fernandez-Gémez et al. 2013), Gammaproteobacteria (Sarmento et al. 2016),
Planctomycetes (Lage and Bondoso 2014) and Verrucomicrobia (Martinez-Garcia et al. 2012).
The large structural variety and complexity of kelp-derived polysaccharides and the wide range
of enzymes needed to degrade them provides a challenge for microorganisms in intertidal

sediments underlying deposits of kelp detritus.
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1.8 Aims of the study

The overall aim of this study was to improve the understanding of microbial activity in energy-rich
systems with high dynamics in the availability of electron donors and acceptors. Intertidal
permeable sediments and hydrothermal vent systems are such systems, Here, reduced
compounds such as sulfide accumulate. Free sulfide at the sediment-water interface or in
overlying waters is not common in marine environments, as sulfide is usually oxidized before it
reaches the sediment surface, or is buried. However, in environments in which the electron
acceptor requirement is higher than its transport rate into sediments, sulfide can accumulate and
eventually escape sediments. Similarly, sulfide is emitted into oxygenated seawater by hot

smokers at the seafloor.

In this study three of these systems are addressed, for which the export of sulfide has different
sources and mechanisms:

1. an intertidal sandy beach on the island of Helgoland, Germany, where sulfidic sediments
develop as a result of high and sudden input of degradable kelp (Figure 3A,B);

2. the intertidal sandflat Janssand, Germany, where deep porewater transport occurs, leading to
formation of sulfidic seeps when the deep porewater flow reaches the sediment surface
(Billerbeck et al. 2006) (Figure 3C,D);

3. the hydrothermal vent system Guaymas Basin, Mexico, a location where sulfide is released by

hot smokers, and by hydrothermal seepage through the sediment
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Figure 3: Intertidal sandy beach on the island of Helgoland, Germany, with depositions of kelp debris in
May 2018 (A and B); intertidal sandlfat Janssand, Germany (C), and the sulfidic seeps on Janssand (D).
Image courtesy: A: Van Erk et al. (2020); B: Marit R. van Erk; C and D: Olivia M. Bourceau
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Three main questions were addressed in this study, for which the objectives, hypotheses and
approaches are discussed below:

1. How do sudden high pulses of complex organic material influence the anaerobic degradation
processes in intertidal sediments?

2. How do switches between oxic and anoxic conditions in highly active sediments influence
mineralization processes? Does the oxidation of the exported reductants lead to ROS formation,
and does ROS inhibit microbial processes?

3. How do contrasting environmental conditions influence the sulfide-oxidizing communities?

1. How do sudden high pulses of complex organic material influence the anaerobic degradation

processes in intertidal sediments?

The first objective was to understand how kelp deposition on beaches influences the microbial
mineralization processes (Chapter 2), and the availability of kelp-derived organic compounds and
products of mineralization in the sediments (Chapters 2 and 3). We hypothesized that sudden
deposition of enormous amounts of degradable organic material such as kelp debris would
strongly enhance anaerobic decomposition, as the oxygen concentration in seawater is relatively
low (~250 uM). Thus, we expected that rates of microbial degradation are strongly enhanced, and
dominant degradation pathways are different from those in reference sediments without kelp
deposition. Furthermore, intermediates and reduced products such as sulfide and methane would
be produced in large amounts. These hypotheses were tested by comparing a beach with regular
kelp deposition (kelp-beach) with a second beach on Helgoland where kelp deposition does not
occur (reference beach). The main focus was on the sulfur cycle and the fate of sulfide within this
environment, as sulfate reduction is important in coastal sediments (Jgrgensen 1982a), and high
sulfide concentrations have toxic effects (Bagarinao 1992). We analyzed porewater and sediment
compositions, and performed radiotracer (**S) incubations and in situ and laboratory microsensor
measurements (Chapter 2). Furthermore, we analyzed monosaccharides and polysaccharides in
the kelp-beach sediments, and compared these results with reference beach sediments, and kelp

fragments (Chapter 3).

The second objective was to determine how microbial communities in intertidal sediment are
shaped for the degradation of regular deposited kelp. Kelp is a mixture of compounds that are
labile and more recalcitrant. Kelp deposition likely leads to a shift in the community to organisms

able to use the specific complex polysaccharides within the kelp. We hypothesize that the
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microbial community in kelp-beach sediments is optimized to degrade the kelp material. Microbial
communities in intertidal sediments subjected to regular kelp deposition often encounter
polysaccharides derived from kelp. Polysaccharides need to be hydrolysed first to sizes small
enough to be transported into the cell (Weiss et al. 1991, Reintjes et al. 2017), and
sulfate-reducing bacteria depend on the activity of hydrolysers and fermenters for their substrates.
We addressed the objective using 16S rRNA analysis of seawater and sediment samples from
the kelp-beach and reference beach of Helgoland. We also used radiotracer (**S) incubations to
address whether the terminal respiration pathway of sulfate reduction is able to directly respond
to kelp deposition (Chapter 2), which would imply that hydrolysis and fermentation are also

already active.

Furthermore, we hypothesized that the community would be adapted to specific substrates
derived from kelp. We therefore expected that in response to the presence of these substrates
rates of aerobic respiration as well as sulfate reduction would be higher compared to those in
sediments that do not encounter these substrates. We also hypothesized that polysaccharides
that are not present in kelp will not be degraded as fast, as microorganisms might not have the
necessary capacities. These hypotheses were tested by laboratory microsensor oxygen
consumption measurements and radiotracer (*S) incubations, in which polysaccharides that are
present and not present in kelp were added to sediments from the kelp-beach and a reference

beach on Helgoland (Chapter 3).

2. How do switches between oxic and anoxic conditions in highly active sediments influence
mineralization processes? Does the oxidation of the exported reductants lead to ROS formation,

and does ROS inhibit microbial processes?

The first objective was to test the impact of transient oxygenation on anaerobic respiration in
intertidal permeable surface sediments of the intertidal sandflat Janssand in the Wadden Sea
(Chapter 4). Intertidal sediments are extreme environments for microorganisms due to their
dynamic nature in both time and space. Factors such as advection, patchy deposition of organic
material, and animal activity make these systems heterogeneous. Oxygen penetration depths and
sulfate reduction rates are variable (De Beer et al. 2005, Al-Raei et al. 2009), depending on the
transport processes within the sediments: advection, diffusion, bioturbation and bioirrigation, and
sediment mixing. These processes transport both organic material and electron acceptors into

and out of the sediments. During low tide, oxygen can disappear completely, whereas during tidal
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inundation oxygen penetrates a few centimeters into the sediment (De Beer et al. 2005, Jansen
et al. 2009). This makes redox conditions within surface sediments variable, likely selecting for
organisms that are able to adapt to these conditions. These expectations are based on the
observations that anaerobes in the upper sediment maintain high rates of anaerobic respiration,
such as dissimilatory nitrate reduction (Marchant et al. 2014) despite variable redox conditions

and regular oxygen input.

We expected that sulfate reduction would continue during oxic periods, as an environment that
fluctuates multiple times a day between oxic and anoxic conditions would exert a strong selective
pressure for sulfate-reducing bacteria capable of coping with oxygen. Sulfate-reducing bacteria
capable of respiring in the presence of oxygen were observed previously in cyanobacterial mats
(Visscher et al. 1992). However, this would require an adaptation, as in their active state, reduced
enzymes with iron cofactors that are involved in sulfate reduction become irreversibly damaged
by oxygen and then release ROS leading to cell death (Imlay 2013, Rabus et al. 2013). We tested
this hypothesis in Chapter 4. We incubated sediment slurries over an oxic-anoxic period.
Furthermore, we incubated sediment slurries that were anoxic from the start. We measured
oxygen consumption, sulfate reduction, hydrogen concentrations and Fe?* concentrations

throughout the incubation period.

The second objective was to address if ROS play a role in microbial mineralization in intertidal
permeable sediments. As surface sediments of the Janssand intertidal sandflat regularly switch
between oxic and anoxic conditions and have very active iron and sulfur cycling, we expected
that ROS will be produced in this system. Oxygen can easily come in contact with reduced iron
and sulfide, producing ROS. ROS could abiotically increase carbon mineralization via hydrogen
peroxide, which can induce the Fenton reaction when in contact with reduced iron, producing the
hydroxyl radical. The hydroxyl radical is a very strong oxidant of organic material (Imlay 2013,
Trusiak et al. 2018). Therefore, we tested if ROS can also affect biomineralization. First, we
investigated if ROS are indeed present in Janssand sediments. The potential effect of ROS on
biomineralization was addressed by the addition of the ROS-removing enzymes catalase and
superoxide dismutase to sediment slurries, in which oxygen concentration, sulfate reduction,
hydrogen concentrations and Fe?* concentrations were measured over the course of the

incubation.
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3. How do contrasting environmental conditions influence the sulfide-oxidizing communities?

Free sulfide that escapes from the sediment surface is rare in the marine environment, and is
restricted to special conditions where the rate of supply of oxidants is lower than the rate of sulfide
production and upward transport. Based on the local characteristics of the environment, sulfide-
oxidizing communities differ. | studied sulfide-oxidizing communities in two especially contrasting
environments where free sulfide is transported into oxygenated seawater: the low tide waterline
of the beach with kelp deposition on Helgoland (Chapter 2), where filaments are attached to rocks
at the low waterline, and communities on top of a hot smoker in the Guaymas Basin, where a
conspicuous smooth and transparent egg-shaped structure was formed (Chapter 5). The
hypothesis was that the large differences in hydrodynamics and availability of oxygen and sulfide
select for specific types of sulfide oxidation. | synthesize the knowledge gain from studying these

sulfide oxidizing communities in the general discussion (Chapter 6).
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Abstract

We investigated the impact of kelp deposition on the geochemistry and microbial community composition
of beach sands on the island of Helgoland (North Sea). The composition of the microbial community at a beach
with regular kelp deposition appeared shaped by this regular input of organic material, as indicated by signifi-
cantly higher proportions of aerobic degraders, fermenters, and sulfur cycling microorganisms. Rapid degrada-
tion of deposited kelp by this community leads to high levels of dissolved organic and inorganic carbon and
nutrients, a lower pH and anoxia. Aerobic respiration, fermentation, Fe- and SO4%~ reduction, and
methanogenesis were strongly enhanced, with SO,*~ reduction being the main process in kelp degradation.
SO4*~ reduction rates increased 20- to 25-fold upon addition of kelp. The main route of electrons from kelp to
80,2~ was not via CO and Hj, as expected, but via organic fermentation products. O, supply by the tides was
not sufficient and reduced intermediates escaped from the sediment with tidal water retraction. The resulting
extremely high levels of free sulfide (>10 mmol L") lead to abundant filamentous growth of sulfur-oxidizing
bacteria largely composed of a rare O,-adapted Sulfurovum lacking the expected denitrification genes. Our results
show that regular kelp deposition strongly enhances the thermodynamic disequilibrium in the beach sand habi-

tat, leading to a dramatic enhancement of the sulfur cycle.

Large amounts of organic material consisting mainly of mac-
roalgae and seagrasses are regularly deposited on shores. Kelps,
or brown macroalgae, need a hard substrate on which to attach,
and occur along all temperate shores (Mann 1973). Kelp beds
can attain high rates of production and form a large pool of
biomass (Mann 1973). Physical forcing of storms and waves
causes the sessile kelp plants to become detached. The detached
kelp may subsequently be carried ashore, and form layers of up
to several meters thick on shores nearby rocky seafloors. Rates
of annual kelp deposition were estimated to be between
1.2 x 10° and 1.8 x 10° kg wet weight along a 1 km strandline
in South Africa (Koop and Field 1980). Such large accumula-
tions of organic material in the marine realm are sporadic but
locally dramatic, and the sequence of events that follows
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sudden pulses of organic material is complex and of great inter-
est to microbial ecologists and biogeochemists. Another exam-
ple of such a pulse biogeochemical impact is the arrival of a
whale carcass on the sea floor (Treude et al. 2009). Such an
input of degradable organic material results in unusually high
levels of organic substrates, intermediates, and degradation
products. Degradation will depend on arrival of and coloniza-
tion by degrading organisms, transport rates of degradation
products, and the period the organic material resides in the
habitat (i.e., relocation of kelp by tides).

Macroalgal deposits on beaches are classified as biogeochemi-
cal hotspots as they are metabolically very active, with high
CO, fluxes demonstrating elevated respiration rates (Rodil
et al. 2019). Studies focusing on the effects of increased amounts
of organic material within sandy sediments found surface sedi-
ments to be anoxic, and dissolved reduced sulfur concentrations
and SO4*~ reduction to be enhanced (Béttcher et al. 1997). This
further highlights the enhanced metabolic activity of sandy sed-
iments characterized by large depositions of organic material.

Kelp deposits are a source of dissolved organic carbon
(DOC) and nutrients. The release of leachates to the sediments
was shown by high concentrations of DOC in associated sedi-
ments, exceeding concentrations in offshore kelp beds. The
released DOC can be used rapidly within the sediments (Koop
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et al. 1982). Mineralization of kelp detritus on beaches leads to
the export of nutrients to the sea. A significant correlation
between intertidal dissolved inorganic and organic nitrogen
(DIN and DON) concentrations and deposit biomass was found
(Dugan et al. 2011). These authors also found DIN concentra-
tions in surf zone waters to correlate with deposit biomass and
intertidal DIN concentrations, suggesting that deposits cause
the release of DIN to the sediments, which is subsequently
partly exported to the surf zone water. Beaches with kelp
deposits could therefore be important sites of biogeochemical
activity for nearshore communities (Dugan et al. 2011).

Sandy beach sediments are characterized by low contents
of organic material compared to muddy sediments (Jickells
and Rae 1997), and heterotrophic organisms within sandy
beach sediments are thus dependent on the input of allo-
chthonous organic material. Kelp-derived carbon was found
throughout nearshore food webs (Duggins et al. 1989). Besides
being a food source, kelp deposits provide a habitat and shel-
ter against predation and environmental conditions to a vari-
ety of organisms (Colombini et al. 2000). Deposits increase
the density and species richness of communities (Colombini
and Chelazzi 2003). Invertebrate consumers fragment the kelp
material and thereby make the material available to bacteria
(Colombini and Chelazzi 2003).

Bacteria are the key decomposers of the kelp deposits and
the further mineralization occurs via a complex set of micro-
bial processes. Kelp dry biomass is rich in polysaccharides,
such as alginic acid, laminarin, mannans, and fucoidan (Usov
et al. 2001). Therefore, degradation likely involves the hydro-
lysis of polymers, fermentation of hydrolysis products, and
aerobic and anaerobic oxidation processes. The largest fraction
of biomass associated with kelp deposits is microbial, being
about three times that of macro- and meiofauna (Koop and
Griffiths 1982). Over 90% of the kelp-derived leachates is used
by bacteria, and a large fraction (23-27%) of kelp carbon is
converted to bacterial carbon, with the remainder rapidly
being mineralized by bacteria (Koop et al. 1982). A positive
relationship between DIN concentrations below deposits and
bacterial diversity further supports the role of bacteria as key
decomposers of the deposits (Rodil et al. 2019). Remarkably,
no detailed biogeochemical studies on degradation within
kelp deposits on sandy beaches, including analyses on the
release of substances, microbial processes, and associated
microbial communities, have been performed. Here, we report
on such a study carried out on a North Sea beach.

We hypothesize that the microbial communities associated
with kelp deposits are different from the normal coastal com-
munities within sandy intertidal sediments. In normal early
diagenesis, mass transfer of organic material and electron
acceptors to the cells limits turnover rates, as advectional
exchange of electron acceptors between oxygenated seawater
(the source of electron acceptors, e.g., Oz, NO3™, $0,%7) and
sediment is limited. This leads to a vertical stratification of
processes, the redox cascade, in a typical sequence of electron

Kelp mineralization pathways on beaches

acceptors (O, NO3~, Mn(1V), Fe(IlI), $04%~, and CO,) dictated
by the energy gain related to the different processes (Froelich
et al. 1979). The reduction processes are coupled to
reoxidation of the reduced products (Berner 1980). In general,
microorganisms in early diagenesis are limited by one or sev-
eral compounds, and microbial communities are thus thought
to be specialized in slow growth and to have a high affinity to
limiting substrates (Chen et al. 2017). S04~ reduction is an
important process in marine sediments, as it can account for
50% of the remineralization of organic material in coastal sed-
iments (Jorgensen 1982).

Conditions in sediments below kelp deposits are expected to
be different from steady-state depositional environments. Min-
eralization processes after sudden inputs of large amounts of
organic material are ultimately controlled by kinetics, which in
turn depend on the presence of the optimal microbial consor-
tia, substrate quality, pH, temperature, and other microenviron-
mental factors. The batch-wise input of a large amount of
readily degradable material will favor fast-growing organisms,
and leads to high levels of intermediates, e.g., fermentation
products. The short deposition time may favor facultative
anaerobes, but not allow for full development of the anaerobic
processes that are common in diffusion-controlled sediments.

An interesting route for stimulating SO4>~ reduction could
be via the intermediates CO and H,. Formation of CO occurs
from organic material, likely polyphenols, under oxic
conditions by abiotic processes (Conrad and Seiler 1985). The
formation of CO in intertidal environments is thus likely an
aerobic process. CO can biologically react with water to produce
H,: CO + 2H,O — HCO3™ + H, + H* (Parshina et al. 2010). The
produced H, could be an important substrate for SO4>~ reduc-
tion. This is a possible scenario in the intertidal zone with fluc-
tuating O, conditions. Alternatively, CO can be used directly as
electron donor in SO4>~ reduction.

Sandy beaches consist of permeable sediments in which
advection plays a major role. Advection efficiently transports
organics and electron acceptors from the water column into
the sediments, however, only by hydraulic forcing.

We investigated the hypotheses that the degradation rates
are strongly enhanced and degradation follows other path-
ways than on beaches without kelp. Specifically, we expected
that CO and H, may be important intermediates, and export
from the sediments of intermediates and products of anaero-
bic processes occurs. The hypotheses were tested using
porewater and sediment analyses, radiotracer (3°S) incubations
and in situ microsensor measurements, as well as microbial
community composition analysis and selective population-
resolved genomic potential analysis.

Materials and methods

Site description
Helgoland is a small archipelago in the German Bight,
southeast North Sea (54°11’ N; 7°53' E). It lies approximately
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60 km off the German coast and consists of two islands: the
main island (Hauptinsel) to the west (1 km?) and the smaller
Diine to the east (0.7 km?). The tidal regime of Helgoland is
semidiurnal, with an average tidal range of 2.3 m. Around Hel-
goland, the sublittoral hard-bottom sediment is covered by
brown seaweeds: mainly Laminaria digitata, Laminaria hyper-
borea, Saccharina latissima, and Desmarestia aculeata (Pehlke
and Bartsch 2008), of which the first three are kelp species,
and have leaves that are up to over a meter in length. Two
sandy beaches on the main island were selected as sampling
locations: the North Beach, hereafter referred to as kelp-beach,
and a reference beach (Fig. 1). An area of 1 km? of the kelp for-
est is located north of the kelp-beach (Uhl et al. 2016), the
main source for huge masses of kelp deposits on this beach.
Deposition happens often but irregular, with highest deposi-
tion rates occurring during and directly after storms. Sampling
for biogeochemical analyses was conducted in November
2017, May 2018, October 2018, and August 2019 (Table 1),
during low to incoming tide in water-saturated sediments. The
microbial community composition was assessed using samples
obtained in October 2015, and total cell counts were deter-
mined from July 2019 samples.

Sediment properties

Sediments for porosity, total organic carbon (TOC), and
solid-phase Fe determinations were sampled in situ using cut-
off syringes. Sampling was conducted within the upper 10 cm,
in 2 cm intervals. Sediments for TOC determination were

Kelp mineralization pathways on beaches

freeze-dried, and sediments for Fe determination were stored
at —20°C. Sediment density was determined from the wet
weight of a known volume of sediment. Porosity was calcu-
lated using the weight loss upon drying to constant weight at
60°C. For TOC determination, freeze-dried sediments
(0.5-1.0 g) were ground and homogenized. Sediments were
then decalcified using 10% HCI, and freeze-dried. The TOC
concentration was determined in duplicate on 40-50 mg of
sediment using a continuous-flow elemental analyzer
(Thermofinnigan Flash EA 2000) coupled to an isotope ratio
mass spectrometer (Delta V plus). For solid-phase Fe(Ill) and
Fe(Il) determination, Fe was extracted from about 0.5 g of wet
sediment using 5 mL of 0.5 mol L™! HCI (0.5 h). Supernatants
were then analyzed spectrophotometrically using the ferrozine
method (Viollier et al. 2000).

Porewater extraction and analysis

Porewater extraction and filtration were conducted in the
field using Rhizon samplers (Rhizosphere Research Products,
average pore size 0.15 ym). Sampling was conducted in 2 cm
intervals from O to 12 cm depth (kelp-beach November 2017),
0 to 14 cm depth (reference beach November 2017), and O to
10 cm depth (May and October 2018). In November 2017,
extracted kelp-beach porewater at 10 and 12 cm depth was
only sufficient for DOC analyses. The first mL of porewater
was discarded. Seawater was collected in 50 mL tubes and
Rhizon sampling was conducted from these tubes as described
for porewater sampling. After extraction and filtration,

Kelp-beach

)

Helgoland
Dune

Helgoland
Hauptinsel

—— = kelp forest

Fig. 1. Location of the two study sites (kelp-beach and reference beach), including the location of the kelp forest (Uhl et al. 2016).
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Table 1. Parameters measured during the different field campaigns. Crosses (X) denote that measurements were done during that
campaign. Dashes (—) denote that measurements were not done during that campaign or that data is not shown. TOC, Total organic
carbon; DOC, Dissolved organic carbon; P;, Inorganic phosphorus; DIC, Dissolved inorganic carbon; $%"ot, Total sulfide; SRR, SO42~

reduction rate.

Parameter November 2017

May 2018 October 2018 August 2019

Sediment parameters

Porosity

TOC

Fe(lll) and Fe(ll)

Porewater parameters

DOC

Nutrients (NO3™ + NO,~, NH4*, P)
DIC

Microsensor parameters
0,

pH

Sz_tot

Gases

CHy4

N,O

co

H>

Rates and fluxes

SRR

O; flux/O, consumption

>

| > x> ] > I

> X

X X X X

x

porewater was directly subsampled from the syringe using a
sampling cup attached to the side-outlet of a 3-way stopcock
that was between the syringe and the Rhizon sampler.
Porewater was transferred to combusted glass vials for DOC
and to centrifuge tubes for nutrient (NO3;~ + NO,~, NH,", and
inorganic phosphorus [P;]) determinations. Both the glass vials
and centrifuge tubes were stored at —20°C. For dissolved inor-
ganic carbon (DIC) determination, 2 mL glass vials (Zinsser
Analytic) were filled without headspace, and stored at 4°C.
Porewater was fixed with ZnAc in Eppendorf tubes and stored
at 4°C for sulfide, SO4>~, and Cl~ determination. For Fe?*
determination, porewater was fixed using ferrozine in semimi-
cro cuvettes and stored at 4°C.

Concentrations of DOC were measured by high tempera-
ture catalytic oxidation using a DIMATOC® 2010 K1 analyzer,
with potassium hydrogen phthalate as standard. Nutrients
were analyzed photometrically with a continuous-flow ana-
lyzer (BQuAAtro39 analyzer, Seal Analytic), using a variant of
a method described previously (Grasshoff et al. 1999). The
DIC concentrations were determined using a flow injection
system (Hall and Aller 1992). Both $0,%” and Cl~ concentra-
tions were determined by ion chromatography (Metrohm

930 Compact IC Flex). Dissolved sulfide (H,S, HS, $27) was
analyzed spectrophotometrically using the methylene blue
method (Cline 1969). The Fe?* concentrations were deter-
mined spectrophotometrically within 3 d after sampling using
the ferrozine method (Viollier et al. 2000).

Microsensor measurements

Depth profiles were measured in situ at different locations
on the kelp-beach and the reference beach. Microsensors for
O, pH, and H,S were mounted on a manually operated
micromanipulator attached to a heavy stand. The readings
were made directly from the displays of the battery-powered
amplifier (H,S, pH) or from the laptop (O2). Measurements
were conducted in water-saturated sediments. Measurements
could only be done at low tide or during the first minutes
upon inundation. The sites on the Kelp-beach were exposed
during low tide for approximately 8 h d™".

O, was recorded wusing micro-optodes (OXROBI10,
Pyroscience GmbH, Germany), connected to a FirestingO,
meter (Pyroscience GmbH, Germany) and a laptop with the
Pyroscience software. The sensors were calibrated using
1 molL™! Na ascorbate solution (0% saturation) and
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air-saturated water (100% saturation) and signals were
corrected for temperature and salinity to calculate the O, con-
centrations. Salinity was measured using a refractometer. The
H,S microsensors were prepared as described previously
(Jeroschewski et al. 1996). The multiple-point calibration was
conducted in the on-site laboratory by stepwise addition of
known amounts of a 1 mol L™' Na,S solution to acidified
(pH < 2) seawater. The steel needle enforced pH microsensors,
obtained from Microelectrodes Inc (Bedford, USA), were cali-
brated in standard buffers. The pH and H,S concentrations
were used to calculate total sulfide (S ;) as described previ-
ously (Jeroschewski et al. 1996), using a pK of 6.6 or 6.7,
depending on the in situ porewater temperature and seawater
salinity (Millero et al. 1988).

The diffusive O, fluxes were calculated from the O, gradi-
ents using Fick’s first law of one-dimensional diffusion. The
effective diffusion coefficient (D.) of O, in the sediment was
obtained by multiplying the molecular diffusion coefficient of
O, (Dg) with the porosity of the sediment (Kiihl et al. 1996).
The Dy was corrected for the in situ porewater temperature
and salinity (Li and Gregory 1974). For kelp-beach sediments,
D. was equal to 5.04 x 107!° m? s7!, and for reference beach
sediments, D, was equal to 4.68 x 107" m? s,

Volumetric O, consumption rates were determined by per-
colating oxygenated seawater through kelp-beach and refer-
ence beach sediments. Surface sediments and seawater were
sampled in August 2019 on both beaches, and stored cooled
at 4°C until use within 3 d after sampling. Sediments were
homogenized and large pieces of kelp and large grains were
removed by sieving. The homogenized sediments were care-
fully added to sediment cores (5.3 cm diameter) that were
filled with seawater. The bottom stopper of the core was fitted
with a valve. Porewater O, concentrations were tracked with
O, micro-optodes positioned at 2 cm depth. Approximately
50 mL of aerated seawater was percolated through the sedi-
ments by outflow through the valve. The sediment cores con-
tained sufficient seawater to allow for a layer of overlying
seawater to remain after percolation. An air pump induced
continuous water movement in this overlying layer of seawa-
ter. The O, decrease after percolation was used to calculate the
volumetric O, consumption rate. Conversion from volume of
porewater to volume of sediment occurred by multiplication
with the sediment porosity. To determine the areal O, con-
sumption rate, the volumetric rate was multiplied with the in
situ O, penetration depth measured in May 2018 (kelp-beach
low tide = 0 cm; kelp-beach incoming tide = 0.8 cm; reference
beach = 3.6 cm).

Gas analysis

Sediment was collected in situ using cut-off syringes. Sam-
pling was conducted to a depth of 10 c¢m, in 2 cm intervals.
For CH,4 and N,O analysis, 3 mL of sediment was transferred
to a serum vial containing 3 mL 5 mol L™' NaOH. Serum vials
were closed with a butyl rubber stopper and aluminum crimp

Kelp mineralization pathways on beaches

seal, shaken, and stored at 4°C. Headspace CH4 and N,O con-
centrations were analyzed with a gas chromatograph
(GC 2014, Shimadzu) equipped with a flame ionization detec-
tor (FID) for CH4 and an electron capture detector (ECD) for
N,O. Calibration was done with 2, 10, and 100 ppm standards
(Air Liquide) for CH, and with 1 and 5 ppm standards
(Microsense, Denmark) for N,O. For CO and H, analysis,
0.5 mL of sediment was transferred to Exetainers (November
2017) or to Exetainers containing 0.5 mL 20% (w/v) ZnCl,
(May 2018). Samples for CO and H, analysis were shaken and
analyzed within 3 h by gas chromatography (Peak Performer
1 RCP 910-Series). Calibration was done with 20 and 100 ppm
standards (Air Products) for CO and with 100 and 500 ppm
standards (Air Products) for H,.

CO, Hy, and O, evolution in experiments

Two 100 mL serum vials were filled with 10 mL of artificial
seawater (pH 8.2, salinity 32) and equilibrated to the incuba-
tion temperature of 15°C. Pieces of 1 X 1 cm from the middle
of Laminaria hyperborea leaves were cut out, and about 5 g of
these pieces were added to each vial, which were then closed
with a butyl rubber stopper and aluminum crimp seal, and
incubated in the dark on a horizontal shaker. At selected time
points, headspace samples for CO and H, analysis were taken
using a gas and pressure tight syringe and were directly mea-
sured (see above). During incubation, the pressure inside the
vials changed as the withdrawal of aliquots was not replaced.
Headspace O, concentrations were measured continuously
using Oxygen Sensor Spots (OXSPS, Pyroscience GmbH) glued
to the inner side of the vial. The sensor spots were calibrated
using a 2-point calibration with N, gas (0%) and O,-saturated
air (100%). Only O, concentrations from the time points at
which CO and H, sampling was conducted are shown.

$0,4%~ reduction rates
$04%" reduction rates within kelp-beach and reference beach
sediments

The SO, reduction rates (SRR) were determined on 3 mL
sediment samples that were collected using cut-off syringe
cores, in 2 cm intervals, from O to 10 cm depth. On the kelp-
beach, sediments were sampled both below and next to kelp
deposits. Syringe cores with sediments were transported
cooled and in the dark to the laboratory. There, **S tracer was
added to anoxic seawater, and 3 mL of this tracer-containing
seawater was percolated through the syringe core. This addi-
tion was equivalent to 200 kBq **SO,*~ per sample. Sediments
were incubated at room temperature in the dark for 6 h. To
stop the reaction, sediment samples were transferred to 6 mL
20% (w/v) ZnAc and stored at —20°C. The pool of reduced *°S
was separated from the pool of unreacted **S (**$0,27) by cold
acidic Cr** distillation (Rey et al. 2014). Radioactivity was
determined by scintillation counting (Perkin-Elmer Tri-Carb
4910 TR; Ultima-Gold Scintillation cocktail) and SRR were cal-
culated as described previously (Roy et al. 2014).
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$0,%~ reduction rates in experiments

In order to assess the influence of kelp deposition on SRR,
SRR were determined in syringe cores with either only kelp,
sediment-only from the kelp-beach, or kelp plus sediment
from the kelp-beach, each in four replicates. In the experi-
ments, either 0.5 g of kelp, 3 mL of sediment, or 0.5 g of kelp
plus 3 mL of sediment was used. Sediments comprised a mix-
ture of the top 10 cm of Kkelp-beach sediments. To mimic
beach conditions, the sediments were exposed to air at 4°C
until use 2 d later. Intact Laminaria hyperborea plants were
sampled from fresh kelp deposits on the kelp-beach in parallel
to the sediment sampling, and stored at 4°C until use 2 d
later. The kelp fragments were cut from the middle of Lami-
naria hyperborea leaves. Kelp fragments were mixed with the
sediments. The samples were incubated and SRR were deter-
mined as described above.

Microbial community composition
Collection of water, sediment, and white filaments

Water was collected from the beaches, harbors and prome-
nades around the main island of Helgoland with a bucket and
filtered on 0.22 ym pore-size polyethersulfone filters (47 mm
diameter, Millipore). The filters were frozen at —20°C and
stored until further analysis. Sediment cores were collected at
the kelp-beach and reference beach. At the kelp-beach, cores
were taken from the sediment at the low tide waterline and
from sediment below a kelp deposit. From each layer 0.4 g of
sediment was frozen at —20°C for DNA extraction. At the low
tide waterline of the kelp-beach, pieces of green algae
completely covered with white filaments were collected in
15 mL tubes and stored at —20°C until further processing.

DNA extraction

DNA was extracted from a quarter of a polyethersulfone fil-
ter, corresponding to ca. 0.4 g of sediment or ca. 0.1 g of white
filaments, using the MoBio PowerSoil DNA extraction kit
(MoBio, Carlsbad) with an additional Proteinase K digestion
and heating at 65°C step as described previously (Meier
et al. 2017).

16S rRNA amplification, sequencing, and analysis

For a detailed description of the 16S rRNA amplification,
sequencing, and analysis, see Supplementary Materials and
Methods.

Metagenome sequencing and analysis

For a detailed description of the sequencing, assembly, bin-
ning, and annotation, see Supplementary Materials and
Methods.

Fluorescence in situ hybridization

Frozen white filaments were thawed on ice and immedi-
ately fixed with 1.5% formaldehyde in 1x PBS (pH = 7.4) at
4°C overnight. Fixed material was filtered on a 0.22 ym

Kelp mineralization pathways on beaches

polycarbonate filter (Millipore). The filter was excessively
flushed with 1x PBS to remove the remaining formaldehyde.
For fluorescence in situ hybridization (FISH), filter slices were
incubated with fluorescently double-labeled oligonucleotide
probes in a 35% formamide containing hybridization buffer
for 3 h at 46°C. The GAM42a probe (Manz et al. 1992) labeled
with two Atto-488 fluorochromes was wused to detect
Gammaproteobacteria cells, and a mix of SFO1112 and
SFO1210 probes (McNichol et al.,, https://osf.io/yts4p/,
accessed on 18 July 2020) labeled with two Atto-594 fluoro-
chromes to detect Sulfurovum cells. Visualization was done on
an Axioplan epifluorescence microscope (Zeiss).

Total cell counts

Sampling was conducted at 6 locations on the kelp-beach
(3 locations below kelp deposits, 3 locations next to kelp
deposits), and 2 locations on the reference beach. Samples
were obtained from O to 2, 2 to 4, 5to 7, and 9 to 11 cm
depth. A volume of 0.5 mL of sediment was fixed using 1 mL
of 2% formaldehyde for 1-1.5 h at room temperature. Samples
were then centrifuged, the supernatant removed, and replaced
by 1 mL 1:1 ethanol:1x PBS. Samples were again centrifuged,
the supernatant removed, and 1 mL 1:1 ethanol:1x PBS added.
The samples were stored at —-20°C until further use.
Ultrasonication was used to remove cells from the sediment
(3% 30 s at 20% power). After each round, 1 mL of supernatant
was removed and replaced by 1 mL 1:1 ethanol:1x PBS. Super-
natant was stored at —20°C. A volume of 50 uL of supernatant
was filtered on polycarbonate membrane filters (pore size of
0.2 um). Cells on the filter were stained with DAPI
Cell counting was conducted under an epifluorescence
microscope.

Nucleotide sequence accession numbers
All sequence data have been deposited in the European
Nucleotide Archive under project number PRJEB36085.

Results

Description of the sampling sites

The kelp-beach and reference beach consisted of predomi-
nantly sandy sediments, mixed with gravel and stones. Sedi-
ments from the Kkelp-beach occasionally had a dark-gray
appearance. The porosity was 0.28 & 0.08 for kelp-beach and
0.26 £ 0.08 for reference beach sediments, respectively. The
unexpectedly low porosity for sands could be due to the pres-
ence of small air bubbles in the sediments. The average TOC
content in Kelp-beach sediments is slightly higher than in ref-
erence beach sediments (0.04% + 0.02% (n = 24) vs. 0.02% +
0.01% (n = 19), equal to 61.9 g Cm~2 vs. 26.2 g C m~2 after
integration over the sample depth of 0-10 cm). Both values
are remarkably low and not statistically different.

Kelp deposits occurred on the kelp-beach during all field
campaigns; however, the amount of material in the deposits
was variable in time and space (Fig. 2a,b). In November 2017,
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Kelp mineralization pathways on beaches

Fig. 2. The kelp-beach with dominantly Laminaria deposits in November 2017 (a) and May 2018 (b). White filaments covering green algae on rocks at
the low tide waterline of the kelp-beach in October 2015, in overview (c) and in close-up (d).

October 2018, July 2019, and August 2019, kelp deposits were
patchy and mainly occurred close to the edges of the beach,
while relatively small amounts were present at the center of
the beach. In October 2015 and May 2018, kelp covered the
whole beach, with 15 m wide, 0.5 m thick deposits. Kelp was
partially fragmented to pieces of down to lengths of centime-
ters to several decimeters. The deposits were usually inhabited
by kelp flies and the beach was occasionally pervaded by an
intense sulfidic smell. Kelp fragments were buried down to at
least 30 cm in the sediment. The investigated deposits were
inundated during high tide and exposed during low tide. In
October 2015, green algae on rocks at the low tide waterline
of the sea adjacent to the kelp-beach were completely covered
with a bloom of white filaments (Fig. 2c,d). Close to the low
tide waterline, the outflowing porewater was milky and had a
strong sulfidic smell. During this field campaign, the weather
was very calm with nearly no wind and waves. On the refer-
ence beach, kelp deposits were absent during all field
campaigns.

In situ geochemical analyses

Concentrations of degradation products of organic material
were elevated within sediments from the kelp-beach, but were
highly variable and within the depth layer investigated, no
trend could be observed. In November 2017, DOC was elevated
by approximately 5 mmol L™! and DIC by 10 mmol L™" in

October 2018 (Fig. 3a,b). In May 2018, $O,42~ concentrations
were ~15 mmol L™ lower in kelp-beach sediments compared to
reference beach sediments (Fig. 3c), and depleted in equal
extent compared to seawater (average kelp-beach seawater SO,
~ concentration is 23.2 + 2.3 mmol L™}, that of reference beach
seawater is 26.3 & 0.3 mmol L™). These lower concentrations
are not due to dilution with freshwater, since porewater CI™
concentrations were similar to those of seawater. Indeed, sulfide
levels were strongly elevated relative to reference beach
porewater levels (by about 10 mmol LY (Fig. 3d), indicating
conversion of SO4%~ to sulfide. The levels of DIC, SO,2, and
sulfide correspond roughly with the stoichiometry of SO4>~
reduction by the oxidation of organic material:

2CH,0 + SO4%~ — H,S + 2HCO5™,

where per mol of reduced S04~ 1 mol of sulfide and two moles
of DIC are produced. In sediments from the reference beach, no
sulfide was detected (Fig. 3d). Sulfide was present in 9 out of 13 sea-
water samples from seawater adjacent to the kelp-beach in May
2018, taken at times when microsensor measurements were made,
in concentrations between 0.05 and 4.27 mmol L™,

Fe(I) was the dominant form of solid-phase Fe in kelp-
beach sediments. Conversely, Fe(Ill) was the main form of
solid-phase Fe in reference beach sediments (Table 2). In sedi-
ments from the Kelp-beach, solid-phase, Fe(Il) was thus
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Fig. 3. Dissolved organic carbon (DOC; a), dissolved inorganic carbon (DIC; b), 504%™ () and sulfide (d) within porewaters from the kelp-beach (°)

and the reference beach ().

quantitatively reduced to Fe(Il), while in the reference beach
sediments net Fe(III) reduction did not occur, at least was much
slower than Fe(Il) oxidation. Dissolved Fe was negligible, com-
pared to the concentrations of solid-phase Fe (Table 2).
Concentrations of the nutrients NH,* and P; were elevated
in porewater of kelp-beach sediments, likely due to kelp bio-
mass degradation. P; could furthermore have been released by
minerals during their reduction. On the other hand,
NO;3;™ + NO,~ concentrations were reduced (Fig. 4), probably
due to denitrification driven by kelp degradation. These fea-
tures were mainly occurring during periods with relatively
high amounts of deposited kelp (May 2018), and were less

pronounced in November 2017, when kelp deposits were not
that extensive. Denitrification was furthermore indicated by
higher N,O concentrations in kelp-beach sediments (Table 2).
Sediments from the kelp-beach also had slightly elevated CH4
concentrations, indicating methanogenesis (Table 2). Nutrient
and DOC concentrations were occasionally high in seawater
adjacent to the kelp-beach (data not shown), with maximum
concentrations of 2400, 30, 85, and 1300 ymol L' for NH,*,
NO;3;™ + NO,7, P;, and DOC, respectively. These concentrations
are 1 to 2 orders of magnitude higher than average concentra-
tions in seawater adjacent to the reference beach for NH,",
NO;3;™ + NO, 7, and P; (May 2018), and 5 times higher for DOC.

Table 2. Solid-phase Fe (Fe(ll) and Fe(lll)) and dissolved Fe (Fe?*), N,O, CH,4, CO and H, concentrations for sediments from the kelp-
beach and sediments from the reference beach. Values are averages over separate profiles, since no trend with depth or location on the

beaches was evident.

November 2017 May 2018 October 2018
Kelp-beach  Reference beach  Kelp-beach Reference beach Kelp-beach Reference beach
Fe(lll) (mmol L™" sed) 17.44 + 56.40 9.25+1.95
Fe(ll) (mmol L™ sed) 127.02+128.81  0.62+0.19
Fe2* (umol L' sed) 4.47 + 4.05 0.86 + 0.08
N,O (umol L™ sed) 0.46 + 0.39 0.13+0.19
CHy4 (umol L™" sed) 4.69 +4.36 1.58 +£1.53
CO (umol L™ sed) 0.18 £0.15 0.09 + 0.07 1.34 £ 0.99 0.51 £ 0.50
H, (umol L' sed) 0.79 £ 0.52 0.53+£0.13 0.50 £ 0.22 0.33 +£0.06
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In situ microsensor measurements in kelp-beach sediments
show highly dynamic O, and pH profiles in response to the
tides (Fig. 5). During low tide, O is depleted within sediments
from the kelp-beach (both below and next to the kelp deposits).
Conversely, during high tide, O, quickly penetrates the surface
sediments by hydraulic forcing. Thus, high diffusive O, fluxes
exist in sediments covered by, or next to, kelp deposits
(4.2x 1078 and 2.1x 1078 mol m~2 s7!). The volumetric O, con-
sumption rate was 3.3x 10~ mol m~ s~!, which would result in
an areal O, consumption rate of 2.7x 10™° mol m~2 s™*. During
low tide, O, did not penetrate the sediments and O, consump-
tion had thus stopped. The pH values during low tide were low,
reaching minima of around 6.7. Seawater coverage quickly ele-
vated the pH in the upper 2.5 cm, indicating rapid water
exchange. The top 3.5 cm of reference beach sediments stayed
oxic at low tide, and the pH values remained close to those in
seawater (7.9). The diffusive O, flux in reference beach sedi-
ments was 2.7x 107'° mol m™2 s™', which was 2 orders of mag-
nitude lower than the diffusive O, fluxes in kelp-beach
sediments. The volumetric O, consumption rate was
3.6x 10 mol m™ s~!, which is one order of magnitude lower
than for kelp-beach sediments. This would result in an areal O,
consumption rate of 1.3x 107 mol m~2 s!, which is 2 times
lower than in kelp-beach sediments.

The porewater $?~ot concentrations are extremely high
within surface sediments from the kelp-beach, reaching max-
ima of more than 15 mmol L! during low tide (Fig. 5). These
levels are comparable to dissolved total sulfide levels measured

by porewater extraction (Fig. 3d). It should be noted that cal-
culations of SZ_tot from pH and H,S profiles are inaccurate in
dynamic conditions, because the alignment of pH and H,S
profiles is uncertain. The $27,¢ concentrations are below
detection limit within sediments from the reference beach. No
H,S was detected in reference beach sediments. The low pH,
high diffusive O, fluxes and O, consumption rates, and high
$27 ¢ levels in kelp-beach sediments indicate high rates of fer-
mentation, aerobic respiration, and SO,4%~ reduction.

Both CO and H, concentrations were elevated within sedi-
ments from the kelp-beach compared to sediments from the
reference beach (Table 2). The CO concentrations were highest
in May 2018, whereas H, concentrations were highest in
November 2017.

CO and H; evolution in laboratory experiments

Net CO and H; formation only occurred in incubations
with Kelp, and their concentrations were inversely correlated
to O, concentrations (Fig. 6). When O, was present in the
headspace, CO was quickly produced. After around 200 h of
incubation, when O, concentrations were as low as
12 ymol L™}, net production ceased. The CO concentration at
that time was 37 ymol L™'. Importantly, no further change in
CO concentration was observed during the anoxic phase. Net
H, production, on the other hand, mainly occurred at low O,
concentrations. The majority of H, production occurred after
72 h, when O, concentrations were below 26 ymol L™!. Both
CO and H; could thus be produced from degrading kelp. Net
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the site, while during low tide, the sites are exposed.

CO production mainly occurs under high O, conditions,
while low O, conditions are needed for significant H, accumu-
lation. No significant net production of either CO or H, took
place within the kelp-free controls.

Calculated production rates within artificial seawater were
converted to production rates within sediment using the poros-
ity of kelp-beach sediment. Sedimentary net production of CO
occurred with a rate of 1.22x 1077 + 0.24x 1077 mol m~> s~
during the first 6 h of incubation. Net H, production rates were
determined during the period of fastest increase (120-264 h).
During this period, sedimentary net H, production was
1.13x 107® £ 0.27x 10" mol m > s™".

$0,42~ reduction rates

The SRR was extremely variable in the Kkelp-beach sedi-
ments, as reflected in the large standard deviation (Table 3).
The lack of a clear trend with depth or location (below
deposits vs. next to deposits) reflected a heterogeneous distri-
bution of kelp fragments. Rates varied with 2 orders of magni-
tude within individual depth profiles and between depth
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Fig. 6. H, (triangles), CO (circles) and O, (squares) concentrations
within incubations with kelp (filled symbols) and within controls (open
symbols).
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profiles (Table 3). All rates for sediments from the reference
beach were below the minimum detection limit of
2.46x 10~ mol m™3 s™! (Table 3).

The average SRR in sediments from the kelp-beach was
3.77x 107° £ 6.34x 107° mol m™> s~ (Table 3; median was
1.25% 107 mol m~3 s'). The SO,2~ turnover time was 13 d,
as calculated by dividing the depletion of SO4*~ per volume
sediment (15 mol depletion m™ porewaterx porosity of
0.28 = 4.2 mol depletion m~> sediment) by the average SRR of
3.77x 107® mol m~3 s,

Addition of kelp leaf fragments to kelp-beach sediments led
to a 20- to 25-fold increase in SRR. In treatments with only kelp,
no SO.4%~ reduction occurred (average counts over the 4 treat-
ments is below the minimum detection limit), and in treat-
ments with only sediment SRR are low (average 0.31x 1076 +
0.12x 10~° mol m~3s~!; median 0.26x 10~° mol m~>s~1). Only
the mixture of kelp leaf fragments and sediment leads to a direct
stimulation of SRR, resulting in an average rate of
7.06x 107° £ 2.49x 10°°* molm™ s ! (median of 8.12x
107° mol m~ s7!). The SO4*~ turnover time calculated using
the average SRR from this experiment (7.06x 10~° mol m~>s™")
and the 4.2 mol depletion m~ sediment is 7 d.

Microbial community composition

In order to assess the effect of kelp deposition on the micro-
bial community composition, we performed 16S rRNA gene
amplicon sequencing of the DNA extracted from different sedi-
ment layers from the kelp-beach and the reference beach. Addi-
tionally, we sequenced the white filaments growing on green
algae on rocks at the kelp-beach low tide waterline and samples
of seawater from the beaches and harbors around the main
island of Helgoland. An overview of the sequencing efforts can
be found in Supplementary Information (Table S1).

We clustered the samples based on the similarity of their
microbial community composition on SWARM-generated
OTU level (Fig. 7). All samples clustered based on the sample
type and location they were coming from.

In general, the community in kelp-beach sediment differed
from that in reference beach sediment by showing higher
average proportions of the fermenters, such as Clostridia (4%
compared to 0.3%), Fusobacteria (3.4% compared to 0.8%), Kir-
itimatiellaeota (4.2% compared to 0.2%), Gracilibacteria (2.3%

Kelp mineralization pathways on beaches

compared to 0.05%), Spirochaetes (3% compared to 0.3%), the
80,2~ reducing Deltaproteobacteria (13% compared to 8%), and
the sulfide-oxidizing Epsilonbacteraeota (17% compared to 3%)
(Fig. 7). In the three deepest layers of kelp-beach sediments,
the methanogenic archaea Methanolobus was present, albeit in
very low proportion (0.02-0.04%).

For samples next to kelp deposits, a clear shift of the micro-
bial community composition with depth was apparent
(Fig. 7). With depth Epsilonbacteraeota (consisting of
Sulfurovum and Sulfurimonas) dramatically decreased (from
40% to 4.5%), while Deltaproteobacteria, Bacteroidetes, Clos-
tridia, Fusobacteria, Kiritimatiellaeota, and Spirochaetes increased
(all together from 23% to 49%; Fig. 7).

No trend with depth and only little variation in microbial
community was detectable in samples from below kelp deposits.
The proportion of Desulfobacteraceae (Deltaproteobacteria)
sequences was constant with depth (12% + 2%). Proportions of
Clostridia, Kiritimatiellaeota, Gracilibacteria, and Spirochaetes were
higher than in reference beach samples but lower than in the
kelp-beach sediment from next to a deposit. The sediment sam-
ples taken below a kelp deposit also had increased proportions
of Thiotrichaceae sequences (10%) and the highest proportions of
Bacteroidetes (24%).

The community of the white filaments had a higher simi-
larity to that of sediment samples from below kelp deposits
than to the communities of reference sediment and seawater
(Fig. 7). The communities of the white filaments were domi-
nated by Thiotrichaceae (on average 32%) and Sulfurovum
(on average 39%) sequences, with only small proportions of
Bacteroidetes (on average 4%), Gracilibacteria (on average
4.8%), and Alphaproteobacteria (on average 4%). The
Thiotrichaceae and Sulfurovum sequences were also found in all
other samples, but in lower relative abundances (not higher
than 7.5% and 21%, respectively). Sulfurimonas sequences
which were co-occurring with Sulfurovum in all other samples
(Fig. 7) were absent from the samples of the white filaments.
Interestingly, the two OTUs constituting the large part of
Sulfurovum sequences in the white filaments (on average 27%)
and the sediment under the kelp deposit (on average 5.8%)
were only found in very low relative abundance in all other
samples (not higher than 3.8%). The most abundant
Sulfurovum OTU in the sediment samples from next to a kelp

Table 3. 5O,* reduction rate (SRR) for sediments from the kelp-beach and the reference beach and from the kelp deposition simula-
tion experiment with sediment from the kelp-beach. Also shown are the minimum and maximum rates for kelp-beach sediments. SRR
within reference beach sediments was below the minimum detection limit (2.46 x 10™° mol m~3s™").

Average SRR (mol m—3s7")

Maximum SRR (mol m—3s7")

Minimum SRR (mol m—3 s

Kelp-beach 3.77x 107+ 6.34x 107°
Reference beach Below minimum detection limit
Experiment

Sediment 0.31x107°+£0.12x107¢

Kelp plus sediment 7.06 x 10764+ 2.49 x 107°

2.23x107° 2.05x 1077
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deposit and in the reference beach samples did not surpass
0.6% in the sediment under the kelp and white filaments.

Detection of Sulfurovum by FISH

We performed FISH with a Gammaproteobacteria-specific
probe (GAM42a) and Sulfurovum-specific probe mix (SFO1112
and SFO1210, McNichol et al., https://osf.io/yts4p/, accessed
on 18 July 2020). We could detect both groups growing as fila-
ments directly next to each other, attached to green algae on
rocks at the low tide waterline (Fig. 8), thus within the oxic
seawater environment.

Genomic potential of filamentous biomass

We sequenced three metagenomes of the white filaments
and performed metagenomic binning to obtain population
genomes (bin metrics in Supplementary Information,
Table S1). Our assembly is representing over 69% of the raw
reads based on read mapping. Over 84% of the assembled
metagenome is in bins with over 50% completeness and less
than 10% contamination (based on CheckM analysis).

We obtained a total of six Sulfurovaceae (according to GTDB
classification) population genomes (81-99% completeness,
1-5% contamination) and compared their genomic potential
to other published Sulfurovum genomes and metagenomic bins
(Fig. 9). The potential for oxidizing reduced sulfur species (sul-
fide: quinone reductase and SOX system encoding genes) as
well as the potential for CO,-fixation via reductive

tricarboxylic acid cycle was present in all genomes. The differ-
ence with published Sulfurovum genomes with respect to the
basic energy generation metabolism seemed to occur on the
electron acceptor side. Our genomes lack the genes for
NO-forming nitrite reductase and nitric- and nitrous-oxide
reductases. Thus, these aerobic sulfur oxidizers cannot perform
denitrification.

Another difference was the presence of a low-affinity Cyto-
chrome C oxidase (aa3, Type A2), which was not found in
most of the other genomes, except Sulfurovum sp. isolated
from marine sediment, Sulfurovum genome from a surface bio-
film in the Frassassi caves, a mine drainage run-off meta-
genomic bin and in one of the hydrothermal genomes.
However, all Sulfurovum genomes also encoded genes for the
high-affinity Type-C (cbb3) terminal oxidase.

Another gene unique to the Helgoland bins was encoding a
Ferritin-like antioxidant protein hinting at an increased ability
of tolerating exposure to O,.

Total cell counts

The amount of cells on the kelp-beach was not much
higher than on the reference beach (2.18x 10® + 5.33x 107
cells cm™ sediment compared to 1.82x 10® + 2.63x 107 cells
cm~3 sediment). Considering the big difference in rates of
microbially mediated processes, this small difference in cell
numbers suggests that the microbial community at the kelp-
beach is more active.
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SFO1210 (red)

a (green)
DAPI (blue)

Fig. 8. Fluorescent microscopy images of sulfur-oxidizing bacterial filaments attached to the green algae. The cells are labeled with
Gammaproteobacteria- (GAM42a; in green), and Sulfurovum-specific (SFO1112 + SFO1210; in red) rRNA probes. DAPI signals are shown in blue.
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Fig. 9. Basic genomic potential of the Sulfurovum-related bins in comparison to other sequenced Sulfurovum genomes and metagenomic bins (Meier
et al. 2017), with project accession number PRJEB15554. The comparison was mainly based on presence-absence of orthologous clusters based on Egg-

NOG annotation and cross-checked with the other annotation sources: BLAST vs. (point behind the s) Uniprot, RAST, Pfam. For the Sulfurovum UBA1140
genome genes were predicted and annotated de-novo. All annotations can be found in Supplementary Information (Table S3).

Discussion to mixing of fresh and decayed organic material. Kelp frag-
Kelp deposits that are not swept back out to sea by the next ments are composed of both labile and refractory compounds,
tide become partly buried, decomposed, and eventually het- which are degraded at different rates. Intertidal zones are

erogeneously distributed as fragments over the beach surface dynamic systems, in which changes in hydration, temperature
and within the sediment. Burial of kelp fragments thus leads and salinity can be large and fast. All these factors will lead to
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a high variability in decomposition rates. Laboratory measured
rates must therefore be seen as approximates of rates occurring
in situ.

Kelp deposition is the main factor in shaping the composi-
tion and function of the microbial communities at the kelp-
beach and the main cause of the observed differences between
the two studied beaches. The sediment characteristics were
nearly identical (Supplementary Information, Table S2), and
can thus not be the main determinant for the different geo-
chemistries. The dominant winds around Helgoland are west-
southwesterly (Siegismund and Schrum 2001), and the resid-
ual currents are north-south oriented (von Haugwitz
et al. 1988). The kelp-beach faces northwest and the reference
beach southeast. The kelp-beach is adjacent to rocky seafloor
covered with kelp forests (Uhl et al. 2016). The reference
beach does not face a large kelp forest (Uhl et al. 2016) and
wind and current directions are not oriented toward the
beach. Therefore, the kelp-beach is regularly covered with
kelp, while the reference beach is not, thus kelp deposits are
the main determinant for the distinct geochemistry of the
kelp-beach.

Although the heterogeneity of the sediments was reflected
in the geochemical data that showed very large standard devi-
ations and scattered trends with depth, our data demonstrated
that the presence of kelp deposits strongly enhanced microbial
degradation processes. Furthermore, the release of reduced
material was so large that it cannot be oxidized locally, driving
a sulfuretum in the adjacent sea. Such phenomena are
restricted to beaches near rocky coasts, as kelp needs a hard
substrate to attach. This study extends the knowledge on min-
eralization pathways of kelp deposited on beaches, as it com-
bines both geochemical and microbial community data, and
shows that kelp deposition leads to unique conditions. Espe-
cially, the high SO,*~ reduction can induce high concentra-
tions of free sulfide, even in the oxic parts of the ecosystem.
This in turn leads to a distinct microbial community within
sediments and on solid surfaces in the adjacent sea. Fragmen-
tation by physical forces and macro- and meiofauna will facili-
tate and stimulate the subsequent microbial processes, of
which hydrolysis, fermentation, aerobic respiration, Fe reduc-
tion, and SO4%~ reduction will be discussed sequentially.

Hydrolysis and fermentation processes

Elevated DOC levels plus the strongly enhanced consump-
tion of electron acceptors indicated that hydrolysis was active
and extremely fast. Active fermentation was demonstrated by
the low pH, much lower than can be explained by CO, pro-
duction during aerobic respiration alone. COycalc is a program
for calculations on the DIC system, which relates a suite of rel-
evant input parameters to determine the concentration and
speciation of the DIC system. COjcalc v. 2.1.0 (Robbins
et al. 2010) was used to assess the change in pH as a result of
CO, production by aerobic respiration. First, the total CO,
concentration in the kelp-beach porewaters was calculated to

Kelp mineralization pathways on beaches

be 2.23 mmol kg™'. Subsequently, the pH was calculated for a
situation in which all O, is consumed and thus an equal
amount of CO, is released. This total removal of O, and thus
increase in CO, equals 0.21 mmol kg™, leading to a new total
CO; concentration of 2.44 mmol kg™'. Input of this new total
CO, concentration resulted in a pH value of 7.58, which is
thus the value that is induced by aerobic respiration. As
porewater may be more strongly buffered than seawater, the
actual decrease by respiration may even be overestimated.
SO4% reduction will not lead to a further decrease (Soetaert
et al. 2007). Furthermore, sulfide oxidation will not be of
importance, as the sediments are anoxic. Hence, the only pro-
cess that can drive the pH down to 6.7 is the production of
organic acids by fermentation.

Elevated hydrolysis and fermentation within kelp-beach
sediments is furthermore supported by the higher abundances
of polymer hydrolysers like Bacteroidetes and fermenters like
various Clostridiales, Psychrilyobacter, Kiritimatiellaecota, and Spi-
rochaetes (see https://lpsn.dsmz.de, accessed on 18 July 2020)
in kelp-beach sediments.

SO4* reducing bacteria cannot use complex and large
organic molecules, and these kelp-derived molecules must
thus first be hydrolysed and fermented to e.g., volatile fatty
acids and H,. Fermentation is therefore an important interme-
diate process in this environment, as $0,4%~ reduction occurs
extensively.

The pathway of electron transport from fermentation to
SO4%~ reduction via DOC was considered to be significant,
since fermentation occurred intensively, and DOC concentra-
tions in porewaters were high (up to 8.9 mmol L™).

Aerobic respiration

It appeared to be difficult to determine aerobic respiration
reliably, as the transport mechanisms could not well be con-
strained. The O, fluxes determined from the profiles assuming
diffusion as transport process underestimated the aerobic respi-
ration, as also advective transport will occur. Conversely, the
areal O, consumption rates determined from the volumetric
rates and the penetration depth overestimated the aerobic respi-
ration, as the sediments were homogenized and sieved, hence
also strongly reduced deeper sediments, that normally would
not be in contact with O, were taken into the calculation. Fur-
thermore, in situ, the kelp deposits could physically restrict
advective transport of seawater and thereby O, into the sedi-
ments, leading to a lower penetration depth. O, only penetrated
the kelp-beach sediments during inundation. Thus, the rates
were corrected for the inundation time of 16 h d™'. The diffu-
sive O, flux was 2.8x 107® mol m~2 s~! (below a kelp deposit)
and the areal O, consumption rate was 1.8x 107 mol m—2s~'.

Diffusive O, fluxes within kelp-beach sediments were
enhanced by two orders of magnitude compared to reference
beach sediments, and the areal O, consumption rate is 1.4
times higher, which results in rapid depletion of O,. During
low tide, O, penetration was low, while during high tide O,
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penetrated the sediments by hydrodynamic forcing (Werner
et al. 2006). Therefore, aerobic respiration could only occur
during high tide.

The O, microprofiles were measured during a period with
extensive kelp deposits (~0.5 m thick and covering a large
part of the beach surface), and aerobic respiration rates were
thus likely relatively high compared to rates during other
times of the year. Based on the microbial community compo-
sition profile, the microorganisms likely responsible for fast
O,-consumption were Bacteroidetes, which are known to
degrade complex plant- or algae-derived sugar polymers (see
https://Ipsn.dsmz.de, accessed on 18 July 2020) and sulfide-
oxidizing Epsilonbacteracota, which were present in very high
relative abundances in upper sediment layers. These micro-
bial clades showed massively increased relative sequence
abundances in kelp-beach sediments compared to reference
beach sediments.

Aerobic respiration can be a proxy for the sum of all miner-
alization processes occurring within sediments (Canfield
et al. 1993), as O, is used in aerobic respiration and in the
reoxidation of the products of anaerobic respiration (e.g., Fe?*,
H,S, CHy). In this study, this is clearly not the case. Reduced
intermediates escape to the atmosphere and the sea, as
evidenced by a strong sulfidic smell, the presence of sulfide
oxidizers at the low tide waterline, and the occasionally high
concentrations of nutrients, DOC, and sulfide in seawater.
Also CH,4 is expected to escape from the sediments to the
atmosphere. These reduced products of anaerobic respiration
are thus not reoxidized locally by O, and aerobic respiration
does not represent the sum of all mineralization processes.

Fe reduction

The Fe chemistry of the kelp-beach was completely differ-
ent from that of the reference beach. In kelp-beach sediments,
Fe(Ill) is converted to Fe**, which may subsequently precipi-
tate as FeS and FeS,. The Fe cycling is thus tightly linked to
$0,4>~ reduction. Our extraction method does not extract the
Fe(Il) present as FeS,, and the pool of Fe(Il) within the sedi-
ments is thus underestimated. The absence of Fe(Ill) below
kelp deposits points to a very strong Fe reduction potential.
The regular physical forcing by storms will expose these
reduced sediments to O, resulting in reoxidation of the Fe sul-
fides. Fe reduction is probably not an important process in
kelp degradation, but its role as sulfide scavenger makes the
process important in this environment.

$0,42~ reduction

The composition of the microbial community in kelp-
beach sediments appears optimized for efficient kelp degrada-
tion. The sediment below a kelp deposit as well as deeper
layers of sediments next to a deposit showed increased rela-
tive proportions of SO,*~ reducing deltaproteobacterial cla-
des such as Desulfobacterales and Desulfuromonadales (see
https://lpsn.dsmz.de, accessed on 18 July 2020) indicating an

Kelp mineralization pathways on beaches

enhancement of SO,?~ reduction induced by the kelp-

derived organic material. This community composition is
likely driven by regular sudden depositions of kelp, and
enables rapid and efficient hydrolysis of large amounts of
organic material, leading to stimulated SO, reduction. Only
the mixing of kelp fragments into sediment, however, results
in high SRR. SO~ reduction was absent in treatments with
only kelp (Table 3). Thus, the stimulation of SO,*~ reduction
is not driven by microorganisms on the kelp itself, but by the
microbial community in kelp-beach sediments.

Consistent with bacterial distributions and the kelp depo-
sition simulation experiments, the in situ SRR were greatly
stimulated by the presence of kelp deposits. The average SRR
were comparable to SRR reported for sandy intertidal sedi-
ments with high contents of organic material (Kristensen
et al. 2000), but also exhibited variability in volumetric rates
of up to one order of magnitude around the average
(Table 3). We observed an average depletion of about
15 mmol L™' SO, in the kelp-beach sediment porewaters
relative to the reference beach (Fig. 3c). Approximately 13 d
would be required to deplete SO,>~ by this amount given the
average SRR observed for the kelp-beach sediments. This
appears to be longer than the expected residence time of por-
ewaters for beach sediments (2-8 d) as reported for Catalina
Island (Colbert et al. 2008), which is also surrounded by kelp
beds. Our reported SRR may, therefore, be underestimated.
The SRR were determined in October 2018, when both kelp
availability and temperatures were significantly lower than
in May 2018, the period of the SO,*~ and sulfide measure-
ments. Higher temperatures and availability of degradable
organic material lead to higher SRR in marine surface sedi-
ments (Kristensen et al. 2000). The kelp deposition simula-
tion experiments yielded SO4*~ turnover times of only 7 d.
Moreover, under conditions where sulfide oxidation can
occur, especially in the presence of Fe oxides formed upon
sediment oxygenation during mixing and porewater advec-
tion events (both in situ and in the incubation experiments),
rapid sulfide oxidation may lead to substantial underestima-
tion of SRR (Moeslund et al. 1994).

Methanogenesis

It is generally accepted that methanogens are outcompeted
by SO,>~ reducers, due to competition for H, and acetate
(Sansone and Martens 1982). As indicated by slightly elevated
CH,4 concentrations, deposition of kelp fragments, and thus
degradable organic material, relieves methanogens from com-
petition. High DOC concentrations in porewater (up to
8.9 mmol L™!) show that indeed sufficient substrate is avail-
able. Supporting the occurrence of methanogenesis, we have
found sequences of likely methylotrophic methanogenic
Methanolobus archaea (see https://lpsn.dsmz.de, accessed on
18 July 2020), but only in the three deepest layers of sediment
of the kelp-beach.

3080

56


https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/

Chapter 2

van Erk et al.

Aerobic respiration vs. S0, reduction rates

The ratio of aerobic respiration rates and SRR is relevant as
aerobic processes can remove the products of anaerobic degra-
dation, like sulfide. The uncertainty of the areal O, consump-
tion rates complicates the assessment which process is most
important. The aerobic processes only can occur during high
tide, but SO4%~ reduction continued during low tide, as SO4>~
was never depleted. The estimation of the areal SRR from our
measurements within the top 10 cm (3.8x 10~ mol m~2 s ')
strongly underestimated the areal SRR, as SO,>~ reduction
occurred probably even to 1 m depth (the level of the low
water line), hence the areal SRR may be underestimated by an
order of magnitude. Previously, high SRR were found to occur
to the level of the low water line in an intertidal sand flat,
below which the rates decreased (Schutte et al. 2019). The
areal SRR was 13.4 times higher than diffusive O, fluxes, but
4.6 times lower than areal O, consumption rates. However, as
the areal SRR were probably about 10 times underestimated,
the areal SRR may have been an order of magnitude higher
than the areal O, consumption rates.

Also, the leakage of reduced products either next to, or
through the oxygenated surface sediments, indicates that
$0,>~ reduction could be more important than found previ-
ously in intertidal flats and sandy beaches of the North Sea
(Werner et al. 2006). We conclude that organic carbon
remineralization in kelp deposits on sandy beaches is primar-
ily driven by SO,*~ reduction, and not aerobic respiration.

CO and H, dynamics

Higher concentrations of both CO and H, in kelp-beach
compared to reference beach sediments indicate a production
related to kelp decomposition. Our laboratory experiment
showed that net CO formation from kelp mainly occurs when
O, is available, as expected (Conrad and Seiler 1985). There-
fore, the process of CO production is only of potential impor-
tance during high tide, which is when O, penetrates into the
sediments. Net H, production only occurs when conditions
are anoxic, thus during low tide. However, whereas CO was
indeed formed under oxic conditions, it was not consumed
during the subsequent anoxic phase (Fig. 6). The absence of
anaerobic CO consumption indicates that the H, is probably
not originating from CO disproportionation. Instead, the H,
measured in the sediments is likely formed by fermentation
processes. Sequences of microorganisms related to known
H,-producing fermenters like Psychrilyobacter (see https://lpsn.
dsmz.de, accessed on 18 July 2020) were detected in increased
relative abundances in kelp-beach sediments. The pathway to
SRR via CO is likely not of major importance, since even if all
O, would be used for CO production, this would not be able
to fuel the very high SRR we measured.

Reduced compounds in the environment
Reduced compounds accumulate in kelp-beach sediments
during low tide. During these periods of exposure, there is no

Kelp mineralization pathways on beaches

advective input of oxygenated seawater. O, is quickly
depleted, and concentrations of DOC, DIC, sulfide, % o,
N,O, CHy, and the nutrients NH,* and P; are high. We cannot
explain the low TOC content of the kelp-beach sediment,
which is almost equal to that of the reference beach sedi-
ments. The biodegradability of the TOC in kelp-beach sedi-
ment must have been much higher than that of the TOC in
reference beach sediment. Although sulfide concentrations are
high, they are lower than expected based on the stoichiometry
of S04~ reduction. The observed decrease of SO~ concentra-
tions of about 15 mmol L™' would lead to the production of
an equal amount of sulfide. However, sulfide concentrations
reach average concentrations of about 10 mmol L™, Since we
proposed that SO~ reduction is the dominant process
removing SO4>~ from the porewaters, the discrepancy between
SO4>~ depletion and sulfide accumulation is likely caused by
removal of the produced sulfide. Several processes could be
responsible for the sulfide removal. One is the production of
Fe sulfides, which are indeed present in elevated concentra-
tions within kelp-beach sediments. Also, sulfide-oxidizing Sul-
furimonas, Sulfurovum, and Thiotrichaceae occur in higher
abundances within kelp-beach sediments than in reference
beach sediments. Surprising is the large abundance of Sul-
furimonas and Sulfurovum that are typical inhabitants of
hydrothermal vent systems (Inagaki et al. 2004; Mino
et al. 2017).

Sulfide that is not removed from the sediments by Fe sulfide
precipitation or reoxidation escapes the sediments and reaches
the atmosphere or sea. Incomplete removal of sulfide led to an
intense sulfidic smell and the detection of sulfide within adja-
cent seawater, which enabled massive filamentous growth of
sulfur-oxidizing bacteria on green algae on rocks at the low tide
waterline. Surprisingly, these white filaments were not only
made up of sulfur-oxidizing Gammaproteobacteria known from
terrestrial and coastal environments (Salman et al. 2013), but
also Epsilonbacteraeota from the family of Sulfurovaceae. The FISH
analysis showed that both were exhibiting filamentous morphol-
ogy and were growing directly next to each other. Sulfur-
oxidizing Epsilonbacteraeota like Sulfurovaceae are mostly known
from micro-oxic and anoxic habitats (Nakagawa et al. 2005;
Meyer et al. 2013). Filamentous growth of Sulfurovaceae was also
observed in sulfidic streams of Frassassi caves (Hamilton
et al. 2015). However, in all these environments, they were
found to oxidize reduced sulfur compounds via denitrification
or aerobic respiration by means of high-affinity cbb3-type termi-
nal oxidases adapted to low O, concentrations. The carbon fixa-
tion pathway utilized by Epsilonbacteraeota (reductive
tricarboxylic acid cycle) is considered to be O, sensitive due to
involvement of ferredoxins that can be oxidized easily
(Campbell et al. 2006). It was very surprising to find these organ-
isms abundantly growing on surfaces exposed to high O, con-
centrations. Remarkable is also that they have lost the genetic
capacity for denitrification, which must be an adaptation to
the oxic environment. Notably, the species (OTUs) forming the
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white filaments did not surpass 1% relative abundance in the
sediments. Instead, sediment samples were dominated by other
Sulfurovaceae species, which are probably more adapted to low
O, environments.

Kelp deposition enriches a rare sulfur-oxidizing Sulfurovaceae
species adapted to oxic environments. A brief analysis of the
genomic potential and comparison to other Sulfurovaceae
genomes showed that the genomes of filament-forming
Sulfurovaceae populations encoded low-affinity aa3-type termi-
nal oxidases absent from the vast majority of reference
genomes. As also no denitrification genes were found, these
filament-forming Sulfurovaceae species are adapted to aerobic res-
piration at high O, concentrations. A gene unique to the Helgo-
land genomes was encoding an anti-oxidative protein, hinting
at further unique adaptation to high O, levels. All denitrifica-
tion genes (e.g., for nitric- and nitrous-oxide reductases) found
in the metagenome were associated to Gammaproteobacteria.
However, the Helgoland Sulfurovum genomes encoded a
NO-detoxifying dioxygenase. This might be a hint that
although they cannot denitrify themselves, they might be
adapted to co-exist with NO-evolving incomplete denitrifyers.

The microbial community composition showed clear strati-
fication by depth only in the kelp-beach sediments, yet not
underneath the deposits themselves. As typically in sediments,
the microbial community stratification seems to reflect the dif-
ferent O, levels with SO42~ reducers and anaerobic organisms
more abundant in the lower and sulfide oxidizers and aerobic
microorganisms more abundant in the upper layers. While the
lack of stratification at the reference beach is likely caused by
high permeability and resulting oxygenation of the sediment
combined with low respiration rates, underneath the kelp the
lack of stratification is likely caused by the lack of O, penetrat-
ing the sediment from above.

Further research is needed in order to elucidate the main
substrates for SO42~ reducers. One of the steps would be to
focus on obtaining a more detailed view of the heterotrophic
microorganisms associated with kelp-beach sediments, and
investigate who are the specialized kelp degraders present. It
would furthermore be of importance to find the hydrolysis
products, and test their effects on aerobic respiration and SO4>~
reduction.

Conclusions

Although sandy beaches are very dynamic systems with fast
and large changes in hydration, temperature and salinity, the
intense degradation of kelp deposits leads to distinct changes
in biogeochemical conditions and microbial community com-
position in the underlying sandy sediments. The major pro-
cesses driving these changes are highly increased fermentation
and SO,*~ reduction. We found that the sum of degradation
processes in sandy sediments is not reflected in the total respi-
ration rate, as these sediments are an open system where
reduced compounds are washed out before they are completely

Kelp mineralization pathways on beaches

oxidized. The export of intermediates and sulfide from kelp
deposits leads to a spatial separation of SO4*~ reduction and
sulfide oxidation. The described conditions select for a micro-
bial community composition that is highly optimized for deg-
radation of large amounts of kelp. It is ready to instantly start
kelp degradation and able to efficiently utilize the resulting
large amounts of reduced compounds.
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Chapter 3

Abstract

We investigated the potential adaptation of microbial communities in sandy intertidal sediments
to kelp-derived carbohydrate substrates. Oxygen microsensor and radiotracer (**S) methods were
used to determine which substrates boost the dominant respiration pathways in this intertidal
environment, i.e. aerobic respiration and sulfate reduction. Our results show that both aerobic
respiration and sulfate reduction directly increase by addition of carbohydrates. Respiration rates
were strongly stimulated by carbohydrates present in kelp (fucoidan, mannitol, alginate,
laminarin). Carbohydrates not present in kelp (agar, carrageenan, glycogen) provoked a much
lower response. Thus, the communities in the sand were specialized to degrade the specific mix
of carbohydrates from kelp. Moreover, often polysaccharides from kelp provoked higher aerobic
respiration rates than low molecular weight substrates (glucose, acetate, fructose). This could
indicate bacterial selfish uptake of polysaccharides. Kelp-derived substrates were transported
deep into the sediments, at least to 20 cm depth. Aerobic respiration and sulfate reduction rates
were up to two orders of magnitude higher in these highly active sediments than in reference sites
without kelp deposition, however the saccharide pool sizes were nearly equal. Hence, turnover
rates of organic matter are much higher than on reference sites. Thus, the microbial communities

in sandy intertidal sediments with kelp deposition are adapted to instantly use kelp biomass.
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Chapter 3

Introduction

Intertidal sediments bordering kelp forests are prone to sudden and large depositions of kelp
detritus, which provide energy substrates for the microbial communities in the beach sediments.
Forests of kelp, brown macroalgae, are highly productive environments that occur along many
temperate hard-bottom coasts (Mann 1973, Steneck et al. 2002). Storms and wave action can
detach kelp from the seafloor and bring kelp fragments towards the shore. Here, deposition leads
to high concentrations of degradable organic matter (Krumhansl| and Scheibling 2012). These
wrack deposits are biogeochemical hot spots with increased CO- fluxes (Coupland et al. 2007).
Microorganisms are the main degraders of kelp-derived organic matter in intertidal sediments
(Koop and Griffiths 1982, Koop et al. 1982). Kelp carbon is an important constituent of the food
web, with contributions in several trophic levels (Duggins and Estes 1989, Tallis 2009, Queirds et
al. 2019).

The kelp dry biomass is primarily composed of carbohydrates (Schiener et al. 2015). The
carbohydrate composition of kelp depends on many factors such as species, environmental
factors, maturity, and season (Zimmerman and Kremer 1986, Murakami et al. 2011, Schiener et
al. 2015, Forbord et al. 2020). The main carbohydrate in kelp is alginate, while laminarin, mannitol
and fucoidan are also substantial constituents (Usov et al. 2001, Schiener et al. 2015).
Carbohydrates in macroalgae have different biological roles, such as to provide structural support
or to serve as energy storage. After kelp deposition, carbohydrates become available to intertidal
communities via fragmentation and/or release in mucilage (Linley et al. 1981). Since
carbohydrates are quantitatively important constituents of kelp (up to 84% of the dry weight
(Schiener et al. 2015)), they are likely to play an important role in carbon turnover in intertidal

permeable sediments subjected to kelp deposition.

Carbohydrates are a significant fraction of dissolved and particulate organic carbon (DOC and
POC) in seawater and sediments (Hedges 1992, Hedges et al. 2001, Eglinton and Repeta 2006,
Hansell 2013). The main carbohydrate producers in the ocean are microalgae and macroalgae.
Carbohydrates consist of polysaccharides, oligosaccharides, disaccharides and
monosaccharides. Polysaccharides consist of multiple linked monosaccharides that cannot be
taken up by bacteria directly. Instead, polysaccharide uptake requires partial hydrolysis to sizes
sufficiently small to be transported across the cell membrane (Weiss et al. 1991, Reintjes et al.

2017). Hydrolysis is thus the first step in polysaccharide degradation. Extracellular enzymes are
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substrate specific, and therefore the capability to utilize different carbohydrate substrates is
determined by the repertoire of genes coding for carbohydrate-degrading enzymes present in the
genomes of the microbial community. The complete breakdown of large and/or complex
substrates requires many different enzymes. Enzyme production and activity is tightly regulated
via the presence of the particular substrate, and via end-product inhibition. Changes in substrate
availability lead to active responses of bacterial enzyme production and enzyme activity (Boetius
and Lochte 1996, Boer et al. 2009, Thornton et al. 2010).

The degradability of organic matter does not only depend on the structure of the substrate, but
also on the capability of the microbial community to degrade it. Differences in degradation of the
same substrate exist between pelagic and benthic environments (Arnosti 2000), onshore and

offshore environments (D'Ambrosio et al. 2014), and biogeographic areas (Arnosti et al. 2011).

The range of substrates present in an environment shapes the microbial community. When
different carbohydrates are available in an environment, communities with associated
carbohydrate-degrading enzymes targeting those substrates can use them as energy source,
overgrowing other microbes whose genomes do not contain the enzymes to target the substrates.
Organisms may specialize on the production of specific enzymes. As producing extracellular
enzymes represents an energy cost, organisms may not focus on substrates that are not common
in their habitat. This results for example in differences of degradability of substrates between
benthic and pelagic communities in the oligotrophic deep-sea. Communities in the deep-sea
sediment could degrade refractory compounds readily, but a lag did exist for more labile
compounds which are already degraded within the water column, and therefore usually do not
reach the sediment (Boetius and Lochte 1994). Also, a lower diversity of substrates available for
microbial communities in high-latitude environments leads to the capacity to access a more limited

range of substrates than low-latitude microbial communities (Arnosti et al. 2011).

Anaerobic respiration occurs via a chain of reactions involving a consortium of microorganisms
(Gottschalk 1986): hydrolysis, fermentation, and the terminal respiration process to CO,. One
example of anaerobic respiration is sulfate reduction, where sulfate-reducing bacteria depend on
the activity of hydrolytic and fermentative bacteria. Hydrolysis is often seen as the limiting step,

but this is not always the case (Arnosti 2004).
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Sandy beaches are proposed locations of intensified degradation of recalcitrant compounds
(Misic and Fabiano 2005). Around 5% of single isolated strains from the surface layer (0-1 cm) of
a sandy beach showed potential enzymatic activity of phosphatases, esterases, lipases,
proteases and glucosidases (Mudryk and Podgérska 2006). The degradation of lipids, proteins,
and DNA was most common, but also glycolysis of complex carbohydrates is a source of energy
(Podgodrska and Mudryk 2003, Misic and Harriague 2007, Mudryk et al. 2011). Sandy intertidal
sediments are low in bacterial numbers and organic matter content compared to their muddy
counterparts (Jickells and Rae 1997, Llobet-Brossa et al. 1998), but are highly active (De Beer et
al. 2005). Advection dominates in these sediments, leading to high input of electron acceptors
and dissolved and particulate organic matter and high degradation rates (Huettel and Rusch
2000). Sandy intertidal sediments are extremely dynamic environments, caused by processes as
advection, storms and waves. Redox conditions change on short timescales, so does organic
matter availability (Huettel and Rusch 2000, Werner et al. 2006, Jansen et al. 2009). The

community in sandy sediments must be adapted to these dynamics.

Here, we studied the potential adaptation of a beach sand microbial community to regular input
of large amounts of degradable organic matter, here in the form of kelp. We hypothesized that
the community is adapted to substrates often encountered within the environment. We analyzed
the substrates that are present in the sediment and kelp. We used microsensor and radiotracer
(*S) methods to determine the influence of specific substrates on aerobic respiration and sulfate
reduction, the dominant terminal respiration processes in coastal marine sediments (Jgrgensen
1982). Substrates were selected based on their availability in the environment, and their chemical

structure.

Material and methods

Sampling

The two sampling locations were on the main island of Helgoland, located around 60 km from the
mainland of Germany in the North Sea (54°10°57°N; 7°53°07°E). Sediment, kelp and seawater
were sampled during three sampling periods in 2019 and 2020 (August 2019, November 2019,
and September 2020) on two beaches. The first beach, hereafter kelp-beach, was located on the
northern edge of the island, and was characterized by regular input of large amounts of kelp,
mainly Laminaria species. During all sampling periods, kelp debris was present on the beach

surface, mainly concentrated at the last high waterline. The second beach, hereafter reference
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beach, was located on the eastern part of the island and is not characterized by regular large kelp
depositions. Sediments on both beaches were permeable, consisting of coarse sands. The
samples taken in August 2019 and November 2019 were used for oxygen consumption
measurements. Samples taken in September 2020 were used for sulfate reduction rate

measurements and total dissolved carbon, dissolved inorganic carbon, and saccharide analyses.

Density and porosity
Density was determined by weighing a known volume of wet sediment. Samples for porosity were
dried at 60 °C until constant weight, and porosity calculated using the sediment density and dry

weight.

Dissolved carbon measurements

Porewater was sampled at 0 and 4 cm depth in September 2020 at both beaches using Rhizon
samplers (average pore size 0.15 uym, Rhizosphere Research Products) on 5 locations, and
transferred to 2 mL Zinsser vials (dissolved inorganic carbon; DIC) which were filled without
headspace, and to combusted (4 h at 450 °C) glass vials (total dissolved carbon; TDC). Samples
were transported cooled to the laboratory in Bremen, where they were stored at 4 °C (DIC) and
-20 °C (TDC). DIC was analyzed using flow injection analysis (Hall and Aller 1992). TDC was
measured via thermal catalysis using a DIMATOC® 2010 K1, with potassium hydrogen phthalate

as standard. Dissolved organic carbon (DOC) was calculated as TDC — DIC.

Monosaccharide quantification and polysaccharide microarray analysis

Carbohydrate extraction

Sediment samples were taken at 0, 4, 8 and 20 cm depth at the kelp-beach on 3 locations, and
at 0 and 4 cm depth at the reference beach on 1 location using 15 mL centrifuge tubes. Sediment
samples were transported cooled and stored at -20 °C in the laboratory in Bremen. Kelp was
sampled from the beach surface and rinsed with tap water in the laboratory on Helgoland,
transported cooled and stored at -20 °C in the laboratory in Bremen. A subset of porewater
samples from section ‘Dissolved carbon measurements’ (2 locations at 0 and 4 cm depth, both

for the kelp-beach and the reference beach) were also analyzed.

Both sediment and kelp samples were freeze-dried. Freeze-dried kelp was subsequently

homogenized and the Alcohol Insoluble Residue procedure was performed on the homogenized
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sample. Pure ethanol (99.9% ethanol) was added in a volume 6 times that of the volume of kelp.
The sample was then vortexed and rotated for 10 minutes at room temperature, spun down at
4000 rpm for 15 minutes, and the supernatant discarded. This procedure was repeated with
chloroform:methanol (1:1) (4 times), and pure acetone. The resulting kelp pellet was left to air dry

at room temperature overnight.

Kelp and sediment samples were homogenized using a spatula. For each sample, about 90 mg
of freeze-dried sediment or 20 mg of freeze-dried kelp was transferred in triplicates to 2 mL
Eppendorf tubes. Carbohydrates from the samples were sequentially extracted with three
solvents in the following order: autoclaved MilliQ water, 400 mM EDTA (pH 7.5) and 4 M NaOH
with 0.1% w/v NaBH., which release water soluble, anionic, and water insoluble polysaccharides,
respectively. For every 10 mg of sediment sample, 30 yL of solvent was added to the tube
(carbohydrate extractions were thus normalized by sample dry weight). In the case of kelp, for
every 10 mg of kelp sample 300 pL of solvent was added. After addition of the solvent, the
samples were vortexed, placed in a sonication bath for 1 hr and centrifuged at 6000 x g for 15
minutes. The extracts (supernatant) were collected in 1.5 mL Eppendorf tubes and the pellets
were re-suspended in the following extraction solvent using the same procedure. All three

extractions occurred on the same day.

Monosaccharide analysis

Porewater and the MilliQ extracts for sediment and kelp samples were used for saccharide
analysis, which were measured in the form of monosaccharides. Carbohydrates present in the
samples were hydrolysed with acid into monosaccharides. This analysis thus includes
monosaccharides present as monosaccharides, but also those present as larger saccharides. For
sediment MilliQ extracts and porewater samples, 110 uL of the sample was mixed with 110 pL 2
M HCI in a glass ampule. Kelp MilliQ extracts (1 uL) were diluted with MilliQ (499 pL) prior to
mixing with 2 M HCI (500 pL) in a glass ampule. Ampules were then incubated at 100 °C for 24
hrs and after the acid hydrolysis samples were stored at 4 °C until analysis. A volume of 200 pL
of the acid hydrolysis was dried in a SpeedVac (Christ GmbH) at 37 °C at 1300 rpm for 2.5 hrs.
After drying, the samples were resuspended in 100 yL MilliQ (200 pL for kelp samples) and
vortexed in a thermoshaker at 25 °C and 1000 rpm. Standard monosaccharide mixtures at
different concentrations (from 10 to 1000 ug/L), which were used as reference for identification
and quantification, were prepared in 1 M HCI following the same procedure. All samples were

then centrifuged at 14800 rpm for 2 minutes, diluted ten-fold, and a volume of 90 uL of the
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supernatant was transferred to HPLC vials. Neutral, amino and acidic monosaccharides were
quantified using high performance anion exchange chromatography (HPAEC) using a Dionex
ICS-5000" system with pulsed amperometric detection (PAD) equipped with a CarboPac PA10
analytical column (2 x 250 mm) and a CarboPac PA10 guard column (2 x 50 mm). The followed
protocol has been described previously (Engel and Handel 2011). System control and data
acquisition used Chromeleon v7.2 software (Dionex). Separation of neutral and amino
monosaccharides occurred via an isocratic flow of 18 mM NaOH for 20 min. Thereafter, a gradient
of 200 mM Na acetate separated the acidic monosaccharides. The dilution series of the standard
monosaccharide mixture were used for quantification. Porewater samples were diluted 60-fold

with MilliQ water due to the high salinity in these samples.

Carbohydrate microarray analysis

MilliQ, EDTA and NaOH extracts from all sediment samples as well as from the kelp samples
were analyzed by carbohydrate microarrays. Each extract (30 uL) was added into a well of a
384-microwell plate diluted 2-fold in printing buffer (55.2% glycerol, 44% water, 0.8% Triton
X-100) followed by a further 2-fold dilution in printing buffer. A microarrayer (Sprint, Arrayjet,
Roslin, UK) was used to print the plates content onto nitrocellulose membrane with a pore size of
0.45 ym (Whatman). Printing was done at 20 °C and 50% humidity. A printing replicate per each

sample was included.

Once microarrays were printed (all being identical and containing all of the extracts), they were
blocked for 1 h in phosphate buffered saline (PBS) with 5% (w/v) non-fat milk powder (MPBS).
Afterwards each array was individually incubated for 2 h with one of 50 carbohydrate specific
monoclonal antibodies (Supp. Figure 1 and Supp. Table 1). All antibodies were diluted 1:10 in
MPBS, except the three BS-400 antibodies and CBM3a that were diluted 1:1000 and 10 yg/mL in
MPBS, respectively. Arrays were thoroughly washed in PBS and incubated for 2 h with either anti-
rat, anti-mouse or anti-His tag secondary antibodies conjugated to alkaline phosphatase diluted
1:5000, 1:5000 or 1:1500, respectively, in MPBS. After thorough washing in PBS, arrays were
washed in deionized water and then developed in a solution containing 5-bromo-4-chloro-3-
indolylphosphate and nitro blue tetrazolium in alkaline phosphatase buffer (100 mM NaCl, 5 mM
MgCl,, 100 mM Tris-HCI, pH 9.5). For data analysis, developed arrays were scanned at 2400 dots
per inch and binding signal intensity of each antibody to each sample was quantified using the
software Array-Pro Analyzer 6.3 (Media Cybernetics). Per extract the mean antibody signal

intensity was calculated and the maximal mean intensity detected in the whole data set was set
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to 100 and all other values were normalized accordingly. The highest mean intensity detected
was in the EDTA extract from kelp (first dilution) with the antibody BAM10. A cut-off of 5 arbitrary
units was applied. Negative controls for the three extraction solvents were included in the print

showing no unspecific binding.

Each antibody has a different avidity (overall binding capacity) and thus the signal intensities from
different antibodies should not be used to infer different abundances of the corresponding
epitopes, but the signal intensity of a single antibody correlates to the relative abundance of the
epitope in each extract (because when performing carbohydrate extraction all samples were
normalized by sediment weight). As the ratio between sample:solvent was different for the

sediment and kelp samples, their signals (absolute number) cannot be compared.

Oxygen consumption

In August, sediment, kelp, and seawater were sampled on the kelp-beach and reference beach
and stored in containers at 4 °C in the dark until use. Measurements were conducted in the
laboratory on Helgoland, within 2 days after sampling. Large grains were taken out of the sediment
to protect the microsensors, and the remaining sediment carefully transferred to core liners with
a diameter of 5.3 cm filled with seawater. Core liners had a stopper with a valve at the bottom.
Seawater, or seawater with the dissolved substrate of interest, was added on top of the sediment,
and 50 mL of oxygen-saturated seawater was pulled out of the core via the valve (adapted from
(De Beer et al. 2005)). A small layer of solution was left on top of the sediment during the
measurements. Oxygen consumption was measured using an oxygen microsensor (optodes;
Pyroscience Research Products) located at 2 cm depth within the sediment. Microsensors were
calibrated using saturated seawater (100% saturation) and ascorbate solution (0% saturation). A
few cores were made, and before adding the substrates the background (percolated with only
seawater) oxygen consumption was measured. In between addition of the different substrates,
the sediments were purged with seawater, in order to remove the previous substrate from the
porewater. The linear decrease in oxygen concentration at 2 cm depth was used to calculate
oxygen consumption. The oxygen consumption for the corresponding background was subtracted

from the oxygen consumption after substrate addition (De Beer et al. 2005).

In November, surface sediment, seawater and kelp were sampled on both beaches. Samples
were stored in containers, transported cooled to the laboratory in Bremen and stored at 4 °C in

the dark until use within 35 days (78 days for mannitol and laminarin). In the laboratory, cores and
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microsensors were prepared and oxygen measurements conducted as in August 2019. Unlike in
August 2019, for every substrate of interest a new core was prepared, and first a background
(percolation with only seawater) measured. Thus, every substrate was measured in a separate
core, with its own background. Sediments in the core did thus not encounter another substrate

before.

Sulfate reduction rates

Sediment used for sulfate reduction measurements was sampled from the top 2 cm of kelp-beach
and reference beach sediment, transported cooled to the laboratory in Bremen, and stored at
4 °C in the dark until use 6-7 days later. Seawater was also sampled, and transported and stored

in the same way.

Sediment (3 mL) was added to 5 mL cut-off syringes. Syringes were closed at the bottom with a
valve, and placed vertically with the valve facing down. A volume of 3 mL of seawater with 3°S
radiotracer, or seawater with the dissolved substrate and 3°S radiotracer was added on top of the
sediment, equal to 250 kBq of 3*SO4% per sample. The added seawater solutions were percolated
through the sediment via the valve, and a thin layer was left on top. Samples were incubated in
the dark at room temperature for 6 hrs. Samples were taken every 2 hrs from
0 to 6 hrs after start of the incubations for kelp-beach sediment, and after 0 and 6 hrs for reference
beach sediment. Incubations were stopped by transferring the content of the syringes to 6 mL of
20% (w/v) ZnAc and storage at -20 °C. All sampling points for each treatment were separate
syringes, thus different time points within the time series are replicate syringes. Cold
acid-chromium distillation was used to separate the reduced from the unreduced sulfur (Ray et
al. 2014). Radioactivity was measured using a scintillation counter (Perkin-Elmer Tri-Carb 4910
TR; Ultima-Gold Scintillation cocktail). Sulfate reduction rates for kelp-beach sediments were
determined from the sulfate reduced over time for data points of 2, 4 and 6 hrs after start of the

incubation (these represent timepoints during anoxic conditions, see below and ‘Results’).

To determine the time until anoxia, 12 mL Exetainers (Labco, UK) were filled headspace-free
using seawater and 4 mL sediment, in 4 replicates. Sediment and seawater were from the same
canisters as used for sulfate reduction measurements. The Exetainers were placed on a roller
table, ensuring homogeneous slurries. At selected timepoints, the Exetainers were opened, and
an oxygen microsensor quickly inserted. The microsensor was prepared as described previously

(Revsbech 1989), and calibrated using saturated seawater (100% saturation), and sodium
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ascorbate solution (0% saturation). A trendline was plotted through the data points, and the
interception with the 0 uM oxygen concentration axis calculated, the time at which sediments in

the Exetainers became anoxic.

Substrates

Substrates were dissolved to a final concentration of 70 mM carbon equivalents in seawater, so
that concentrations would be higher than could be used by iron reduction (Chapter 2). The
substrates used in oxygen consumption and sulfate reduction measurements were selected
based on their structure and presence in kelp. The first class of substrates were low molecular
weight substrates, i.e. glucose, acetate and fructose. The substrates glucose and fructose are
monosaccharides. Acetate is a short-chain fatty acid. All three are also substrates for sulfate-
reducing bacteria (Rabus et al. 2006). The second class were carbohydrates present in kelp.
Mannitol is a sugar alcohol, and is an important photosynthate and energy storage compound of
kelp (Reed et al. 1985). The other used substrates present in kelp are polysaccharides, i.e.
alginate, laminarin and fucoidan. Alginate is the major polysaccharide in brown macroalgae.
Alginate is a structural polysaccharide, and consists of the monosaccharides mannuronic acid
and guluronic acid. Laminarin is a long-term storage compound, interconverting energy with
mannitol (Scheschonk et al. 2019), and consists of a linear glucose-based backbone with glucose
branches. Laminarin is extremely abundant in the marine environment, and is produced by a
variety of primary producers including diatoms and macroalgae (Becker et al. 2020). The ability
to degrade laminarin is abundant in microbes from the marine environment (Arnosti et al. 2011,
D'Ambrosio et al. 2014). Fucoidans are sulfated polysaccharides with a fucose-backbone
occurring in the kelp cell wall. Fucoidans have a complex and varying structure with many
branches and sulfate groups (Deniaud-Bouét et al. 2017). Fucoidan is not universally degraded
in marine environments (Arnosti 2000). Organisms need a large repertoire of carbohydrate-
degrading enzymes for degradation of fucoidan, thus only highly specialized organisms can
degrade fucoidan (Sichert et al. 2020). The third class of substrates contains polysaccharides that
are not present in kelp, i.e. glycogen, carrageenan, and agar. Instead, these substrates occur in
animals, fungi, bacteria (glycogen), and red algae (carrageenan and agar). Also, kelp was added

as small fragments in 70 mM carbon equivalents.
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Results

Concentrations of total dissolved carbon (TDC), and dissolved inorganic and organic carbon (DIC
and DOC) are higher on the beach with regular kelp deposition (kelp-beach), both at the surface
and at 4 cm depth (Table 1).

Table 1: Total dissolved carbon (TDC), dissolved inorganic carbon (DIC) and dissolved organic carbon
(DOC) in kelp-beach and reference beach sediment, at 0 and 4 cm depth. Numbers in between brackets

are the number of replicates.

| Kelp-beach | Reference beach ‘
0cm | 4cm 0cm | 4 cm
TDC (mmol L) 4.65 (1) 3.89+0.82(2) 2.29+0.27 (4) 2.73 +£0.47 (5)
DIC (mmol L")| 1.70 £0.42 (5) 2.20 £ 0.29 (5) 1.33+£0.29 (5) 1.79 £ 0.41 (5)
TDC - DIC (=DOC) (mmol L™ 213 (1) 1.78 £ 0.95 (4) 0.86 + 0.44 (4) 0.94 +0.39 (5)

The concentration of saccharides in the kelp-beach sediments is 1.5 — 2 times higher than in the
reference beach sediments (Table 2). These saccharides represent the total saccharides and
include those that were present as larger saccharides in the samples. Total saccharide
concentrations in deeper sediments in kelp-beach sediment (4, 8, and 20 cm depth) are higher
than concentrations in reference beach sediment (4 cm depth). Total saccharide concentrations
for kelp-beach sediments do not show a trend with sediment depth. Glucose is the dominant
monosaccharide in all samples. Saccharide concentrations in the porewater were below detection
limit, due to the high dilution (60-fold) performed to reduce the high salinity in these samples that
would interfere in the chromatographic analysis. In our HPAEC analysis we detected
monosaccharide concentrations down to 10 pg/L, thus monosaccharide concentrations in the
porewater samples were below 600 ug/L. The contribution of the saccharides to the DOC pool
was approximately equal for the kelp-beach at 0 and 4 cm depth and reference beach at 4 cm
depth (~60%). The monosaccharide composition of kelp-beach sediment is more similar to

reference beach sediment than to kelp detritus (Figure 1).
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Kelp-beach (ug/g) Reference beach (ug/g) Kelp (mg/g)
0cm 4.cm 8 cm 20 cm 0cm 4 cm
Arabinose 42+11 3412 4113 51+4.3 1.7+05 1.7+0.2 00+£0.0
Fucose 18.4+48 149+43 16.6 £5.3 15.1+£9.8 70+£21 4607 83.5+£10.1
Galactosamine 50+1.8 41+14 44 +11 31217 33+x14 25+09 0.0+£00
Galactose 149+46 11.2+3.7 13.5+40 13.4+10.0 14726 10307 282+39
Galacturonic acid 68+20 52+21 61+19 49+41 15205 13+02 08+02
Gluconic acid 0.7+02 05+0.2 0605 0.1+£01 1.0£14 0.0+0.0 0.0+£0.0
Glucosamine 13834 114+£39 126 +3.8 106+7.6 42+11 37+04 3.2+x06
Glucose 104.4 +20.0 792227 78.9+18.0 79.3 £53.6 - 684 +59 5109 £ 66.1
Glucuronic acid 98+29 7525 93+32 8.7+58 3005 28+0.2 14809
Mannose 219+64 15.6 £4.7 18.6+49 145+£97 166 £3.0 86x21 128+24
Mannuronic acid 56+1.2 8571 47+23 41+20 09+£0.2 1.0+£01 422+39
Muramic acid 05+0.3 0605 0.7+£05 0.3+04 00+£0.0 00+0.0 00+0.0
Rhamnose 1.5+05 1.2+04 1.2x04 1.5+£1.0 0.3+£01 0.3+£01 0.14+£0.0
Xylose 123+34 125+79 140+59 243 +237 19422 106 +41 81+13
Total 219.8 175.8 185.3 185.0 - 115.8 704.6
Total (excluding glucose) 115.4 96.6 106.4 105.7 73.6 47.4 193.7

Table 2: Concentration of monosaccharides in reference beach and kelp-beach sediment, and in kelp. Averages are calculated for 1 location
in triplicate for reference beach sediment, and for 2 locations in kelp-beach sediments, in duplicate for 0 and 4 cm, and in triplicate for 8 and

20 cm. Concentrations are shown in ug/(g sediment) for kelp-beach and reference beach sediments, and in mg/(g kelp) for kelp. Glucose

determination for reference beach sediments at 0 cm depth failed.
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Figure 1: Relative contributions of monosaccharides in reference beach and kelp-beach sediment to the
total pool of saccharides (A), and relative contributions of monosaccharides when glucose is excluded (B).
Relative contributions were calculated using the average concentrations of Table 2. Glucose determination

for reference beach sediments at 0 cm depth failed.
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The carbohydrate microarray method, which is semi-quantitative, uses monoclonal antibodies for
detection of specific polysaccharides. The microarray analysis shows the presence of the
polysaccharides alginate, fucoidan, and laminarin in the kelp sample (Figure 2A), while cellulose
was not detected. In the kelp-beach sediments only alginate was detected in the top 4 cm, while
in the reference beach sediment none of these polysaccharides was detected (Figure 2B). All
antibodies with a detected signal, including the ones with low signals and antibodies that did not

bind to any of the samples can be found in Supp. Figure 1 and Supp. Table 1.

Oxygen consumption rates are higher in kelp-beach sediments than in reference beach sediments
both in August and in November (Figure 3). Rates for experiments with only seawater
(background) were 4.89x10* + 1.26x10* mol m? s (August) and 1.37x10* + 0.58x10*
mol m= s' (November) in kelp-beach sediments, and 1.18x10* + 0.54x10* mol m= s (August)
and 0.34x10* £ 0.24x10* mol m? s' (November) in reference beach sediments. Background
rates were subtracted from the measured oxygen consumption rates after substrate addition,
resulting in the rates shown in Figure 3. Addition of kelp leads to the highest rates of oxygen
consumption in both seasons for kelp-beach sediments. Rates for substrates that are present in
the kelp (mannitol, alginate, fucoidan and laminarin) are higher than rates for polysaccharides not
present in kelp (agar, glycogen and carrageenan). Rates for the substrates with lower molecular
weight (acetate, glucose and fructose) do not show higher oxygen consumption rates than for
carbohydrates from kelp, except for acetate and fructose compared to laminarin in November
sediment. Oxygen consumption for alginate is probably underestimated, as alginate was difficult
to dissolve, thus likely only the sides of the formed gel were available for the sedimentary

community.
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Figure 2: Heat maps showing microarray data of selected polysaccharides for kelp samples (A) and
sediment samples (B). The polysaccharide recognized by each antibody and the antibody name are
depicted at the top of each column, in (B) the extraction solvent is also shown. In (A) data are shown for
the three different extraction solvents: autoclaved MilliQ water, EDTA, and NaOH. * EDTA extracts from
the kelp sample had high viscosity (which affect the quality of the microarray print) and thus a further
two-fold dilution of the extracts is shown compared to the MilliQ water and NaOH extracts. Also a further
two-fold dilution for EDTA extracts is shown for the sediment samples for comparison. Signal intensities for
kelp show the average of triplicates. Kelp-beach sediment signals are calculated for 2 different locations,
and the triplicates of both locations averaged to 1 signal intensity. Reference beach sediment signals are
calculated for 1 location, and the triplicates averaged to 1 signal intensity. The highest mean value in the
data set was set to 100 and the rest was normalized accordingly having a cut-off of 5 arbitrary units, signals
<5 were set to zero.
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Figure 3: Oxygen consumption rates in kelp-beach sediment (black bars) and reference beach sediment
(white bars) in August (leff) and November (right). Oxygen consumption rates were calculated by
subtracting the measured oxygen consumption rates with the oxygen consumption rates of the background
(only seawater). Oxygen consumption in reference beach sediments was in some occasions too small to

be visible in the graph.

Sulfate reduced after 6 hrs of incubation is approximately 30 to 160 times higher for kelp-beach
than for reference beach sediment (Supp. Table 2). Kelp-beach sediments became anoxic after
approximately 1 hr (Supp. Fig. 2). Therefore, sulfate reduction rates were calculated using the
timepoints 2, 4 and 6 hrs after start of the incubation, thus only including the timepoints for which
the incubation was anoxic. Sulfate reduction rates are higher for substrates present in the kelp,
such as mannitol and laminarin, and for kelp itself in kelp-beach sediments (Figure 4). Further,
rates are higher for the well-known substrates for sulfate reduction in marine sediments: glucose
and acetate. On the contrary, sulfate reduction rates for polysaccharide substrates that are not
present in kelp (agar and glycogen) are much lower. The sulfate reduction rate after kelp addition
was slightly lower than for the individual polysaccharides in kelp, but higher than for

polysaccharides not present in kelp.
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Figure 4: Sulfate reduction rates (SRR) in kelp-beach sediments between 2 and 6 hrs after start of the
incubation, which represent the incubations under anoxic conditions. Sulfate reduction rates were
calculated by subtracting the background sulfate reduction rates (only seawater) from the sulfate reduction
rates for the substrate treatments. *: sulfate reduction for the substrate mannitol is calculated between 2

and 4 hrs, because the determination of the amount of sulfate reduced failed for the 6 hrs timepoint.

Discussion

We observed centimeter-large kelp fragments until at least 20 cm depth in the kelp-beach
sediments. Also the kelp-derived substrates alginate, mannuronic acid (as monosaccharide or
from alginate) and fucose (as monosaccharide or from fucoidan) were present in kelp-beach
sediments over this depth. The distribution of kelp material is driven by the deep mixing of kelp
fragments and deep advectional transport, as is characteristic for intertidal environments
(Billerbeck et al. 2006). These organics are available for degradation by the microbial community,
and indeed, DOC and DIC are elevated as compared to the reference beach. This indicates that
kelp-derived organic matter is available for the microbial community until deep into the sediments,
and degradation of this material does take place. Thus, the microorganisms in the sediment are
capable of degrading the specific mix of substrates present in kelp. Fucoidan cannot be easily
degraded by non-specialized organisms (Sichert et al. 2020), while we found fucoidan

degradation in kelp-beach sediments, which thus indicates the community is tuned to substrates
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of kelp. Additions of the polysaccharides of kelp to the reference beach sediments did not provoke
such a strong response. As the kelp input in the kelp-beach is much higher than in the reference
beach, the oxygen consumption and sulfate reduction rates are indeed much higher. Also, the
rates for the kelp-beach sediments could be strongly stimulated by additions of the specific
hydrolysis intermediates. However, whereas oxygen consumption and sulfate reduction rates are
up to two orders of magnitude higher, the saccharide pool sizes are comparable (1.5 - 2 times
higher on the kelp-beach). Thus, pool sizes of organic substrates do not reflect the degradation

rates.

Rates of oxygen consumption and sulfate reduction in kelp-beach sediment were very strongly
stimulated by carbohydrates that are present in kelp (mannitol, alginate, laminarin, fucoidan), but
less by those not present in kelp (glycogen, agar, carrageenan). This strongly indicates that the
microbial community in kelp-beach sediments is functionally specialized for organic matter of kelp.
Oxygen consumption increased directly after addition of the substrates. Also sulfate reduction
showed a quick response to carbohydrates present in kelp. Sulfate reduction in kelp-beach
sediments was high and rapidly different between substrates, while in reference beach sediments

sulfate reduction remained low after 6 hrs.

The addition of kelp material in the form of kelp fragments led to the highest oxygen consumption
rates for kelp-beach sediments. Thus, although kelp was added as fragments and not dissolved
like the other substrates, kelp is a readily bioavailable carbon source. With kelp fragments as
substrate the whole community degrading the full suite of organics could become active. Besides
the substrates added in this study, also other components of kelp such as proteins could increase

the respiration rates.

Contrary to expectation, the oxygen consumption rates were often more strongly stimulated by
kelp-derived polysaccharides than by the low molecular weight substrates, i.e. glucose, fructose
and acetate. Thus, linked monomers (in polymer form) are preferred or lead to equal degradation
rates as for the monomer form, as was the case for oxygen consumption after glucose or laminarin
addition. Kelp-beach sediments are thus specialized for the use of polysaccharides. Remarkably,
these polysaccharides must be more efficiently taken up and metabolized than monosaccharides.
The quick response to polysaccharides is counterintuitive, as the hydrolysis step required for
polysaccharide degradation is often considered the limiting step in the turnover of high molecular

weight organic material (Arnosti 2004). Even if all enzymes required for degradation are
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continuously present and/or quickly induced upon presence of the substrates, thus even if the full
hydrolysis capacity is present, polysaccharide degradation should be slower than

monosaccharide degradation.

Overall, our preliminary data set shows that kelp-derived substrates are transported at least
centimeters deep into kelp-beach sediments. The relatively small saccharide pool size of the
kelp-beach does not reflect the fast substrate turnover. Microbial communities in kelp-beach
sediments are specialized for the use of the substrates derived from kelp, and show preferred use

of polysaccharides over monosaccharides.

The quick response to and fast turnover of polysaccharides could be due to direct bacterial uptake
referred to as “selfish uptake”, which can occur very fast. Selfish uptake was recently discovered
as an additional way of polysaccharide use in the marine environment to extracellular enzymatic
hydrolysis (“sharing uptake”) (Reintjes et al. 2017). During extracellular enzymatic hydrolysis,
enzymes are released by the bacterial cell and polysaccharides converted to low molecular weight
compounds outside of the cell, which would become available for a broader community.
Microorganisms that do not degrade polysaccharides themselves (“scavengers”) can also profit
from these low molecular weight products, and as they do not invest in extracellular enzymes are
more competitive. Instead, during selfish uptake, surface-associated binding proteins and
enzymes are used to bind and partially hydrolyse the polysaccharide, and the resulting large
oligosaccharides are transported into the periplasm, where they are then further converted to
monomers. The benefit for selfish microorganisms is that they do not lose saccharides in the
external environment via e.g. diffusion or uptake by scavengers (Reintjes et al. 2017). A
considerable fraction of heterotrophic microorganisms in marine environments can conduct
selfish uptake, which was shown for e.g. Bacteroidetes and Planctomycetes (Reintjes et al. 2019).
Selfish uptake has been shown for alginate (Thomas et al. 2021), laminarin, and fucoidan
(Reintjes et al. 2019). Uptake could be induced within a few minutes, and previous exposure to a
substrate can increase the rates of initial uptake (Reintjes et al. 2020), which would be the
situation in kelp-beach sediments where deposition of kelp detritus regularly occurs. Kelp-beach
microorganisms might be specialized for degradation of polysaccharides via selfish uptake, and

stockpile them to avoid competition.

We detected alginate, fucoidan and -1,3-glucan (laminarin-like structure) in kelp samples with

our microarray analysis. In the kelp-beach sediments only alginate was detected, while laminarin
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and fucoidan were not detected (Figure 2). No detection of laminarin and fucoidan could be due
to low concentrations or due to a partial degradation of these substrates. Note that the microarray
approach used in our analysis immobilizes polysaccharides and long oligosaccharides, but not
short oligosaccharides and monosaccharides (Pedersen et al. 2012), thus partially degraded
polysaccharides would not be detected. Alternatively, it might thus be that laminarin and fucoidan
were processed by selfish uptake. Fucoidan is not readily used via external hydrolysis in a range
of environments (Arnosti 2000), due to the large amount of enzymes needed and thus only usage
by specialized microorganisms (Sichert et al. 2020). However, selfish uptake of fucoidan was

observed in environments where extracellular hydrolysis was absent (Reintjes et al. 2019).

Although we hypothesize that selfish uptake could be responsible for the observed preferential
use of polysaccharides, this cannot be demonstrated based on this preliminary data set alone.
Visualization of the uptake of fluorescently labelled polysaccharides (FLA-PS) by cells in freshly
sampled sediments via microscopy could be used to determine if this is indeed the case. Parallel
to these measurements, oxygen consumption and sulfate reduction after substrate addition
should be measured in these sediments. Furthermore, an increased ratio of dry sediment to
extraction solvent may be used to increase the polysaccharide concentration in the extracts,
which could result in detection of more substrates by microarray analysis. In addition, higher
resolution samples with more locations for the kelp-beach and reference beach need to be

analyzed.
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Supp. Figure 1: Heat maps showing the microarray results in kelp and sediment samples. Data from a
selection of antibodies for kelp extracts are shown in (A). (B) shows the signal detected with these
antibodies in the kelp-beach and reference beach sediment samples. (C) shows the recognized epitope
structures for each of these antibodies. In (A) results are shown for the three different extraction solvents:
autoclaved MilliQ water, EDTA, and NaOH. *Due to the high viscosity, the EDTA samples are 2 times more
diluted compared to the MilliQ water and NaOH extractions. Signal intensities show the average of
triplicates, with signals <5 set to zero. Kelp-beach sediment signals are calculated for 2 different locations,

and the triplicates of both locations averaged to 1 signal intensity. Reference beach sediment signals are

Un-sulfated epitope present in sulfated fucan
Sulfated epitope present in sulfated fucan
Sulfated epitope present in sulfated fucan
Mon-blockwise partially methyl-esterified homogalacturonan
Galactosyl residue(s) on rhamnogalacturonan |
Cellulose

(1—3)-B-D-glucan

(1—3)(1—4)-B-D-glucan

Branched (1,6-Gal)(1—4)-B-D-galactan
(1—4)-B-D-xylan/arabinoxylan

Xylosyl residues

Arabinogalactan protein glycan

Alginate - mannuronate-rich epitope

Alginate - mannuronate-guluronate

Alginate - mannuronate-guluronate

Alginate - mannuronate-guluronate

Alginate - mannuronate-guluronate

calculated for 1 location, and the triplicates averaged to 1 signal intensity.
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Supp. Figure 2: Oxygen concentrations in Exetainers filled with kelp-beach sediment and seawater, for 4

replicates.
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Supp. Table 1: Probes with signals close to the cut-off (<5) and tested probes that did not show binding to

any of the samples.

Antibodies where values close to the cut-off were detected in
only one of the triplicates.

LM28 Glucuronoxylan

LM11 (1—4)-B-D-xylan/arabinoxylan
MAC207 Arabinogalactan protein glycan
LM21 (1—4)-p-D-(galacto)(gluco)mannan

Antibodies that did not bind to any of the samples.
Polysaccharide epitopes recognized by the antibodies are

listed as well.

BAM3 Possibly sulfated epitope present in sulfated fucan
JIM5 Partially methyl-esterified/de-esterified HG
JIM7 Partially methyl-esterified HG

LM18 Partially methyl-esterified/de-esterified HG
LM19 Partially methyl-esterified/de-esterified HG
LM20 Partially methyl-esterified HG

LM8 Xylogalacturonan

INRA-RU2 Rhamnogalacturonan | backbone
INRA-RU1 Rhamnogalacturonan | backbone

LM13 Linearised (1—5)-a-L-arabinan

LM5 (1—4)-B-D-galactan

LM6 (1—5)-a-L-arabinan

LM6-M (1—5)-a-L-arabinan

BS-400-4 (1—4)-B-D-(galacto)(gluco)mannan

LM22 (1—4)-B-D-(galacto)(gluco)mannan

LM15 Xyloglucan (XXXG motif)

LM25 (1—4)-B-D-mannan

LM30 Arabinogalactan protein glycan

LM10 (1—4)-B-D-xylan

JIM4 Arabinogalactan protein glycan

JIM8 Arabinogalactan protein glycan

JIM15 Arabinogalactan protein glycan

JIM16 Arabinogalactan protein glycan

JIM20 Extensin

LM1 Extensin

LM2 B-linked GIcA in arabinogalactan protein
LM12 Epitope containing ferulic acid

LM14 Arabinogalactan protein glycan

BAM11 Alginate - mannuronate-guluronate
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Supp. Table 2: Sulfate reduced (in mol m-3 sed) after 6 hrs of incubation for reference beach and
kelp-beach sediment for the background (seawater) and after addition of substrates. *: Sulfate reduced

after 4 hrs, because the determination of sulfate reduced failed for the 6 hrs timepoint.

Reference beach Kelp-beach

Seawater|  0.02 x 107 1.33 x 107
Glucose| 0.36 x 107 21.20 x 1072
Agar| 0.03x 107 457 x 107
Acetate|  0.28 x 107 15.20 x 107
Mannitol*| ~ 0.23 x 107 9.00 x 107
Laminarin|  0.40 x 107 16.5 x 102
Glycogen|  0.07 x 107 8.53 x 107
Kelp|  0.44 x 107 12.7 x 10
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Abstract

Intertidal permeable sediments are crucial for organic matter remineralization. In these sediments
reactive oxygen species (ROS) may be abundant because of a shifting oxic-anoxic interface and
intense iron-sulfur cycling. We investigated the effect of transient oxygenation on microbial
degradation processes in surface intertidal sediments by incubating slurries that transitioned from
oxic to anoxic conditions. Removal of ROS strongly increased rates of aerobic respiration, sulfate
reduction and hydrogen accumulation. Further, extracted porewaters showed high concentrations
of the ROS hydrogen peroxide below the oxic zone. We conclude that ROS were formed in the
sediments, and subsequently moderated microbial mineralization process rates. Sulfate reducers
were completely inhibited in the oxic period, yet sulfate reduction resumed immediately upon
anoxia. Remarkably, oxygen exposure before anoxia boosted the subsequent sulfate reduction
rates, possibly by stimulating hydrolysis of organic material. This study demonstrates the strong

effects of ROS on the biogeochemistry of intertidal sediments.

94



Chapter 4

Introduction

The depth to which oxygen penetrates into intertidal permeable sediment varies according to
tides, currents, storms, and bioturbation’. The oxic zone can shift between several cm to several
mm deep multiple times a day?. Nevertheless, anaerobes in the upper sediment maintain high
rates of sulfate reduction, dissimilatory nitrate reduction, fermentation, and other anaerobic
processes®®. The high rates of carbon and nitrogen remineralization make these sediments

biocatalytic filters'®, essential for the functioning of the shallow water ecosystems.

Intertidal permeable sediments frequently switch between oxic and anoxic conditions?, and have
active sulfur and iron cycling. As a consequence, intertidal permeable sediments have the
potential to produce reactive oxygen species (ROS), short-lived oxygen-containing intermediates
with lifetimes of seconds to hours, including superoxide, hydrogen peroxide and hydroxyl radical.
ROS are formed by a variety of photochemical, abiotic, and biotic processes’. Biotic formation
occurs both intracellularly and extracellularly as a byproduct of metabolic and other physiological
mechanisms®. In addition to photochemical pathways, a number of light-independent abiotic
processes can lead to ROS formation, including oxidation of sulfide and ferrous iron (Fe?*)°'0, as
well as anaerobic reactions with pyrite'. Intracellular ROS can damage cell components such as
DNA, proteins, and lipids via a range of oxidative processes'?, and thus be detrimental to
microorganisms at elevated levels. However, both intracellular and extracellular ROS also have
beneficial roles, including pathogen resistance'®, nutrient acquisition', microbial growth'®, and as
signaling molecules'®, amongst others. As such, ROS levels are strictly controlled by degrading
enzymes?®, such as superoxide dismutase, which converts superoxide to hydrogen peroxide, and
catalase, which converts hydrogen peroxide to oxygen and water. Also, electron donor-driven

mechanisms actively degrade ROS, such as reactions with metals and organic material®’.

Consequently, ROS may play an unappreciated role in the biogeochemistry of dynamic coastal
sediments. In particular, during disturbance events and at oxic-anoxic interfaces, elevated ROS
levels in intertidal permeable sediments can be expected, which will have potentially substantial
impacts on the activity and growth of the resident microbiota'®2°. Here, we tested the hypothesis
that high levels of ROS can develop in intertidal permeable sediments and thereby control
biomineralization rates. Specifically, we measured hydrogen peroxide concentrations in sediment

porewater and investigated the effect of enzymatic removal of ROS on anaerobic respiration.
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Also, the impact of transient oxygenation on anaerobic respiration in intertidal permeable

sediments was tested.

Impact of reactive oxygen species on respiration

Removal of hydrogen peroxide and superoxide via additions of catalase and superoxide
dismutase, respectively, substantially increased the rates of oxygen consumption, sulfate
reduction, and Fe?* and hydrogen accumulation (Fig. 1). This effect was not simply due to the
addition of protein as a carbon or nitrogen substrate, as incubations with a comparable amount
of inert (i.e. non-ROS degrading) bovine serum albumin (BSA) did not have a stimulating effect
on these biogeochemical process rates. Enzymatic reactions with superoxide dismutase and
catalase both lead to production of oxygen. Superoxide dismutase is involved in dismutation of
superoxide to hydrogen peroxide and oxygen (reaction 1), while catalase is involved in hydrogen
peroxide decay to water and oxygen (reaction 2). Despite the enzymatic production/recycling of
oxygen, oxygen consumption was approximately four times faster in incubations containing
catalase and superoxide dismutase pointing to ROS as a control on aerobic respiration in these

sediments (Fig. 1A).

205 +2HY - H,0,+ 0, (1)

2H,0, - 2H,0 + 0, 2)

Sulfate reduction was faster (~30%) in the presence of catalase and superoxide dismutase
(Fig. 1B). The combination of catalase and superoxide dismutase had the most pronounced
effect. Superoxide dismutase alone had no effect, although this does not necessarily mean that
superoxide does not impact the rate of sulfate reduction. In the absence of catalase, any positive
effect of removing superoxide on the resident sulfate-reducing community may be masked by the

negative effect of increasing hydrogen peroxide (reaction 1).

Hydrogen and Fe?* accumulation rates were much higher in the presence of catalase alone and
combined catalase and superoxide dismutase (Fig. 1C,1D), where Fe?* accumulation could not
be explained by possible release of Fe?* from the catalase molecule, which would only lead to a

Fe?* concentration of 0.5 uM (each catalase molecule contains 4 iron atoms). This reconciles
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previous observations that catalase additions significantly increase the rate of fermentation in
cultures?'?2, but reveals a previously unknown constraint of ROS on fermentation in marine
sediments. Addition of catalase alone and combined catalase and superoxide dismutase
disrupted the tight balance between hydrogen production by fermentation and consumption by
sulfate reduction that is common in marine sediments?®, so that hydrogen accumulated. In situ,
hydrogen concentrations are low (0.03 + 0.01 nmol cm™ sed (9.8 + 3.9 nmol L porewater) in July
2020 and 0.04 = 0.01 nmol cm™ sed (13.1 = 2.1 nmol L' porewater) in March 2021), without
trends with depth. Hydrogen in sediments can derive from fermentation, and possibly via H>S
reacting with iron sulfide (Wachterhauser reaction)?*2°, or N, fixation. Inhibiting sulfate reduction
with molybdate?® (Supp. Fig. S1A) resulted in 22 times higher rates of hydrogen accumulation
than in untreated sediment during the anoxic period (Supp. Fig. S2A,B). This indicates that
hydrogenotrophic sulfate reduction is active in these sediments, confirming predictions based on
metagenomics analyses?’. However, hydrogen fuels only a minor proportion of the sulfate
reduction, as the highest hydrogen accumulation rate (with molybdate addition) was 20 times

lower than the sulfate reduction rate (Supp. Fig. S3).

97



Chapter 4

30x 1073 8x10°7
"o 5 | -
o 25 %10 e ‘?W }
£ s Bx107
° -5 | S
g 20x10 g
L) L
T 15x1075 - S axio7 4 %
= c
2 S
= 2
£  10x105 4 S
3 ©
2 e 2x107
(o] 4
o 5%107 4 ﬁ 3
o™
@) w
0 T T T T T D T T T T T
untreated BSA CAT  SOD CAT+SOD untreated BSA CAT  SOD CAT+SOD
C 5x10°8 D 3x10°8
0 8 "o 6
- 4x10°8 - o 25x108 ] _
= IS
© ©
£ 3x10°% 4 e 2x108 -
& £
[u] [0]
= 2x1078 | = 1.5x10°6 1
0 =
w s
2 1x10°8 | 5 1x108
£ 1=
3 3
Q (&) -
@ 0 e OE a= & 05x100 |
] +
: # |
Ax108 . : : : . 0 ‘ | . | ‘
untreated BSA CAT  SOD CAT+SOD untreated BSA CAT  SOD CAT+SOD

Figure 1: The influence of reactive oxygen species (ROS) on respiration rates for untreated slurries and
slurries treated with BSA, catalase (CAT), superoxide dismutase (SOD), and a combination of CAT and
SOD (CAT+SOD), from sediments collected June 15%. A: oxygen consumption, B: sulfate reduction,
C: hydrogen accumulation, D: Fe®* accumulation. Sulfate reduction, hydrogen accumulation and Fe?*
accumulation rates were calculated for the anoxic period of the incubation. Error bars represent standard

error of the slope.
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Hydrogen peroxide in intertidal sediments

Microprofiles of hydrogen peroxide, measured with a novel microsensor, show the presence of
hydrogen peroxide in anoxic sediment (Fig. 2). The microsensors that were used contained
ferrozine in their electrolyte, and do not have interference with Fe?*. Steady-state levels were
elevated in comparison to many environmental systems?**, Further, injection of
oxygen-saturated seawater at depths that are usually hydrogen peroxide-free led to hydrogen
peroxide production (Supp. Fig. S4). Maximum hydrogen peroxide production, determined from
the microprofiles using a diffusion-reaction model, was 1 x 10* mol m= s (Supp. Fig. S5), which
is much higher than in tidal pools, soil waters, aquifers, and brackish and freshwater ponds?830-32,
A second increase in hydrogen peroxide production below 4 cm depth might be related to the
abiotic dark production of hydrogen peroxide via pyrite'!, as the transition from brown to dark, iron
sulfide containing sediments, was between 4 and 5 cm depth. The sediments are indeed iron-
rich, with concentrations of 9.7 + 1.8 and 2.2 + 0.6 ymol g*' sed in surface sediments (0-2 cm
depth) in May and July 2020, and 3.8 + 0.3 ymol g™' sed in deep sediment (10-14 cm depth) in
July 2020.

H202 / O2 (mol m™)
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Figure 2: Steady-state microprofiles of Oz and H,0..

The presence of hydrogen peroxide was confirmed using a chemiluminescence technique.
Hydrogen peroxide was measured in a parallel sediment core to that in which microsensor
measurements were conducted (Supp. Fig S6A), and in porewater extracted by Rhizons on the
flat (Supp. Fig S6B), which was directly fixed with ferrozine to prevent reaction with iron before

analysis. Absolute concentrations differ from those in microprofiles, probably due to sampling
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artefacts and loss during storage between sampling and analysis. As the samples measured
using chemiluminescence were not fixed with acid, loss of hydrogen peroxide could have occurred

between sampling and analysis a few hours later.

Anaerobic respiration after transient oxygenation

While undetectable in the oxic period of incubations, sulfate reduction resumed instantly after
oxygen depletion in both surface sediment subject to daily re-oxygenation (0-2 cm depth) and
deeper permanently anoxic sediment (10-14 cm depth) during all sampling campaigns (Fig. 3A,
Supp. Fig. S1B,C,D). Rapid sulfide oxidation to sulfate could not explain the absence of sulfate
reduction during the oxic period, as it was also not detected by the silver wire method (Fig. 3B).
That is the method of choice for detecting aerobic sulfate reduction since sulfide binds instantly
and irreversibly to silver®®. Incomplete sulfide reoxidation to sulfur intermediate oxidation states,
e.g. via reactions with iron oxides, would also have been detected by the radiochemical sulfate
reduction method used34. Thus, sulfate reduction was controlled by oxygen, yet we suspect that
the sulfate reducers were not killed, but inactive. In their active state, reduced enzymes with iron
cofactors that are involved in sulfate reduction become irreversibly damaged by oxygen, and then
release ROS leading to cell death'>3%. An environment that fluctuates multiple times per day
between oxic and anoxic conditions exerts a strong selective pressure for sulfate reducers
capable of coping with oxygen. This pressure appears not to select for sulfate reducers capable

of respiring in the presence of oxygen, as has been found in cyanobacterial mats®.
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Figure 3: Influence of oxygen on respiration. A: Oxygen concentrations (circles) and reduced sulfur
(squares) in slurries over an oxic-anoxic transition. Slurries were from sediment collected on May 25™ 2020.
Oxygen concentrations are an average of 3-4 Exetainers, resampled over the course of the incubation.
Error bars represent standard deviation, B: Radiolabeled reduced sulfur bound to a silver wire (filled
squares), or to the sediment in the same incubation vial (open squares) in incubations including a silver
wire over an oxic-anoxic transiton. For all sulfate reduction measurements each point corresponds to a
separate incubation vial. The vertical line represents the transition to anoxic conditions, C: The sulfate
reduction rate in slurries at three different periods during incubation shown for two treatments. Oxic
incubations started oxic and became anoxic within 1.2 hrs, while anoxic incubations were anoxic for the
whole incubation period. Black bars represent the sulfate reduction rate in the first 1.2 hrs of incubation,
which corresponds to the oxic period in the transiently oxic incubations. Light grey bars represent the sulfate
reduction rate between 1.2 and 4.5 hrs of incubation, dark grey bars represent the sulfate reduction rate
from 4.5 hrs of incubation until the end of the incubation (23 - 25 hrs). Error bars represent standard error

of the slope.
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Changes in hydrogen levels were minor in the first 24 hrs of incubation, with levels remaining
below 1 nmol cm™ sed (Supp. Fig. S7A,B,C). Neither Fe?* (Supp. Fig. S8A,B) nor methane
accumulation was observed after anoxia. Fe?* accumulation started after more than 10 hrs, while
methane concentrations stayed constant at 1.39 + 0.25 nmol cm™ sed during the first 24 hrs.
While this lag period could indicate that fermenters, iron reducers, and methanogens are more
sensitive to oxygenation than sulfate reducers, this is unlikely given that these communities are
regularly exposed to oxygen. Instead, reduced iron and methane are likely rapidly reoxidized by
pools of electron acceptors, such as Fe(lll) and manganese®, until these pools are exhausted?.
Also sulfide was scavenged by these pools of oxidants as it could not be detected, despite the

occurrence of sulfate reduction.

While ROS limited the rate of anaerobic respiration in the anoxic period, transient oxygenation
itself substantially boosted subsequent anaerobic respiration in incubations of surface sediment
incubated either anoxically or with a transient oxic period (Fig. 3C). This is contrary to expectations
that oxygenation is damaging to anaerobic communities, especially through the production of
ROS. Possibly, oxygen is required for the initial hydrolysis of macromolecules in sediments, which
is often considered the limiting step of carbon turnover®. Alternatively, abiotic mineralization by
ROS?40 that are produced during the oxic period produced lower-weight molecules that could

then be used during the anoxic period.

Implications for respiration in intertidal sediments

Here, we show that removal of extracellular ROS within intertidal permeable sediments
substantially boosted the rates of oxygen consumption, sulfate reduction, and Fe?* and hydrogen
accumulation (Fig. 4). Biotic carbon turnover by aerobic respiration and sulfate reduction
increased 4 times in slurries treated with a combination of catalase and superoxide dismutase
(Supp. Table S1). Aerobic respiration and sulfate reduction together are responsible for most of
the mineralization in coastal sediments*!, so factors limiting these processes have the potential
to directly impact the effectiveness of sands as biocatalytic filters. We propose that ROS reduced
biotic mineralization either through changing the availability of organic carbon or through direct
oxidative stress. While this study points to the likely importance of ROS in marine sediment
biogeochemistry, the extent of the impact of ROS requires in situ measurements of these
compounds over space and time. Yet, to date, there is only very limited data on the potential for

ROS formation in marine sediments and their in situ distribution®'®, thereby limiting a clear
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understanding of the importance of ROS in sediment biogeochemistry. The relevance of ROS wiill
undoubtedly be amplified in fluctuating redox environments as observed here. In fact, frequent
shifts between oxic and anoxic conditions in intertidal flats should not be considered as an inhibitor
of anaerobic processes. Anaerobes in intertidal sediments endure daily oxygen exposure

because they are handsomely rewarded with electron donors at the beginning of the anoxic

period.

C-macromolecules

T

Aerobic hydrolysis «——
Respiration

v
CO, + Hydrolyzed-C

lFermentation e

Fe’
Fatty Acids + H,

lsulfate + Iron HS
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Figure 4: Flow diagram of the proposed effects of reactive oxygen species (ROS) in intertidal sands. Arrows
represent transport and production processes. Red lines represent limiting effects. Organic material in the
form of macromolecules is transported into the sediments. Hydrolysis and fermentation convert these
molecules into e.g. fatty acids and hydrogen, which are substrates for sulfate and iron reducers. Also,
oxygen is transported into the sediments where it can come in contact with reduced sulfide and iron,
resulting in amongst others Fe3* and ROS. ROS influence biotic reactions with organic material.

Sulfate- and iron reduction are limited either indirectly via fermentation, or directly, which is not further

assessed in this study.
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Methods

Sampling

Sediments were collected in the German Wadden Sea from the backbarrier area behind the island
of Spiekeroog, on the intertidal sandflat Janssand (53°44'25.51"N, 7°41'28.63"E)*>*4. The flat is
subjected to advective flushing according to the tides, which are semi-diurnal and have a tidal
range of ~2 meters. The flat is inundated at high tide and exposed for ~6 hrs around low tide.
Samples were collected from the upper, sandy part of the flat during low tide on five occasions
over three seasons, May 15™, June 15", July 28", October 8™, 2020, and March 18", 2021. The
upper part of the flat has a porosity of 0.33, a mean grain size of 176 ym, and a permeability of
~7.2 x 102 m? 4243, Sediment was scrapped from the upper 2 cm and transferred into a canister
and covered with seawater. Deeper sediments and depth profiles were collected with core liners.
Seawater was collected adjacent to the flat. On March 18", 2021, porewater samples were
sampled in situ for Fe?* and hydrogen peroxide measurements using Rhizons (Rhizosphere
Research Products, The Netherlands). Sediment cores were sampled using core liners for oxygen

and hydrogen peroxide measurements.

Incubation set up

All incubations were carried out in 6 mL gas-tight vials, hereafter called Exetainers (Labco, UK)
that were filled without headspace, with 2 cm?® sediment and 4 mL seawater. During incubation,
all Exetainers were placed in light-impermeable roller tanks and inverted every 30 seconds, to
allow thorough slurry mixing. Except for the incubations in October, all incubations were started
on the same day as the sediment was sampled. In October, sediment and seawater were stored
at 4 °C for six days before incubations started. In the incubations with an anoxic start, seawater
was equilibrated with a nitrogen atmosphere and Exetainers were filled in an anoxic hood that
had a nitrogen-carbon dioxide (9:1) atmosphere. For all other incubations, Exetainers were filled
on a lab bench after sediment was thoroughly mixed, and seawater was shaken to bring to
equilibrium with the air. For all measurements except oxygen, Exetainers were destructively

sampled, so each timepoint represents a separate individual Exetainer.

Depending on the experiment, incubations were untreated, or amended with 28 mM sodium
molybdate, 1500 U/mL catalase, 217 U/mL superoxide dismutase, a combination of 217 U/mL
superoxide dismutase and 1500 U/mL catalase, or 0.5 mg/mL bovine serum albumin (BSA). The

BSA treatment served as a control for the enzyme treatment, to allow separation of the effects of
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enzymatic activity from the effect of added protein. Separate Exetainers were used to measure
sulfate reduction, hydrogen accumulation, and methane accumulation, depending on the
experiment. When total sulfate, sulfide and dissolved iron were measured, these were measured

from the supernatant of the hydrogen Exetainers.

Oxygen consumption measurements

Oxygen concentrations were measured repeatedly from a series of 3-4 Exetainers which were
quickly opened at regular intervals to allow insertion of a Clark-type oxygen microsensor produced
in-house**. When this process introduced a bubble to the Exetainer headspace, the Exetainer
was discarded. Oxygen microsensors were calibrated against air-saturated seawater and anoxic

sodium ascorbate.

One linear trend line per treatment was plotted through the individual measurements of the
Exetainers, and its intersection with an oxygen concentration of zero yM was calculated, which
was defined as the transition between oxic and anoxic conditions. For each trend line, the

standard error of the slope was calculated.

Sulfate reduction rate measurements

Sulfate reduction was determined according to Ray et al. 2014%*, 250 kBq of 3*S-S0.* were added
to each Exetainer used for sulfate reduction measurements. Incubations were stopped by
transferring the entire content of the Exetainers to 6 mL 20% (w/v) ZnAc and then stored at
-20 °C until distillation. Reduced sulfur was distilled from samples using a cold acid-chromium
distillation within 2 months. All bioactive extracellular sulfur, except for sulfate, should be captured
in this fraction. Radioactivity in the distilled sulfur fraction was determined with a scintillation
counter (Perkin-Elmer Tri-Carb 4910 TR; using Ultima-Gold Scintillation cocktail). Sulfate
reduction rates were calculated by plotting a linear trend line through the individual measurements

of the anoxic period, and for each trend line, the standard error of the slope was calculated.

In October 2020, sulfate reduction was also determined as above with the inclusion of a silver
wire twice the length of the Exetainer, to increase sensitivity to oxic sulfate reduction3. Exetainers
were sampled as above, with a higher resolution during the oxic period. The silver wire was then
cleaned twice in 50 mM sodium sulfate, then radioactivity was determined using a scintillation

counter.
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Hydrogen measurements

At each timepoint during the incubation, a 2 mL headspace was created in an Exetainer using
nitrogen gas by removing 2 mL supernatant. The Exetainer was shaken vigorously for 2 minutes
to allow for headspace equilibration, then 1 mL of the headspace was injected into a gas
chromatograph (Peak Performer RCP 910-Series, Peak Laboratories, USA) using a gas- and
pressure-tight syringe. The gas chromatograph was calibrated against a 100 ppm hydrogen
standard (Air Products, Germany). Hydrogen accumulation rates were calculated by plotting a
linear trend line through the individual points, and for each trend line, the standard error of the

slope was calculated.

Dissolved iron, sulfide and sulfate measurements

The supernatant that was replaced by N2 during headspacing from the Exetainers for hydrogen
determination was used to measure dissolved iron and sulfate. Immediately after removing
supernatant using a syringe, the syringe was connected to a 0.2 um PTFE filter. The first 0.5 mL
from the syringe was transferred directly into 0.1 mL 5% (w/v) ZnAc for subsequent sulfide and/or
sulfate analysis. 1 mL from the remaining volume was added directly to 0.1 mL ferrozine for
subsequent dissolved iron measurements. Dissolved iron was measured spectrophotometrically.
Porewater samples collected on March 18", 2021 were transferred to cuvettes and measured
using the same spectrophotometric method. Dissolved iron was measured using the ferrozine
method*®. Sulfate was measured using an ion chromatograph (Metrohm 920 Compact IC Flex,
Metrohm AG, Switzerland) with a zinc trap, calibrated against a standard curve of a sulfate

standard. Sulfide was measured spectrophotometrically’.

Methane measurements

Slurries in Exetainers used for methane analysis were fixed using 200 uL saturated ZnCl, solution,
and stored upside-down until analysis. A headspace of 2 mL was created using helium gas, and
500 uL headspace was injected in a gas chromatograph using a gas- and pressure-tight syringe.
The gas chromatograph was calibrated against a 100 ppm methane standard (Air Liquide,

Germany).

Solid-phase iron extraction
Solid-phase acid volatile iron was extracted from sediments in May and July 2020. Samples of
10-50 mg taken from the sediment surface (0-2 cm depth), or from a depth of 10-14 cm in a freshly

sliced core, were quickly transferred to 0.5 M HCI and allowed to react for 0.5 hrs. The extract
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was then immediately filtered through 0.2 upm PTFE syringe filters and analyzed

spectrophotometrically using the ferrozine method“.

Hydrogen peroxide sensor

The hydrogen peroxide sensor consisted of an etched 50 um-thick platinum anode plated with
platinum chloride (8% PtCls in MilliQ water), an etched 100 ym-thick platinum guard, and a thick
platinum reference. The anode, guard, and reference were mounted in a glass casing, with the
sensing anode at a distance of ca. 50 ym from the tip. The tip diameter of the outer capillary had
a diameter of 25-30 ym and a tip opening of 10 um. Before mounting the electrodes, the tip of
the outer capillary was sealed by a thin polyurethane membrane (D6, kindly provided by Anders
Tjell, TU Graz, Austria). The membrane was dissolved in tetrahydrofuran (50 mg mL-") and
applied by shortly immersing the capillary in the solution that is kept in the tip of a Pasteur pipette
and left to cure overnight. The membrane was applied under microscopic guidance. The
membrane separated the electrolyte from the seawater but was permeable for hydrogen peroxide.
After mounting the electrodes in the casing, the sensor was filled with electrolyte, a
borate/potassium chloride buffer (50 mM borate, 3 M potassium chloride and 490 uM ferrozine),

with pH 9. Sensor performance is described in the Supplementary Information.

The sensor was connected to a picoammeter and polarized at +700 mV until a stable current was
obtained, which happened normally within an hour. The medium in which the sensor was used
was connected to an external reference electrode. The sensors were calibrated before use in a
stirred beaker with filtered seawater to which aliquots of stabilized 3% hydrogen peroxide were
added.

Hydrogen peroxide microsensor measurements

Steady-state hydrogen peroxide microprofiles were measured using the new hydrogen peroxide
microsensor (see “Hydrogen peroxide sensor’, Supplementary Information, Supp. Table S2,
Supp. Fig. S9,510) in sediment cores collected March 18", 2021. Parallel oxygen microprofiles
were measured using an oxygen microsensor as described previously*®. The interface between
the overlying water column and sediment was set at depth zero. The water column was
continuously stirred to ensure a well-mixed column and a constant boundary layer. The oxygen
microsensor was 2-point calibrated (air and 1 M Na-ascorbate pH 11). The hydrogen peroxide
microsensor was calibrated by incremental addition of a 3% hydrogen peroxide solution to

seawater. Microprofiles were measured using a motor-equipped micromanipulator, controlled by
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a laptop on which also the data were acquired.

Production of hydrogen peroxide was calculated using the steady-state depth profile. Fluxes were
calculated by multiplying the effective molecular diffusion coefficient (Derr = 1.08%10% m? s°*) with
the concentration gradient, where Dest = Do(1.13%10° m? s") x porosity2. Conversion (production

or consumption) was then calculated using the change in flux over depth.

The potential influence of oxygen on hydrogen peroxide production was assessed by addition of
oxygen-saturated seawater to hydrogen peroxide-free sediment. A needle connected to a syringe
filled with the seawater was inserted into the sediment, and the seawater was slowly injected.
Microprofiles were measured after injection. Parallel microprofiling of oxygen ensured that

profiling was conducted where the seawater was injected.

Hydrogen peroxide chemiluminescent measurements

Hydrogen peroxide concentrations from sediment porewater were determined in a FeLume
system*34° essentially a circular flowcell with a photomultiplier placed directly on top to detect the
photons from a chemiluminescent reaction in the flowcell. The flowcell and detector combination
were placed in a black box to protect against light interference. Hydrogen peroxide is proportional
to the amount of photons produced by the chemiluminescent reaction with 10-methyl-9-
(p-formylphenyl)-acridinium  carboxylate trifluoromethanesulfonate (AE) under alkaline
conditions*®4%. The analysis was carried out in a flow-injection mode. Reagent solutions were
prepared in 18.2MQ-cm MilliQ water with analytical grade reagents. A pH 3 phosphate buffer with
freshly 2 uM AE reagent served as the sample carrier solution. A 6-way injector valve with 50 pL
sample loop was used to inject the samples and standards in the carrier stream. Both carrier
stream and a 0.1 M sodium carbonate solution (pH 11.3) were pumped using a peristaltic pump
(Gilson Minipuls 3) at flow-rates of 2 mL/min into the flowcell. Directly upon mixing the carrier flow

and the alkaline buffer the chemiluminescent reaction started.

Catalase (10 U/mL) was added to AE and carbonate reagents to remove background hydrogen
peroxide. The reagents with added catalase were left for a couple of hours which helped to obtain
a stable baseline for the assay. For calibration, standard solutions (0.5-50 yM) of hydrogen
peroxide were prepared in 0.22 um aged filtered seawater collected from the sampling area.
Following extraction, porewater samples were immediately injected into the running FeLume. The

response time to obtain a chemiluminescent peak was ~15 seconds after the injection. Standards
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were injected periodically during the assays, to check for drift. Hydrogen peroxide standards with
added catalase (100 U/mL) were also injected to confirm disappearance of the signal during the

assay.

Porewaters contain high concentrations of Fe?* (Supp. Fig. S11). Oxidation of Fe?* during
sampling and analysis can lead to hydrogen peroxide generation. To prevent such interference
by Fe?*, we added ~200 uM ferrozine to the sampling syringe while drawing 2-3 mL of porewater
using a Rhizon sampler (Rhizosphere Research Products, The Netherlands). Ferrozine was also
added to the reagents and standards at similar concentrations to prevent any bias. Ferrozine does

not have any effect on the hydrogen peroxide concentrations*®.

Hydrogen distributions

In July 2020 and March 2021 cores were taken from the upper flat using core liners with 1 cm
ports drilled into the side every 2 cm. On the sand flat (or in the harbor in March 2021), 12 mL
Exetainers were filled with 10 mL 35% (w/v) NaCl solution (6 mL Exetainers with 4 mL 35% (w/v)
NaCl solution in March 2021), in a modification of the procedure outlined in Lin et al. 2012%.
Between 0 and 12 cm depth, 2 cm?® of sediment were removed from the cores every 2 cm via the
ports using cut-off syringes and transferred into the Exetainers. Exetainers were capped without
headspace. Four Exetainers served as controls and were filled with 35% (w/v) NaCl solution to
account for any hydrogen produced during transport. Immediately upon returning to the home
laboratory in Bremen (~3 hrs later) 2 mL of the water phase of each Exetainer was replaced with
nitrogen gas. After equilibration, headspace hydrogen concentrations were measured using a gas
chromatograph (see “Hydrogen measurements”). The hydrogen present in the control Exetainers
was subtracted from the amounts in the Exetainers with sediment added, after correcting for the

slightly increased water volume in the control Exetainers.

Carbon turnover

Carbon turnover rates for untreated slurries and slurries treated with a combination of catalase
and superoxide dismutase were used to assess the influence of ROS on carbon turnover in the
sediments. Carbon turnover was calculated using the aerobic respiration and sulfate reduction
rates for slurries from sediment collected on June 15", Linear trend lines were plotted through the
individual oxygen measurements and reduced sulfate measurements for untreated slurries, and
slurries treated with a combination of catalase and superoxide dismutase. For sulfate reduction

rates, only the anoxic period of the incubations was used. A stoichiometry of sulfate:carbon of
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1:2, and of oxygen:carbon of 138:106 was used to convert these rates to carbon turnover rates.
As sulfate reduction is the dominant anaerobic pathway in coastal marine sediments*', summed
carbon turnover rates derived from aerobic respiration and sulfate reduction are a reliable

estimation of the total carbon turnover rate via biotic respiration.
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Supplementary Information hydrogen peroxide sensor

The hydrogen peroxide sensor consisted of an etched 50 um-thick platinum anode plated with
platinum chloride (8% PtCls in MilliQ water), an etched 100 uym-thick platinum guard, and a thick
platinum reference. The anode, guard and reference were mounted in a glass casing, with the
sensing anode at a distance of ca 50 um from the tip. The tip of the outer capillary had a diameter
of 25-30 um and a tip opening of 10 um. Before mounting the electrodes, the tip of the outer
capillary was sealed by a thin polyurethane membrane (D6, kindly provided by Anders Tjell, TU
Graz, Austria). The membrane was dissolved in tetrahydrofuran (50 mg/mL) and applied by
shortly immersing the capillary in the solution that is kept in the tip of a Pasteur pipette and left to
cure overnight. The membrane was applied under microscopic guidance. The membrane
separated the electrolyte from the seawater but was permeable for hydrogen peroxide. After
mounting the electrodes in the casing, the sensor was filled with electrolyte, a borate/potassium

chloride buffer (50 mM borate, 3 M potassium chloride and 490 pM ferrozine), with pH 9.

The selectivity was assessed by addition of potentially interfering compounds (ammonium, nitrate,
formate, acetic acid, ascorbate, and Fe?* (Fe?* additions tested at pH 3). The response of the
sensor was assessed for incremental additions of these compounds, and for hydrogen peroxide
(3% hydrogen peroxide stock solution). Sensitivity was defined as the slope of the linear trend
line. The sensitivity for hydrogen peroxide was 9 x 105 pA uM™". Interference (in %) was calculated

as: sensitivity interfering compound/sensitivity H.O» x 100 (Supp. Table S2; Supp. Fig. S9).

When no ferrozine was added to the electrolyte, the sensor had strong interference with Fe?*.
Sensors with ferrozine in the electrolyte had no response to Fe?*. The ferrozine-filled sensor was
used for our measurements. The sensor was connected to a picoammeter and polarized at +700
mV until reaching a stable current, which happened normally within an hour. The medium in which
the sensor was used was connected to an external reference electrode. The sensors were
calibrated before use in a stirred beaker with filtered seawater to which aliquots of stabilized 3%
hydrogen peroxide were added. The response time was <3 seconds. The sensor was very stable
and not noise sensitive. The sensitivity was 2 x 10 pA uM™" (Supp. Fig. S10). The response to
hydrogen peroxide was linear within the range of 0.5 uM to 4.3 mM (Supp. Fig. S10), the highest
concentration tested. The sensor was slightly light-sensitive. The shelf lifetime of the sensor was

a few weeks. With use in anoxic sediments the sensitivity quickly goes down after a while.

115



Chapter 4

>
o

S 100 S 40
3 untreated 3
2 B molybdate o o
c 80 y £ 50 o
o o
= = a
g 60- g
o o
~— — 20 4
D b5t 0
(5] 40 4 Q
o -
° 2 10
© 20 - o P
= . 5
C?) 0 ﬂl‘ [ I‘ . ‘ ] UD) 0 Lo ]D ‘ ‘ ‘ .
0 5 10 15 20 25 0 5 10 15 20 25
Time (hr) Time ¢hr)
= 3 = 5 12
@ o}
W 1] [m]
0 o o 10 1 o
5 5
5 2 3 87
g £
= = D
[m]
8 8
> 1 4 =1 4 O
L= o]
o e
@ o Surface oL 24
<8 Deep ) oo
=3 0 O 3 . O
» 0 : ‘ : : » 0189, : :
0 1 2 3 4 5 6 0 1 2 3 4 5 B
Time (hr) Time (hr)

Figure S1: Reduced sulfate in slurries over an oxic-anoxic transition. The vertical lines indicate the
transition from oxic to anoxic conditions. A: Slurries from surface sediments (open squares) and surface
sediments treated with molybdate (filled squares), collected May 25%. Untreated and molybdate-treated
slurries became anoxic at the same time, B: Slurries from surface sediments collected June 15t C: Slurries
from surface (0-2 cm depth) and deep (10-14 cm depth) sediments collected July 28%. The black vertical
line represents the transition to anoxic conditions for surface sediments, the grey line that for deep

sediments, D: Slurries from surface sediments collected October 8.
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Figure S2: Hydrogen accumulation. A: Hydrogen concentrations in slurries over an oxic-anoxic transition
with (filled triangles) and without (open triangles) molybdate, an inhibitor for sulfate reduction, plotted
against a log scale. Slurries were from sediment collected May 25, 2020. The vertical line indicates the
point where slurries became anoxic, which was the same for untreated and molybdate-treated slurries,
B: Hydrogen accumulation after slurries turned anoxic for slurries with and without (untreated) molybdate.
Hydrogen accumulation was calculated from the anoxic period of Fig S2A. Error bar represents standard

error of the linear trend line.
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Figure S3: Rates of sulfate reduction and hydrogen accumulation for the anoxic period of untreated slurries.
The sulfate reduction rate was calculated from the anoxic period of Fig S1A. The hydrogen accumulation
rate was calculated from the anoxic period of Fig S2A. Error bars represent standard error of the linear

trend line.
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Figure S4: Hydrogen peroxide dynamics in sediment cores. Microsensor depth profiles of hydrogen
peroxide and oxygen within a sediment core. Profiles were measured after injection of oxygen-saturated
seawater at a sediment depth where both hydrogen peroxide and oxygen were undetected (around
0.015 m depth; see Fig 2) on March 18,
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Figure S5: Concentrations, fluxes and conversion rates of hydrogen peroxide in a sediment core. All are
from the same sediment core, collected March 18" 2021. A: Steady-state depth profile of hydrogen
peroxide, the same depth profile as shown in Fig 2, B: Hydrogen peroxide calculated from the steady-state
depth profile of Fig S5A. Positive values indicate upward fluxes, negative values downward fluxes, C:
Hydrogen peroxide conversion within a sediment core, calculated from the hydrogen peroxide fluxes of Fig

S5B. Positive values indicate production, negative values consumption.
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Figure S6: Hydrogen peroxide concentrations in intertidal permeable sediment. A: Hydrogen peroxide
concentrations measured in porewater from a sediment core using a chemiluminescent technique. No
measurements were conducted above 4 cm depth, due to an absence of openings in the core through
which sampling with Rhizons occurred in this depth interval, B: Hydrogen peroxide concentrations
measured in porewater extracted with Rhizons on the flat from 2 locations using a chemiluminescent

technique.
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Figure S7: Hydrogen concentrations in slurries over an oxic-anoxic transition. The vertical lines indicate
the transition from oxic to anoxic conditions, A: Hydrogen concentrations for sediments collected June 15,
B: Hydrogen concentrations for sediments collected May 25%, C: Hydrogen concentrations in slurries for
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28, The black vertical line represents the transition to anoxic conditions for surface sediments, the grey

line that for deep sediments.
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Figure S8: Fe?* concentrations in slurries over an oxic-anoxic transition. The vertical lines indicate the
transition from oxic to anoxic conditions, A: Slurries from surface sediments collected June 15%, B: Slurries
from surface and deep sediments collected July 28%. The black vertical line is the transition to anoxic

conditions for surface sediments, the grey line for deep sediments.
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Figure S9: Response of the hydrogen peroxide sensor to various interfering compounds. A: Hydrogen

peroxide, B: Ferrous iron (Fe?*), C: Ammonium, D: Ascorbate, E: Nitrite, F: Nitrate, G: Acetic acid,
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Figure S10: Examples of calibrations of the hydrogen peroxide sensor with ferrozine in the electrolyte, for
two different concentration ranges.
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Figure S11: Dissolved Fe?* concentrations measured at two locations (open circles) on March 18%. Also

the average of the two cores is shown (filled circles). Porewater was collected in situ using Rhizons, and

directly fixed in the attached syringe using ferrozine. A subsample of the porewater was used for the

chemiluminescence measurements of Fig S6B.
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Table S1: Carbon turnover in untreated slurries and slurries treated with a combination of catalase and

superoxide dismutase (CAT+SOD). Sediments were collected June 15,

Treatment Oxygen consumption rate | Sulfate reduction rate | Total turnover
(mol C m3s™) (mol C m3s™) (mol C m3s™)

Untreated 4.79 x 10° 8.28 x 10”7 4.87 x 10°

CAT+SOD 1.93 x 10* 1.39 x 10°® 1.94 x 10*

Table S2: Interference of various compounds with the hydrogen peroxide microsensor. Interference (in %)

is calculated as: sensitivity/H20, sensitivity x 100.

Tested concentration Sensitivity Interference

range (UM) (PA pM™) (%)
Ammonium 0-40 9x 107 1
Nitrite 0-60 1x10° 1M
Nitrate 0-30 2 x10° 2
Formate 0-20 1x10° 1
Acetic acid 0-40 5x 107 0.6
Ascorbate 0-40 1x10* 111
Fe?* 0-430 1x10° 11
Fe?* none
(sensor with ferrozine)
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Abstract

Conspicuous, egg-shaped, white, and smooth structures were observed at a hydrothermal vent
site in the Guaymas Basin, Gulf of California. The gelatinous structures decomposed within hours
after sampling. Scanning electron microscopy (SEM) and light microscopy showed that the
structure consisted of filaments of less than 0.1 ym thickness, which are similar to those observed
for “Candidatus Arcobacter sulfidicus”. SEM-energy-dispersive X-ray spectroscopy (EDS)
showed that the filaments were sulfur rich. According to 16S rRNA gene amplicon and
fluorescence in situ hybridization (FISH) analysis, Arcobacter, a sulfide oxidizer that is known to
produce filamentous elemental sulfur, was among the dominant species in the structure and likely
responsible for its formation. Arcobacter normally produces woolly snowflake like structures in
opposed gradients of sulfide and oxygen. In the laboratory, we observed sulfide consumption in
the anoxic zone of the structure, suggesting an anaerobic conversion. The sulfide oxidation and
decomposition of the structure in the laboratory could be explained by dissolution of the sulfur

filaments by reaction with sulfide under formation of polysulfides.
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Importance

At the deep-sea Guaymas Basin hydrothermal vent system, sulfide-rich hydrothermal fluids mix
with oxygenated seawater, thereby providing a habitat for microbial sulfur oxidation. Microbial
sulfur oxidation in the deep-sea involves a variety of organisms and processes, and can result in
the excretion of elemental sulfur. Here, we report on conspicuous, white, and smooth gelatinous
structures found on hot vents. These strange egg-shaped structures were often observed on
previous occasions in the Guaymas Basin, but their composition and formation process were
unknown. Our data suggest that the notable and highly ephemeral structure was likely formed by
the well-known sulfide-oxidizing Arcobacter. While normally Arcobacter produces loose flocs or

woolly layers, here smooth gel-like structures were found.
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Introduction

The release of hydrothermal fluids in oxic seawater generates strong thermodynamic disequilibria
that fuel the abundant chemoautotrophic microorganisms typical for hydrothermal vent systems.
Hydrothermal fluids are generally highly reduced, oxygen-free, and enriched in compounds such
as COo, H2S, CHg4, Ho, and iron (1). Sulfide, as a common constituent of hydrothermal fluids, is a
source of energy for chemosynthesis (2). Microbial sulfur oxidation rarely proceeds directly to
sulfate but results in a range of oxidized sulfur intermediates, including elemental sulfur and

polysulfides (3).

Sulfur oxidizers are well known for their production of elemental sulfur, which is either internally
stored or excreted. Produced elemental sulfur has been observed in the form of globules and
filaments, and can serve as energy reserve. The excretion process can form thick white mats
within a relatively short period of time (4). It was suggested that the sulfur filaments can be used
by organisms as an anchor, to position themselves optimally in the chemical gradients present in
their habitat (5). An example of a reported responsible organism (both in situ and in laboratory
incubations) is the epsilonproteobacterium Arcobacter (6, 7). Material discovered at several
hydrothermal vent sites appeared similar to filamentous sulfur formed by a coastally derived
organism, for which filamentous sulfur formation was first described (6, 8), which led to the
suggestion that microbial filamentous sulfur is a common product in hydrothermal environments
(7). Especially distinct examples are those of the so-called snowblower events, first observed by
(8). Snowblower events were described as the release of flocculent white bacterial mat fragments

into the seawater by venting fluids after eruption (e.g. (8)).

Essentially all marine sediments harbor sulfur oxidizers, including a large diversity of Alpha-,
Gamma-, and Epsilonproteobacteria (reviewed in (9)). Well-known forms of sulfur excreted by
aerobic marine sulfur oxidizers include white mats (e.g. (4)). Such mats were described to be
gelatinous, mushroom-like (10), consisting of cotton-ball precipitates (11), or rather consisting of

the producing organisms within a matrix of sulfur-rich mucous (12).
Here, we report on conspicuous, unusually smooth, white gelatinous egg-shaped structures with

a diameter of several centimeter that were observed in the hydrothermal vent system of the

Guaymas Basin, Gulf of California. We used microscopy, microsensor measurements, sediment
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extraction methods, and microbial community composition analyses to describe the sampled

structure, the sulfide oxidizing process, and determine the inhabiting microorganisms.

Results

Observations

White gelatinous flat mats and egg-shaped structures were observed on and next to a hot smoker
at Cathedral Hill, Guaymas Basin (Fig. 1A). The semi-transparent egg-shaped structures were up
to several centimeters in diameter. Some were also growing on tube worms. The unusual smooth

gelatinous appearance made the structures very notable.

A structure next to the hot smoker was sampled intact together with the underlying sediment using
a push core. The structure had a diameter of a few centimeters (Fig. 1B), and likely recently fell
of the hot smoker or tube worm where it was attached to. In situ sediment temperatures were
13 °C at 5 cm depth, and increased up to 99 °C at 50 cm depth. Microsensor measurements and
subsequent subsampling for the other analyses were conducted before the structure fell apart

within a few hours.

Microsensor measurements

Microsensor profiles showed some distinctive features within the structure compared to the
overlying seawater and underlying sediment (Fig. 2). Oxygen diffused into the structure from the
overlying seawater, and penetrated a few millimeters. Sulfide diffused into the structure from the
underlying sediment. The oxygen and sulfide profiles showed consumption of both compounds
within the structure. However, oxygen and sulfide were consistently spatially separated by 0.5

centimeter. Hence, sulfide consumption occurred without oxygen being involved.

The pH values in the overlying seawater were stable (7.5), but pH values gradually decreased

with depth within the structure and underlying sediment.

The electrical potential was negative throughout the measured interval, and only showed small

differences (<0.005) between the seawater, structure, and sediment.
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A 10 em

Figure 1: The structures on a hydrothermal vent site at Cathedral Hill (A); and the sampled structure on
board of the ship (B). Structures covered the smoker, and were abundant on surrounding sediments. The

structure shown in (B) was sampled from the surrounding sediments.
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Figure 2: Microsensor profiles measured on the ship from the overlying seawater through the structure
(0.00 to 0.01 m depth) into the sediments. Oxygen (in blue) only penetrated a few millimeters into the
structure from above, while sulfide (in yellow) penetrated from below. Both were consumed within the

structure. No notable change in the electrical potential (AE; in red) was observed. pH (in green) was stable
within the seawater, and decreased with depth within the structure and sediment.
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Microscopic observations

The structure was composed of a fibrous mesh of irregular whitish filaments (Fig. 3) with variable
length and thickness of maximum 0.1 um (Fig. 4). Upon squeezing between slide and coverslip,
the filaments fragmented and completely disappeared. The filaments were rather electron

transparent and no septa were visible (Fig. 4).

Figure 3: Light microscope images showing a mesh of white filaments with magnifications of 100x (left)

and 400x (right). The length and thickness of the filaments are variable.

Figure 4: Secondary electron (SE) micrographs from SEM of the filaments. Filaments have a diameter of

0.1 um or less. No septa are visible.
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Elemental composition
The white appearance of the structure indicated sulfur accumulation. The dissolution of the
filaments in methanol further suggested the presence of sulfur. Iron concentrations, determined

by sediment extraction, were low (<0.1 %).

The elemental composition, as determined by combined scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS), showed the filaments to be sulfur rich (Fig. 5A),

while other elements, such as carbon, were not enriched (Fig. 5B).

o s IS . O

17 ’ 3 jum 7
MAG: 10000x  HV: 10 k¥ WD: 100 mm , MAG: 10000x HV: 10 kV  WD: 10,0 mm

Figure 5: SEM-EDS images showing that filaments (fop right) are enriched in sulfur (A), but low in carbon
(B) in comparison to cells. Yellow indicates the presence of sulfur (A), red indicates the presence of carbon
(B). The intensity of these colors in the elemental mapping images is correlated to the abundance of these

elements in the sample in mass percent.

Microbial community composition

The analysis of the microbial community inferred from 16S rRNA gene amplicon sequencing
indicated prevalence of Bacteria (96%) composed of primarily Epsilonproteobacteria (67%), with
smaller contributions of Gammaproteobacteria (8%) and Deltaproteobacteria (6%). Within the
Epsilonproteobacteria sulfide-oxidizing genera Arcobacter and Sulfurimonas each accounted for
about half of the reads. Sulfurovum, Desulfobulbaceae, Beggiatoaceae and Methanomicrobia

were detected at low overall frequency (<2%).

On the level of amplicon sequence variants (ASVs), the 15 most frequent ASVs (detected with
>300 reads) accounted for about 67% of all reads and were dominated by roughly equal numbers

of Arcobacter and Sulfurimonas. Other taxa (<2%) represented among the most frequent ASVs
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were Methylococcales, Desulfobulbaceae, ANME-1 (Methanomicrobia), Sulfurovom and
Bacteroidetes.

Bright field and epifluorescence microscopy on a nucleic acid stained sample visualized cells
associated with the filamentous sulfur structure.

Catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) with the Arcobacter
specific oligonucleotide probe Arc94 (13) confirmed the presence of Arcobacter cells, which were

observed as coccoid to oval shaped single cells often connected to the sulfur filaments (Fig. 6).

Figure 6: Fluorescence micrographs of cells and filaments. Cells stained with DAPI in blue (A) and cells
labeled with CARD-FISH using probe Arc94 targeting Arcobacter in red (B). Overlay of DAPI and
CARD-FISH signals (C) and fluorescence channels overlayed with bright field image showing the filaments
(D). White arrows indicate cells labeled with probe Arc94 while black arrows highlight filaments in the
proximity of labeled cells. Scale bar, 5 um.
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Discussion

The conspicuous, smooth, and gelatinous transparent structures we report on here have been
observed previously (A. Teske, S. Wankel, personal communication), but were not further
investigated. Other remarkable sulfur structures have been observed previously in deep sea
environments. Mushroom-like mats produced by Thiobacterium, a gammaproteobacterium, were
reported in sulfidic marine habitats (10). The structures in the mats were much less smooth and
smaller than the structures we report on here, and were inhabited by different organisms. Also,
white mats consisting of small granules were observed at the surface of a brine seep in the
Eastern Mediterranean. While with a similar fibrous microstructure and inhabiting organism (likely
organisms related to “Candidatus Arcobacter sulfidicus”) (11), these structures were irregular,
consisting of cotton ball-like precipitates instead of the smooth structure described here. Other
sulfur-rich structures include flocculent material composed of filaments observed in a laboratory
reactor (6), which was similar to flocculent material released during snowblower events, and
hydrothermal filamentous sulfur mats (4), of which a morphologically comparable mat was
dominated by Arcobacter (12). In the latter, well described, example, the organism was similar on
16S rRNA gene level to the Arcobacter sp. found in this study. However, the here studied structure

had a different macroscopic appearance, probably because formation conditions differed.

PCR-based community analyses suffer several well-known biases and should be considered as
indicative, rather than quantitative (14, 15). Our analysis of the microbial community indicated that
16S rRNA gene amplicons related to Arcobacter and Sulfurimonas accounted for a substantial
proportion. However, as Arcobacter but not Sulfurimonas is known to produce filamentous sulfur,
we focused further on Arcobacter. The detected Arcobacter population was dominated by a single
amplicon sequence variant (ASV) which was similar to environmental sequences recovered from
deep sea and seep environments, and the 16S rRNA gene of “Candidatus Arcobacter sulfidicus”,
a sulfide oxidizer known to form filaments of elemental sulfur (7). The presence of Arcobacter
cells was detected with CARD-FISH, which indicated that cells were associated with the sulfur
filaments. Although the microstructure of the filaments observed by light microscopy and SEM
was very similar to the microstructures that “Candidatus Arcobacter sulfidicus” produced in
laboratory cultures (7), the macroscopic structure was entirely different. The formation of filaments
is thought to help the cells find and maintain an optimal position in opposing chemical gradients

of oxygen and sulfide (5). Similar as the well-known ‘run and tumble’ behaviour of swimming
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bacteria to orient themselves optimally in a substrate gradient (16) sudden direction changes of

cells growing a sulfur wire, explain the strange curvature of the sulfur flaments (Fig. 4).

The SEM-EDS analysis showed that the filaments consist of almost pure sulfur, without important
contribution of metals or carbon. This was confirmed by the observed disappearance of filaments
after exposure to methanol, which dissolves elemental sulfur. Our data suggests that the sulfur
filaments are likely produced by bacteria related to Arcobacter, which live at the interface between
oxygen and sulfide and produce elemental sulfur by aerobic sulfide oxidation, as found for

“Candidatus Arcobacter sulfidicus” (7).

Also Sulfurimonas seem abundant in the structure, as observed by the microbial community
analysis. Sulfurimonas can oxidise a range of reduced sulfur compounds, such as sulfide,
elemental sulfur, and thiosulfate (17). Known Sulfurimonas are able to oxidize sulfide usually
completely to sulfate (17), and produce crystalline sulfur only as intermediate product under low
oxygen conditions (18). We therefore regarded it likely that Arcobacter is responsible for the

formation of the abundant and structured filaments.

However, the sulfide consumption observed within the structure cannot be explained by the
oxidative activity of Arcobacter, as Arcobacter needs an overlap of oxygen and sulfide to perform
sulfide oxidation. Other processes were considered to explain the gap between the oxic and

sulfidic zone, e.g. oxidation by nitrate, Fe(ll), nitrate-storing Beggiatoa, or cable bacteria.

The giant vacuolated Gammaproteobacteria of the family Beggiatoaceae forms mats on sulfidic
sediments. The family contains a variety of metabolic potential, with autotrophic, mixotrophic, and
heterotrophic organisms being isolated (19-21). Beggiatoa have vacuoles in which they can store
nitrate in mmol L concentrations (22), which allows them to oxidize sulfide and survive for days
to weeks under anoxic conditions (23). The first step of sulfide oxidation leads to the formation of
elemental sulfur (24), which can be stored internally, and is used as electron donor when the

external sulfide concentration decreases.

Another sulfide oxidizer that thrives in sediments with separated oxic and sulfidic zones is a
filamentous Desulfobulbaceae (also referred to as ‘cable bacteria’) (25). Electric currents couple
the sulfide oxidation to the reduction of oxygen (26) or nitrate (27), through microbial cables

stretching between the different zones (25). Cable bacteria can be found in a wide variety of
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environments (28), but these clearly distinguishable and robust filaments were not observed in
the investigated structure. Also, sequences related to Desulfobulbaceae were only detected at

low frequency.

Such indirect oxidation by oxygen is unlikely as the stoichiometry of sulfide and oxygen fluxes
(Stt:O2 was approximately 5) do not match with aerobic sulfide oxidation to elemental sulfur
(S(0)), with a stoichiometry of 2 (O2 + 2 HS" — 2 S(0) + 2 OH"). Thus the sulfide consumption
cannot be explained by the oxygen flux. Moreover, aerobic sulfide oxidation of HS" (the dominant
sulfide species at pH 7.5) to elemental sulfur would lead to a pH maximum where sulfide

disappears, which was not observed.

Also sulfide oxidation by nitrate is not responsible for the observed sulfide consumption in our
structure. The highest possible nitrate flux from the water column to the sulfidic zone, is
5.1x10°mol m2 s, two orders of magnitude too low to explain the observed sulfide consumption.
Nitrate storing giant Beggiatoa were highly abundant in Guaymas Basin sediments but not
observed inside the structure by microscopy. Furthermore, sequences affiliated with
Beggiatoaceae, the family containing the genus Beggiatoa, were detected with low frequency in

the amplicon dataset.

Further cable bacteria that directly transfer electrons from sulfide to oxygen via electrical
conductance (25, 26) can be excluded as explanation for the observed gap. Both by light
microscopy and SEM the characteristic filaments with nodes and longitudinal thin ridges typical
for cable bacteria (25) were not observed, and observed filaments were much too thin (0.1 pm
instead of the typical 0.4-1.7 pym for cable bacteria (29)). Furthermore, the cable bacteria are
highly robust, while the investigated filaments disappeared when squeezed under microscopic
cover glass. The filaments almost completely consisted of sulfur, a poor conductor. Also, the
typical pH profile for cable bacteria, with a pH peak in the oxic zone (26) was not observed, and
furthermore electrical potential measurements differed from those typical for the presence of cable
bacteria (30).

The observed sulfide consumption in our laboratory experiments may be explained by the
incubation conditions that differed from the in situ situation. In situ, the structures grow attached
to branches of tubeworms, exposed to oxygen and sulfide from the surrounding water, hence

oxygen and sulfide are provided from the same direction. Indeed, sulfide is abundant in vent fluids
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of the Guaymas Basin (31). Because in situ sulfide and oxygen penetrated the structure from the
same direction, sulfide would be rapidly consumed at the surface by sulfide-oxidizing bacteria and
be absent inside the structure. Under such conditions the sulfur filaments would not dissolve. The
situation of oxygen and sulfide coming from the same direction might also have led to the smooth
appearance, instead of woolly flocs. In situ the concentration of oxygen probably exceeded that
of sulfide, as upon retrieval the waterphase was no longer sulfidic. Thus in situ sulfide was
efficiently oxidised to sulfur at the surface and could not penetrate the structure. In contrast, in
our laboratory experiment, the sulfur structure was located in opposing gradients of sulfide from
the sediment and oxygen from the water column. Hence the filaments of sulfur were exposed to
sulfide that penetrated from below which would react with the filaments before meeting the oxygen
penetrating the structures from above. Because sulfide penetrated the structure from the
sediments below, it could react with the filaments to form polysulfides (n/8 Sg + HS” — Sp+1% + H*
(32)), resulting in dissolution of the filaments and decomposition of the structure within hours. Our
H>S microsensors do not detect polysulfides. In opposing gradients as is normally the case in
other environments, sulfur filaments are constantly exposed to sulfide, and the cells will have a
more complicated pattern to find the optimal location in the oxygen-sulfide gradients as the
exposed surfaces are limited in either oxygen or sulfide. This might lead to a more irregular

flocculent and woolly assembly of the individual filaments forming the structure.

Materials and methods

Site description and sample collection

Sampling took place during a research cruise with RV Atlantis and DSV Alvin in the Guaymas
Basin (Gulf of California) in November 2018. Structures were observed on and next to a hot
smoker at the Cathedral Hill hydrothermal vent system (27°00.696 N, 111°24.254 W) (33). One
of the structures next to the hot smoker was sampled by the Alvin submersible using a push corer.
On board, the push core with the structure was brought to a cold room (4 °C) for description of

sediment characteristics.

Microsensor measurements
The push core with the structure was placed in a water bath, which was set at a constant
temperature of 3 °C. Microsensor profiles for O, pH, H2S, and electric potential were measured

through the structure, overlying seawater, and underlying sediment. The microsensors for O», pH,
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H.S, and electric potential were produced as described previously (30, 34-36). The interface
between the structure and the seawater was set as zero position. Depth profiles were measured
using a micromanipulator equipped with a motor. The O, microsensors were 2-point calibrated
with air-saturated seawater (100%) and 1 mol L' Na ascorbate solution, pH 11 (0%). The pH
microsensors were calibrated in standard buffers. The H2S microsensors were calibrated by
incremental addition of a Na,S stock solution to acidified seawater (pH < 2). Concentrations of
total sulfide (Stwt) (St = H2S + HS  + S?%) were calculated using the corresponding H.S
concentrations and pH values (34) for each depth, using a pK1 of 6.635 (37). Subsamples for
microscopic, chemical, and community analyses were taken after microsensor measurements

were finished.

Fluxes of oxygen and sulfide were calculated by multiplication of the molecular diffusion
coefficient of oxygen (Do), with the porosity of the structure (38), resulting in fluxes of
4.9x108 mol m2 s for oxygen (Ds(O2) = 1.98x10° m? s™') and 2.2x107 mol m2 s for sulfide
(Ds(Stot) = 0.64%xDs(02) (39, 40)), respectively. The highest possible nitrate flux was calculated
using the combined nitrate and nitrite concentration in bottom water of 20 umol L' (33), and a Do
of 1.61x10°m? s" (41).

Microscopy and elemental analysis

Subsamples of the structure were taken for light microscopy, scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDS) analysis. Light microscopy was
conducted on board. Samples for SEM were fixed on board using a fixative solvent of
paraformaldehyde 2.5%/glutaraldehyde 2.5%/Na-cacodylate 0.1 mol L. The objective of fixation
is to retain cellular components in their native compartments and to present cells with a distinct
and detailed microscopically appearance. The sample was rinsed/diluted in water 1:1 and one
drop of this solution was added to a fresh drop of water on a piece of silicon wafer, left for drying
out, at room temperature. SEM analysis was performed on a Verso 3D, with scanning parameters:

5 kv,13 pA, with an angle of 45 degrees.

For SEM-EDS the samples were prepared on chips of silicon wafer material. Secondary electron
micrographs were recorded using FEI Quanta 250 FEG (Thermo Fisher Scientific, Eindhoven,
The Netherlands) scanning electron microscope with an accelerating of 2 and 5 kV for the electron
beam. The energy-dispersive X-ray spectroscopy were performed with an accelerating voltage of
10 kV on the SEM and Bruker EDS double detector system equipped with XFlash 6/30 detectors
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(Bruker Nano GmbH, Berlin, Germany) with an energy resolution <123 eV at MnKa. EDS data

were processed with the Bruker Quantax Esprit software package.

Solid-phase iron extractions

Subsamples for solid-phase iron extractions were fixed in 5% (w/v) ZnAc and stored at -20 °C on
board. The subsamples were transported cooled and were stored at -20 °C in the home
laboratory. Extraction of solid-phase iron occurred on around 50 mg material, for 0.5 hours using
0.5 mol L' HCI. Solid-phase iron concentrations were determined on the filtered (0.2 um PTFE

syringe filters) extract using the ferrozine method (42).

DNA extraction, 16S rRNA gene amplicon sequencing and bioinformatic analysis

A subsample was preserved for DNA extraction by spinning down 1 mL material, removing the
supernatant and storing the pellet at -20 °C. An aliquot was used for DNA extraction with the
FastDNA Spin Kit for Soil (MP Biomedicals) following the manufacturers guidelines and DNA was
quantified with the Qubit assay. The 16S rRNA gene of Archaea and Bacteria was amplified using
the universal primers 515F (5-GTGYCAGCMGCCGCGGTAA-3) and 806R (5-
GGACTACNVGGGTWTCTAAT-3’) following the Earth Microbiome protocol (43-45). PCR
reactions consisted of 10 pL Invitrogen Platinum Tagq Il 2X Master Mix, 0.5 yL 515F primer (10
umol L"), 0.5 yL 806R primer (10 umol L"), 9 pL nuclease-free water, and 5 pL of template DNA
(5 ng uL"). PCR was performed with the following thermocycler conditions: 94 °C for 3 min
followed by 28 cycles of 94 °C for 45 sec, 50 °C for 60 sec, and 72 °C for 90 sec and a final
elongation step at 72 °C for 10 min. PCR products were checked for the expected length on an
agarose (1%) gel and were purified using AMPure XR beads (Beckman Coulter) following the
manufacturers protocol. Subsequently, the gene amplicons were prepared for lllumina MiSeq
sequencing following lllumina’s 16S Library Preparation Protocol as previously described (46).
lllumina MiSeq sequencing with 2x250 bp paired end read chemistry was performed by Laragen
Inc. (Culver City, CA). Demultiplexed sequence reads were processed using QIIME 2 (version
2020.2; (47)). In short, primer sequences were removed using cutadapt with an error rate of 0.12
and reads were further processed in DADA2. Forward and reverse reads were truncated to 140
bp and filtering, denoising, merging and chimera removal was performed with default settings.
After data preprocessing 56518 reads of 74938 raw reads (75%) remained in the dataset. The
resulting amplicon sequence variants (ASVs) were taxonomically classified using the classify-
sklearn method and the SILVA SSU database release 128. The dataset was further curated by

removing ASVs occurring in negative controls (i.e., PCR and DNA extraction blanks, 100 ASVs),
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classified as Unassigned on domain level (9 ASVs) or present as singletons (1 ASV). The ASVs
in the final dataset (752 ASVs represented by 55187 reads) were collapsed at different taxonomic
levels to infer relative sequence abundances. The dominant ASVs of interest were further
analysed by Blastn comparison against the NCBI nt/nr and ref-seq database (July 2021) and other
selected reference sequences (i.e. “Candidatus Arcobacter sulfidicus”) to identify similarity to

environmental sequences and cultured representatives.

Catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH)

A subsample was fixed in 2% paraformaldehyde for 2 h at room temperature, washed twice with
1xphosphate buffered saline (PBS; pH 7.4) and aliquots were stored in 1xPBS at 4°C or in
1xPBS/EtOH at -20°C. Aliquots of the fixed sample were spotted onto wells of Teflon-coated
microscopy slides, dried and briefly washed in 80% ethanol. CARD-FISH was performed as
previously described (48). In short, for cell wall permeabilization, samples were incubated in
lysozyme solution (10 mg mL~" lysozyme powder, 0.1 mol L' Tris—HCI, 0.05 mol L' EDTA, pH
8) for 30 min at 37 °C. Endogenous peroxidases were inactivated by incubation in 0.01 mol L
HClI for 30 min at room temperature. The oligonucleotide probe ARC94
(5TGCGCCACTTAGCTGACAZ’) was applied with a formamide concentration of 20% in
hybridization buffer (13). The catalyzed reporter deposition step was done with Alexa Fluor 594
labelled tyramides. As we observed that the filaments dissolved during treatment with methanol,
we omitted any incubation in methanol (i.e., inactivation of endogenous peroxidases was done
with HCI instead of methanol plus H2O>) and limited all ethanol washing steps. Cells were stained
with  DAPI  (4,6-diamidino-2-phenylindole) and micrographs were obtained with an

epifluorescence microscope (DM4B; Leica).

Data availability
Sequences have been deposited at NCBI GenBank under BioProject ID PRINAG691673.
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Chapter 6: Discussion and future perspectives

6.1 Discussion

This study focused on marine systems that are unusually far from thermodynamic equilibrium. |
investigated intertidal sediments and phenomena at a hot smoker in a hydrothermal vent system.
The studied systems were: a beach on Helgoland on which large amounts of kelp are deposited
regularly; an intertidal sandflat in the Wadden Sea where reduced material escapes to the surface
via porewater seeps at the low tide waterline; and the Guaymas Basin hydrothermal vent system
with hot smokers and hydrothermal seepage through the sediment (Teske et al. 2014). These
systems are far out of equilibrium since strongly concentrated flows of reduced compounds are
transported into an oxic ecosystem. The hydrothermal vent differs from the intertidal sediments in
that part of the sulfide is not biogenic, but rather originates from thermal degradation of organic

material.

While most of the general hypotheses of this study could be confirmed, several interesting and

surprising observations were made that will be further discussed.

6.1.1 Microbial mineralization in intertidal sediments with large amounts of kelp detritus

First, it was remarkable that the addition of the kelp material instantly resulted in strongly
enhanced microbial degradation. Kelp is complex organic material composed of a variety of
potential substrates with different lability, including a mix of polysaccharides and proteins, whose
proportion varies with factors such as species and season (Schiener et al. 2015). As structural
polysaccharides, which are optimized for rigidity and resistance to degradation, make up a large
proportion of the organic material in kelp, much of the kelp biomass is rather recalcitrant. Many
enzymes are needed in order to degrade complex polysaccharides. Yet, the deposition of kelp
detritus on beaches fuels a highly active microbial community in underlying sediments. Microbial
degradation of kelp starts immediately. The particular composition of kelp thus leads to the
development of communities adapted to its degradation. Probably, deeply buried kelp fragments
that are plentiful in the beach maintain low activity of the microbial community that is specialized
in hydrolysing the polysaccharides in kelp. Therefore, the hydrolysing enzymes are continuously
active at low levels, and input of fresh kelp detritus directly results in increasing community activity,
without the occurrence of a lag period. An immediate response to complex polysaccharides is
advantageous, as kelp deposits are dynamic and frequently move. Organisms that need to

express a new degradation pathway after fresh material is deposited are at disadvantage and will
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be outcompeted, as much of the fresh kelp is washed away at the next tide; a significant portion
of the window of opportunity for degradation would therefore be wasted in boosting cellular

processes.

A further interesting observation was that the community in sediments characterized by kelp
deposition is strongly specialized to the degradation of polysaccharides from kelp. Clearly,
structural polymers should be resistant to both biotic and abiotic degradation, yet the community
in the sediments could quickly start degrading them. An interesting question for further research
is whether organisms specialize on a specific polysaccharide, or if they use polysaccharides
sequentially. Specialization on a specific polysaccharide results in parallel degradation, and the
sum of respiration rates associated with the different polysaccharides will be equal to the total
respiration on the mix of polysaccharides. Alternatively, degradation of the complex kelp material
occurs sequentially. It was shown previously that polysaccharide-degrading organisms could
indeed use these compounds in a certain order, where a secondary substrate was only used after
exhaustion of the preferred substrate (Koch et al. 2019). In Chapter 3, the sum of all aerobic
respiration rates for the different substrates exceeds respiration rates on kelp fragments.
Nevertheless, the aerobic degradation rates on kelp fragments was the highest observed
compared to individual polysaccharides. This could indicate that both parallel and sequential

degradation occurs by different organisms.

An exciting observation was that often polysaccharides provoked higher aerobic respiration rates
than monomers. This was contrary to expectation, as polysaccharides need to be hydrolysed to
fragments sufficiently small to be taken up by microorganisms (Weiss et al. 1991, Reintjes et al.
2017). In Chapter 3, we hypothesized that the quick response and high respiration rates on
polysaccharides could be explained by bacterial selfish uptake, but this remains to be tested.
Selfish uptake leads to an advantage for microorganisms, as they do not have to share hydrolysis
products with other microorganisms, nor do they lose these products via diffusion or advection in
the porewater or seawater (Reintjes et al. 2017). Microscopy on fluorescently labeled substrates
could be used to test if selfish uptake occurs, as fluorescent substrates taken up selfishly by

microorganisms should be visible in the periplasmic space of the cell (Reintjes et al. 2017).
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6.1.2 The effect of oxygen exposure and ROS on mineralization in intertidal surface

sediments

An unexpected outcome was that sulfate reduction in the intertidal sandflat studied in Chapter 4
did not occur in the presence of oxygen. Even with the use of a silver wire in the incubations, a
method especially designed to detect sulfate reduction in oxic environments, no sulfate reduction
could be detected during the oxic period (Chapter 4). However, the presence of oxygen did not
eliminate the sulfate-reducing bacteria, as sulfate reduction resumed immediately upon anoxia
without a lag phase. The absence of sulfate reduction in the presence of oxygen was contrary to
our expectations, as other anaerobic processes (fermentation and dissimilatory nitrate reduction)
in permeable sediments were active during the oxic period (Marchant et al. 2014, Kessler et al.
2019), and sulfate reduction was measured in the presence of oxygen in microbial mats (Visscher
et al. 1992) .

Remarkably, despite the inhibition of sulfate reduction by the presence of oxygen, the oxygenated
period was beneficial for sulfate-reducing bacteria. An oxic pretreatment boosted sulfate reduction
in the subsequent anoxic period. This might be explained by oxygen-stimulated hydrolysis of
macromolecules. This stimulation of hydrolysis, which already plays a role at low oxygen
concentrations, has previously been reported for bioreactors (Niu et al. 2016). Enhanced sulfate
reduction after transient oxygenation could also have a large impact on systems such as the
beach with kelp deposition on Helgoland, as oxygen-stimulated hydrolysis of the macromolecular
kelp material could play an important role for the sulfate-reducing bacteria that are dominant

during the anoxic period.

Intertidal permeable sediments are crucial for coastal carbon cycling, thus the observation that
ROS affect microbial mineralization in the intertidal sandflat studied in Chapter 4 was very
exciting. Additions of the ROS-removing enzymes catalase and superoxide dismutase led to a
strong increase in both aerobic and anaerobic mineralization rates, which indicated that ROS are
present and reduce microbial mineralization. We also analyzed porewaters for hydrogen peroxide,
and indeed, hydrogen peroxide was present in high levels. The formation process of ROS in the
intertidal flat remains an open question, but it could be speculated that the frequent oxygenation

in combination with the intense iron and sulfur cycling plays an important role.
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The set of experiments described in Chapter 4 did not allow for conclusions on whether ROS
have a direct or indirect effect on microbial mineralization. An indirect effect would occur via
competition between ROS and microorganisms for organic material. Studies focusing on possible
upregulation of heat shock proteins due to oxidative stress of microorganisms (Lindquist 1986) in
the presence of ROS could be used to discriminate between these two mechanisms. Regardless
of the exact mechanism responsible, this study showed that ROS could play a very important role
in the carbon cycle in intertidal permeable sediments. Further exploration is necessary to
determine the presence and production mechanisms of ROS in coastal environments, including

environments other than intertidal sandflats.

6.1.3 Sulfide export and the role of hydrodynamics in shaping niches

First, although beaches characterized by kelp deposits and deep-sea hydrothermal vents seem
profoundly different, they show crucial similarities. In both systems reduced compounds are
transported into the oxic seawater. This export results from a higher supply of reductant than of
oxygen. The export of reduced compounds illustrates the thermodynamic disequilibrium

prevailing in these environments, which leads to very rich and distinct microbial communities.

In the three systems that were investigated in this study sulfur played a major role, though sulfide
oxidation was performed by sulfur oxidizers with profoundly different strategies. In the Janssand
intertidal sediments studied in Chapter 4 sulfide is hardly present in surface sediments, except in
sulfidic seeps at the low tide waterline (Jansen et al. 2009). In these seeps the hydrodynamics
were unsuitable for most organisms, and much of the sulfide escaped to the water column or
atmosphere. However, in sulfidic streams on the sandifat algae were covered by filamentous
Thiotrix-like organisms, and extensive Arcobacter mats rapidly developed on sulfidic sediments
in the laboratory (Jansen et al. 2009). Higher up the intertidal flat most sulfide was scavenged by
iron chemistry (Jansen et al. 2009), although a diversity of single cell sulfur oxidizers was also
found (Pjevac et al. 2014, Dyksma et al. 2016).

The domination of kelp mineralization in sandy beach sediments by sulfate reduction leads to
enhanced sulfur cycling and to sulfide export (Chapter 2). Although the exact proportion of sulfate
reduction to total carbon degradation could not be exactly constrained due to the uncertainty in
oxygen respiration, the portion of carbon degraded by sulfate reduction was much higher than the

0.3 and 25% determined for other intertidal environments (Billerbeck et al. 2006, Werner et al.
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2006). The very large ratio of kelp to oxygen input for beach sediments leads to rapid depletion
of oxygen, while leaving ample reductant for sulfate reduction, to such an extent that sulfate
concentrations were significantly decreased to approximately 10 mM. The sulfide produced from
sulfate reduction was partly oxidized by microorganisms within the sediments. Sulfide oxidizers
below and next to kelp deposits mainly consisted of Thiothrix, Sulfurovum and Sulfurimonas. The
export of sulfide even changed the adjacent ecosystem which accommodates a filamentous
sulfide-oxidizing community consisting of mainly Thiothrix and Sulfurovum, which were attached
to green algae on rocks. The presence of Sulfurovum is remarkable, as these organisms are
mostly known from micro-oxic and anoxic environments (Nakagawa et al. 2005, Meyer et al.
2013). These attached filaments are optimally adapted to life in a high-energy sulfidic
environment. Their attachment prevents them from being washed away by the turbulent seawater,
while their filamentous networks are easily flushed by oxic and sulfidic water. Sulfur oxidizing
filamentous bacteria were also observed in e.g. sulfidic creeks and sulfidic caves (Hamilton et al.
2015) and on crabs that live near hot smokers (Tsuchida et al. 2011). As the large majority of
cells in sediments are attached to sand grains (Rusch et al. 2003, Gobet et al. 2012), the different
conditions at the low waterline and in the sediments in Chapter 2 selected for different dominant

species of Sulfurovum.

Conversely, the hydrothermal vent system of the Guaymas Basin has a large variety of sulfide
oxidizers (Teske et al. 2016), including attached filamentous organisms, endosymbiotic sulfur
oxidizers, large mats of nitrate-storing migratory Beggiatoa on top of sulfidic sediments, and a
variety of single cell sulfide oxidizers. These single cell sulfide oxidizers were the organisms
observed in the sulfur structures described in Chapter 5. The existence of these sulfur structures
relies on calm hydrodynamics in a diffusion-dominated system. The sulfide oxidizers likely thrive
on a very narrow zone where both sulfide and oxygen are present. This narrow overlap would not
allow for the development of filamentous bacteria. In contrast to the more common situation in
marine sediments where sulfide diffuses from the sediments below and oxygen from the water
column above, around the sulfur structures sulfide and oxygen come from the same direction.
This might explain the gelatinous smooth surface of the structure. Hydrothermal systems
represent oases of life within the oligotrophic deep-sea (Teske et al. 2016). The variety in sulfide
supply and presence of both oxygen and nitrate make hydrothermal vent systems such as the
Guaymas Basin a true paradise for those interested in sulfur biogeochemistry. However, the
greatly enhanced sulfur cycle and their accessibility also make beaches with kelp deposition

attractive study sites.
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6.2 Future perspectives

This study addressed how changes in the availability of electron donors and acceptors influence
microbial activity. The sudden increase of organic material available for degradation, in this study
in the form of kelp detritus, has a profound effect on the biogeochemistry and microbial community
of intertidal sands. Especially the reductive sulfur cycle is greatly enhanced, resulting in high
sulfide concentrations. The specialization of the highly active community was remarkable. The
community could immediately start degrading kelp biomass. Further studies should elucidate the
strategies of the kelp-degrading sedimentary community, as these strategies have profound
effects on coastal carbon cycling. The degradation strategy of the microbial community
(sequential versus parallel use) could be explored by addition of a mix of substrates: if the
substrates are consumed sequentially by one group of organisms, the addition of two substrates
will prolong the mineralization at equal rates, while if substrates are consumed in parallel by
different groups of organisms, the rates will increase. Additionally, the occurrence of bacterial

selfish uptake as a strategy for polysaccharide degradation should be tested.

Intertidal permeable sediments are crucial for coastal carbon and nutrient cycling, thus factors
influencing microbial mineralization in these sediments are of high interest. This study showed
that ROS are likely to have an important role in coastal sediment biogeochemistry. However, it
remains unclear if production of ROS is universal in intertidal sediments, and what the exact
formation processes are. An important next step is to determine in situ concentrations of hydrogen
peroxide and superoxide over a tidal cycle. The dynamics of Fe(lll) and both solid-phase and

dissolved Fe(ll), sulfide, as well as oxygen must be determined in parallel.
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Abstract

We investigated the effect of an artificial CO2 vent (0.0015-0.037 mol s™*), simulating a leak from
a reservoir for carbon capture and storage (CCS), on the sediment geochemistry. CO2 was
injected 3 m deep into the seafloor at 120 m depth. With increasing mass flow an increasing
number of vents were observed, distributed over an area of approximately 3 m. In situ profiling
with microsensors for pH, T, O2 and ORP showed the geochemical effects are localized in a small
area around the vents and highly variable. In measurements remote from the vent, the pH reached
a value of 7.6 at a depth of 0.06 m. In a CO:2 venting channel, pH reduced to below 5. Steep
temperature profiles were indicative of a heat source inside the sediment. Elevated total alkalinity
and Ca?* levels showed calcite dissolution. Venting decreased sulfate reduction rates, but not
aerobic respiration. A transport-reaction model confirmed that a large fraction of the injected
CO:z: is transported laterally into the sediment and that the reactions between CO2 and sediment
generate enough heat to elevate the temperature significantly. A CO: leak will have only local
consequences for sediment biogeochemistry, and only a small fraction of the escaped CO2 will

reach the sediment surface.
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Abstract

Injection of carbon dioxide (CO-) into subseafloor reservoirs is gaining traction as a strategy for
mitigating anthropogenic CO2 emissions to the atmosphere. Yet, potential leakage, migration and
dissolution of externally-supplied CO- from such reservoirs are a cause for concern. The potential
impact of CO- leakage on the biogeochemistry of sediments and overlying waters in the North
Sea was studied during a controlled subsurface CO; release experiment in 2019 at a potential
carbon capture and storage site (Goldeneye). This study describes the natural (unperturbed)
biogeochemistry of sediments. They are classified as muddy sand to sandy mud with low organic
carbon content (~0.6 %). Distributions of dissolved inorganic carbon (DIC) and total alkalinity (TA)
in sediment porewaters are reported in addition to in situ benthic fluxes of dissolved nutrients and
oxygen between the sediments and the overlying water. Oxygen fluxes into the sediment,
measured using benthic chambers and eddy covariance, were 6.18 + 0.58 and 5.73 + 2.03 mmol
m2d", respectively. Diagnostic indicators are discussed that could be used to detect
CO; enrichment of sediments due to reservoir leakage at CCS sites. These include the ratio TA
and ammonium to sulfate in sediment porewaters, benthic fluxes and chloride-normalized cation
distributions. These indicators currently suggest that the organic carbon at Goldeneye has an
oxidation state below zero and is mainly degraded via sulfate reduction. Carbonate precipitation
is apparently negligible, whereas decreases in Mg?* and K* point toward ongoing alteration of

lithogenic sediments by reverse weathering processes.
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Abstract

Hypersaline microbial mats are dense microbial ecosystems capable of performing complete
element cycling and are considered analogs of Early Earth and hypothetical extraterrestrial
ecosystems. We studied the functionality and limits of key biogeochemical processes, such as
photosynthesis, aerobic respiration, and sulfur cycling in salt crust-covered microbial mats from a
tidal flat at the coast of Oman. We measured light, oxygen, and sulfide microprofiles as well as
sulfate-reduction rates at salt saturation and in flood conditions and determined fine-scale

stratification of pigments, biomass, and microbial taxa in the resident microbial community.

The salt crust did not protect the mats against irradiation or evaporation. Although some oxygen
production was measurable at salinity < 30% (w/v) in situ, at saturation-level salinity (40%),
oxygenic photosynthesis was completely inhibited and only resumed two days after reducing the
pore water salinity to 12%. Aerobic respiration and active sulfur cycling occurred at low rates
under salt saturation and increased strongly upon salinity reduction. Apart from high relative
abundances of Chloroflexi, photoheterotrophic Alphaproteobacteria, Bacteroidetes, and Archaea,
the mat contained a distinct layer harboring filamentous Cyanobacteria, which is unusual for such

high salinities.
Our results show that the diverse microbial community inhabiting this saltflat mat ultimately

depends on periodic salt dilution to be self-sustaining and is rather adapted to merely survive salt

saturation than to thrive under the salt crust.
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Importance

Due to their abilities to survive intense radiation and low water availability hypersaline microbial
mats are often suggested to be analogs of potential extraterrestrial life. However, even on Earth
the limitations imposed on microbial processes by saturation-level salinity have rarely been
studied in situ. While abundance and diversity of microbial life in salt-saturated environments is
well documented, most of our knowledge on process limitations stems from culture-based studies,
few in situ studies, and theoretical calculations. Especially oxygenic photosynthesis has barely
been explored beyond 5M NaCl (28% wi/v). By applying a variety of biogeochemical and molecular
methods we show that despite abundance of photoautotrophic microorganisms, oxygenic
photosynthesis is inhibited in salt-crust covered microbial mats at saturation salinities, while rates
of other energy generation processes are decreased several fold. Hence, the complete element

cycling required for self-sustaining microbial communities only occurs at lower salt concentrations.
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